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Resumo

O objetivo desta tese é desenvolver, pelo menos no aspecto formal, algoritmos construtivos e
bem-balanceados para a aproximacao de classes especificas de modelos diferenciais. Nossas
principais aplicagoes consistem em equagoes de dgua rasa e problemas de convecc¢ao-difusao
no contexto de fenémenos de transporte, relacionados a problemas de pressao capilar
descontinua em meios porosos. O foco principal é desenvolver sob o framework Lagrangian-
Euleriano um esquema simples e eficiente para, em nivel discreto, levar em conta o delicado
equilibrio entre as aproximagcoes numéricas nao lineares do fluxo hiperbdlico e o termo fonte,
e entre o fluxo hiperbdlico e o operador difusivo. Os esquemas numéricos sdo propostos para
ser independentes de estruturas particulares das fungdes de fluxo. Apresentamos diferentes
abordagens que selecionam a solugao entropica qualitativamente correta, amparados por

um grande conjunto de experimentos numéricos representativos.

Palavras-chave: Leis de Conservacao Hiperbodlicas. Leis de Balanco. Modelos de Trans-
porte. Formulacao Lagrangiana-Euleriana de volumes finitos. Método de elementos finitos

mistos e hibridos.



Abstract

The purpose of this thesis is to develop, at least formally by construction, conservative
methods for approximating specific classes of differential models. Our major applications
consist in shallow water equations and nonstandard convection-diffusion problems in the
context of transport phenomena, related to discontinuous capillary pressure problems in
porous media. The main focus in this work is to develop under the Lagrangian-Eulerian
framework a simple and efficient scheme to, on the discrete level, account for the delicate
nonlinear balance between the numerical approximations of the hyperbolic flux and source
term, and between the hyperbolic flux and the diffusion operator. The proposed numerical
schemes are aimed to be independent of particular structures of the flux functions. We
present different approaches that select the qualitatively correct entropy solution, supported

by a large set of representative numerical experiments.

Keywords: Hyperbolic Conservation Laws. Balance laws. Transport Models. Lagrangian-

Eulerian Finite Volume. Hybrid and mixed finite element methods.
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1 Introduction

The purpose of this thesis is to develop conservative methods, at least formally
by construction, for approximating specific classes of differential models. Our major
applications are in balance laws systems with stiff source terms modeling shallow water
equations and nonstandard convection-diffusion problems in the context of transport
phenomena, related to discontinuous capillary pressure problems in porous media. Based
on a finite volume Lagrangian-Eulerian framework we developed and implemented new
numerical schemes for solving balance laws with nonlinear source terms, also linked to the
hyperbolic scalar conservation laws. Our main focus in this work is to develop a simple
and efficient scheme to, on the discrete level, account for the delicate nonlinear balance
between the numerical approximations of the hyperbolic flux and (possibly stiff) source
term. We present different approaches that select the qualitatively correct entropy solution,

supported by a large set of representative numerical experiments.

1.1 Motivation and significance of the research work

In the past decades, there has been large interest in researching accurate and
robust numerical methods for the solutions of shallow water equations due to their large
scientific and engineering applications. Two types of difficulties are often encountered in
the simulation of the shallow water equations, coming from the good approximation of
steady state solutions (related to the treatment of the source terms) and the preservation
of water height positivity (related to the appearance of dry regions in many engineering
applications). An essential part for the shallow water equations and other conservation laws
with source terms is that they often admit steady-state solutions in which the flux gradients
are exactly balanced by the source terms [99]. Well-balanced schemes are designed to
preserve exactly these steady-state solutions with relatively coarse meshes, and therefore
it is desirable to design numerical methods which have the well-balanced property. Typical
applications include the dam break problem, flood waves and run-up phenomena at a
coast with tsunamis being the most impressive example. Special attention needs to be
paid near the dry/wet front to preserve the water height positivity, otherwise they may
produce non-physical negative water height, which becomes problematic when calculating

the eigenvalues and renders the system not hyperbolic and not well-posed.

There are several applications for free surface flows, such as in ocean, environ-
mental, hydraulic engineering and atmospheric modeling, with wide examples that include
the dam break and flooding problem, tidal flows in coastal water region, nearshore wave

propagation with complex bathymetry structure, tsunami wave propagation and ocean
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model [25, 42, 58, 78, 93, 95]. These equations play a critical role in the modeling and
simulation of free surface flows in rivers and coastal areas, and can predict tides, storm
surge levels and coastline changes from hurricanes and ocean currents. Shallow water
equations also arise in atmospheric flows, debris flows, and certain hydraulic structures like
open channels and sedimentation tanks. The modeling take the form of non-homogeneous
hyperbolic conservation laws with source terms encompassing the effects of bathymetry
and viscous friction on the bottom. The variation of the bottom may be considered as

the only source term, but other terms, such as a friction term or variations of the channel
width, could also be added.

Transport of fluids in porous media is important both in scientific and techno-
logical areas, such as chemical, civil, agricultural, environmental, petroleum and mechanic
engineering. Many difficulties and challenges arise on the mathematical formulation of the
physical processes that govern multiphase flow in heterogeneous reservoirs, mainly due to
their inherent multi-scale nature. We highlight the lack of analytical solutions in three-
phase flow models and well-understanding of the underlying theory. Moreover, geological
properties of the medium like permeability or porosity may present heterogeneities and
are modeled in the PDE system as discontinuous coefficients with abrupt gradients [54].
In this way, the development and numerical analysis of accurate and efficient algorithms
constitute an alternative to the mathematical understanding of nonlinear dynamics of
these PDEs.

1.2 Aims and objectives of the thesis proposal

In this thesis, the author aspires to contribute to a novel approach for the

numerical computing of convection-diffusion and balance law problems.

The objectives of this thesis are highlighted as follows:

e We will explore the use of the integrated local space-time finite control volume in a
Lagrangian-Eulerian framework developed in the context of parabolic convection-
diffusion equation to design a locally conservative scheme for balance laws to account
the balance between numerical approximations of the hyperbolic flux function and
the source term linked to steady solutions (see Chapter 2). Our Lagrangian-Eulerian
scheme is aimed to be not dependent on a particular structure of the source term.
The designed scheme is independent of Riemann problem solutions, but if available
for a particular problem it is somewhat natural to incorporate such information into
the procedure and thus yielding flexibility to the development of distinct numerical
strategies upon the specific model under consideration. A set of representative
numerical experiments for nonlinear problems cited in the literature of hyperbolic

conservation laws and balance laws are presented to illustrate the performance of the



Chapter 1. Introduction 20

new method. The numerical results are compared with accuracy to the approximate

solutions or exact solutions whenever possible.

e We present further developments on various branches of the Lagrangian-Eulerian
framework, such as nonstaggered formulations and applications, weak asymptotic
solutions theory making way to sketch a convergence proof and applications to
convection-diffusion problems with spatial discontinuities modeling two- and three-

phase flow problems.

e The development and implementation of a hybrid and mixed finite element formalism
with a novel reinterpretation of Robin coupling conditions and a set of numerical

studies with the few examples available in the literature (see Chapter 4).

1.3 Preliminary Results and Ongoing Work

The main scientific works generated by the current thesis are listed as follows:

Papers

e A significant result of this work is the article published under the title of “A
new finite volume approach for transport models and related applications
with balancing source terms” [6], in the journal Mathematics and Computers in
Stmulation. In this work, we expanded the new finite volume scheme for numerically
solving transport models associated with hyperbolic problems and also balance laws.
The approach was applied to several nontrivial examples to show evidence that we
are calculating the correct qualitatively good solutions with an accurate resolution
of small perturbations around the stationary solution. We discussed applications of
the new method to classical and nonclassical nonlinear hyperbolic conservation and
balance laws such as the classical inviscid Burgers equation, two-phase and three-
phase flow problems in porous media as well as numerical experiments for nonlinear
shallow water equations with friction terms. A discussion on the source term as a
discontinuous function in x was included. We also extended the Lagrangian-Eulerian
framework to the two-dimensional scalar conservation law, along with pertinent

numerical experiments to show the performance of the new method.

Talks

e We gave an oral presentation at the International Conference on Approzimation
Methods and Numerical Modelling in Environment and Natural Resources MAMERN

VI (2015), in Pau, France. We constructed a simple numerical scheme based on a
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reformulation of the hyperbolic conservation law in terms of an equivalent locally
conservative space-time in divergence form. Such reformulation is exact in the sense
that it respects the same fundamental weak form principle for conservation laws
and that it comes with a natural interpretation linked to the classical finite volume
framework. The novel approach was applied to classical and nonclassical nonlinear
hyperbolic conservation laws (scalar and systems), to two- and three-phase Buckley-
Leverett problems, to the classical inviscid Burgers equation and to the classical 2

by 2 system of nonlinear shallow water equations.

e We have also presented the work titled “Solving hyperbolic conservation laws
by using Lagrangian-Eulerian approach” at the XXXVI Congresso Nacional
de Matemadtica Aplicada e Computacional in September, 2016, in which we discussed
a nonstaggered procedure for numerically solving nonlinear hyperbolic conservation
law problems by means of a Lagrangian-Fulerian framework with enhanced resolution

and accuracy of the approximations, making use of polynomial reconstruction.

e Two other works were presented at the 2nd IMPA-InterPore Conference on Porous
Media: Conservation Laws, Numerics and Applications in October, 2016. The first
one is titled “A numerical scheme based in a conservative formulation for
solving hyperbolic conservation laws” and was a poster presentation, in which
we implemented the ideas of the Lagrangian-Eulerian framework for solving nonlinear
conservation law problems, reformulating the conservation law into a divergence form,
locally conservative in space-time. The second one was titled “ An approximation
to hyperbolic conservation laws using a Lagrangian-Eulerian approach”

and was a poster presentation.

e We have presented the work titled “ A Conservative Lagrangian-Eulerian Finite
Volume Approximation Method for Balance Law Problems”, as an oral
presentation at the 2017 SIAM Annual Meeting in July, 2017, in which we presented
further developments of the Lagrangian-Eulerian framework for numerically solving

nonlinear balance law problems.

e Finally, we had a work at the XXXVII Congresso Nacional de Matemdtica Aplicada
e Computacional in September, 2017, accepted for an oral presentation in which
we discussed a numerical method based on a nonstaggered Lagrangian-Eulerian
framework for approximate solutions of nonlinear balance law problems, which can

be considered a further development of [9], but now for balance laws.

Conference Papers

e The results of the talk on the International Conference on Approximation Methods
and Numerical Modelling in Environment and Natural Resources MAMERN VI
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(2015), in Pau, France were published in the Proceedings of the 6th International
Conference on Approximation Methods and Numerical Modelling in Environment
and Natural Resources, under the title of “A Lagrangian-Eulerian algorithm

for solving hyperbolic conservation laws with applications” [5].

e We also published in the Proceeding Series of the Brazilian Society of Computational
and Applied Mathematics, under the title of “A Lagrangian-Eulerian algorithm

for solving hyperbolic conservation laws with applications” [9].

1.4 Organization of the thesis proposal

This work is organized in the following manner: First, in Chapter 2, we present
the Lagrangean-Eulerian framework, now with reconstruction and predictor-corrector
techniques, in order to obtain a robust numerical scheme. We present the development of
the method for hyperbolic conservation laws, for balance laws, the extension to systems and
an unconventional two-dimensional approach for conservation laws. The chapter ends with
various numerical simulations for each numerical scheme developed so far. We highlight
the difficulty of approximating various shallow water equations problems and two- and
three-phase flow problems. Chapter 3 then presents a follow-up on the many branches
of developments within this framework. We first present a nonstaggered version of the
Lagrangian-Eulerian framework for the classes of problems discussed before: hyperbolic
conservation laws (both scalar and systems), balance law problems and a two-dimensional
extension. Next, we present some advances towards a proof of convergence via the weak
asymptotic solutions theory. The chapter ends with a very difficult problem of flow in
porous media with discontinuous coefficients in the diffusive operator. This approach will
comprise a correction step for the diffusive operator and because we can use any hyperbolic
numerical method for the convection operator we chose the Lagrangian-Eulerian numerical
scheme, in a more classical form. Finally, Chapter 4 presents several approaches for solving
spatially-independent and spatially-dependent two- and three-phase flow problems, by
means of a hybrid mixed finite element method. We present our approach for solving
two-phase one-dimensional problems that overcomes the difficulties encountered by the
previous approaches, and we expect to extend such ideas to three-phase problems. Chapter

5 presents our final remarks about these subjects and our perspectives for future works.
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2 Lagrangian-Eulerian Numerical Schemes

The development of Lagrangian methods for numerically solving convection-
diffusion problems started with the seminal work by Russel [86], in which a numerical
method based on the classical characteristic method was developed (the so-called “Modified
Method of Characteristics”). The main advantage of such method compared to other
existing procedures is that, for convection-dominated diffusive transport problems, a
CFL-like condition to restrict the timestep size does not exist, and longer timesteps can
be used. This is important for simulating oil reservoirs, in which numerical simulations
with industrial interest must make predictions of oil production for several decades. The
proposed method in [86], however, had a serious issue: the fluid mass was not conserved.
This difficulty motivated the development of several new methods that had such property
of fluid mass conservation. A group of researchers developed a class of methods called
ELLAM (“Eulerian Lagrangian Localized Adjoint Methods”; see, for example, [32]), and
another group developed methods known as “Mixed-Characteristics” [16]. In both classes of
numerical methods, the local conservation of fluid masses was obtained by approximating
the solution in time through tubes in space-time built as a union of characteristic curves.
The development of computational codes for these methods was extremely complicated,
because the union set of characteristic curves does not lead to impervious surfaces in
fluid flow. The inherent difficulties of the aforementioned method lead to the development
to a new class of locally conservative methods that make use of new curves on space-
time that follow impervious surfaces in fluid flow. Douglas Jr. et al. [48] identified the
region in the space-time domain where the mass conservation takes place, but linked to a
scalar convection-dominated nonlinear parabolic problem, which models the immiscible
incompressible two-phase flow in a porous medium. The key ingredient to finding this
conservative region was the use of a Lagrangian-Eulerian framework; see [15] for related
works with applications to radionuclide transport problems. Thus, locally conservative
Lagrangean methods with very simple implementation were developed for nonlinear
convection-diffusion problems. Within recent developments on these topics, the work by
Perez [84] has studied purely hyperbolic problems from the Lagrangean point of view.
This work extended the study for both conservation laws and balance laws. It presented
new Lagrangian-Eulerian finite difference methods, as well as convergence proofs, and
also a new class of methods for multidimensional problems in the same framework. In
particular, a convergence proof for the unique entropy solution was established for the case
of a Lagrangian-Eulerian monotone finite difference scheme related to a scalar hyperbolic

conservation law. We refer to [10] for recent developments on this subject.

It is well known that many well-balanced schemes have been proposed since the



Chapter 2. Lagrangian-Eulerian Numerical Schemes 25

milestone work of Greenberg and LeRoux [61]. The focus of many such works was to handle
shallow water equations over non-trivial topographies. The key issue is the construction
of well-balanced nonlinear schemes that recover the time-asymptotic behavior of the
underlying nonlinear balance law. There are relevant studies for approximation methods
and numerical analysis devoted to balance law and hyperbolic law problems. Naturally, all
methods exhibit advantages and disadvantages, since the underlying differential equations
lead to very hard problems with a lack of general theory (see, e.g., [24, 26, 27, 31, 43,
50, 57, 60, 61, 66, 74, 77, 84]). See also [12, 56] for surveys on analytical and numerical
aspects of one-dimensional hyperbolic balance laws and [55] for a good discussion of
two-dimensional balance law problems along with an up-to-date and comprehensive list of
references. The work [55] also includes relevant theoretical aspects of scalar conservation
laws in several spatial dimensions in a more flexible Godunov framework to handle local
nonlinear wave patterns to account for the flux computations. These schemes evolved
following the natural understanding of fundamental concepts from the theory of nonlinear
hyperbolic conservation laws concerning the properties of the characteristic surfaces, such
as existence, uniqueness, and solution of the Riemann problems. Also, for a scalar balance
law, the solution might depend strongly on certain properties inherent to the source term
(see, e.g., [15, 56, 57, 61, 63, 74]).

The situation of balance laws u; + f(u) = g(u, z), with g(u, z) discontinuous in
x is another challenging problem encountered for such class of differential equations from
both a theoretical and a numerical point of view. A kinetic scheme, with convergence proof
for the scalar related problem, was introduced in [26]. Essentially, the authors propose a
kinetic interpretation of upwinding techniques, taking into account the source terms to
develop an equilibrium scheme as a result. Another approach was introduced in [66] (see
also [27]). Without the use of upwinding solvers, this method uses the interface value rather
than the cell averages for the source terms that balance the nonlinear convection at the
cell interface, allowing the numerical capturing of the steady state with a formal high order
accuracy. A successful alternative to accounting for the balance between the nonlinear flux
and the source terms with g(u, z) discontinuous in z is the use of a central differencing
scheme as discussed in [7] for gas dynamics Euler equations with stiff relaxation source
terms; see also [27]. A distinct numerical framework, based on Riemann solvers using
local characteristic decompositions, can be found in [50]. In paper [52], the authors were
concerned with the Riemann problem of the Burgers equation with a discontinuous source
term, motivated by the study of propagation of singular waves in radiation hydrodynamics.
Moreover, they were able to construct the global entropy solution to the related Riemann
problem linked to this model. It turns out that the discontinuity of the source term has
clear influences on the shock or rarefaction waves generated by the initial Riemann data.
It is worth mentioning that other related problems were also described in the literature

supported by numerical experiments. The interested reader is referred to the papers [7, 12,
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26, 27, 50, 52, 56, 66] and papers cited therein for further details.

In this chapter we develop a numerical scheme for solving nonlinear hyperbolic
conservation and balance law problems using a Lagrangian-Eulerian approach [15, 48, 63,
74]. Recently in [84], such ideas were extended to nonlinear purely hyperbolic conservation
and balance laws — scalar case and systems of equations. We will explore the above
mentioned innovative ideas to give a formal construction of accurate Lagrangian-Eulerian
schemes for transport models and related applications with balancing source terms. As
features of the novel algorithm, we highlight: we verified through numerical experiments
that the new scheme seems to be locally conservative in balancing the flux and source
term gradients and preserves a component-wise structure at the discrete level for systems
of equations. Besides, we also discuss a set of numerical experiments to nonlinear scalar
two-dimensional problems with non-symmetric and nonconvex flux function for systems
of balance laws. This novel approach is applied to several nontrivial examples to show
evidence that we are calculating the correct qualitatively good solutions with the accurate
resolution of small perturbations around the stationary solution. We discuss applications
of the new method to nonlinear hyperbolic conservation and balance laws such as the
classical inviscid Burgers equation, two-phase and three-phase flow problems in porous
media as well as numerical experiments for nonlinear shallow water equations with friction
terms. Furthermore, our new Lagrangian-Eulerian framework is aimed to be independent
of a particular structure of the flux function as well as of the source terms. We were able
to reproduce several models indistinctly within the same formalism, and this indicates
that our method is general to some extent. It is also important to notice that our scheme

does not depend on exact or approximate solutions to Riemann problems.



Chapter 2. Lagrangian-Eulerian Numerical Schemes 27

2.1 A Lagrangian-Eulerian constructive approximation scheme for

nonlinear hyperbolic conservation laws

We provide a formal development of the analogue Lagrangian-Eulerian scheme
[84] — see also [15, 48] — for solving numerically first-order scalar hyperbolic equations

reR, t>0,u: (RRR") >R H:R—>R:
ou  O0H(u)

ot o

=0, zeRt>0 u(z,0) =n(z), zekR. (2.1)

Although our primary interest is to give a formal construction of the new
Lagrangian-Eulerian method, the relevant issue of rigorous convergence proof to the
corresponding weak entropy solution must be further addressed. As in the Lagrangian-
Eulerian schemes[15, 48], local conservation is obtained by integrating the conservation
law over the region in the space-time domain where the conservation of the mass flux takes

place. For that, we consider the Lagrangian-FEulerian finite-volume cell centers,

Dy = {(t.2) /1" < t <™, o3 (1) < @ < oy (1), (22)

where o7 (t) is the parameterized integral curve such that o7 (t") = 2} and the conservation
relation 2.4 that will result in equations 2.6. These curves are the lateral boundaries of
the domain D7 in (2.2) and we define a_:;‘:é = o (t"*") and :E;L::%L = o7, (t"*1) as their
endpoints in time t"*1. Due to the inherent nature of conservation laws, the numerical
scheme is expected to satisfy some type of mass conservation from time ¢" in the space
domain [z, %] to time t"*! in the space domain [f;‘“ i’?:%] With this, the flux
through curves o7 () must be zero. By defining the parametrized curve (t,0;(t)) and its

_ 1>
2

tangent vector (1,075(t)), the normal vector must be 7 = (07(t), —1). Figure 1 presents an
illustration of such objects, and different configurations of forward and backward curves
will be normally handled by the CFL stability condition. We consider the equation (2.1)
written in locally conservative space-time generalized divergence form (along u(z,0) = n(z),
for x € R):

Vta:'

)

[ " ]:0, t>0, zeR. (2.3)
H(u)

We apply the divergence theorem on (2.3) over the integral tube D7,

H Vi - dV =0 < jg [ H?u) ] fids = 0 (2.4)

D;P 6D;L

H(u)

and then, by using the fact that the line integrals over curves U;L(t) vanish, we get the

local conservation relation
=n+1 n

Ij‘*’% n+l A n
u(z, t" " )de = u(z, t")dx. (2.5)
=n+1 n

x.
73
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We essentially mimic the procedures of [15, 84]. In general, the curves o7 (t)
are not straight lines, but rather solutions of the set of nonlinear (local) differential system
of equations (by the definition of the normal vector and equation (2.4)):

doj(t)  H(u)

= for t" <t < "1 (2.6)

with the initial condition o7 (t") = 27, assuming u # 0 (see Remark 2.1).

The extension of this construction follows naturally from the finite volume

formulation of the linear Lagrangian-FEulerian scheme as building block to construct local
H(U?) — H(w)
ur u

approximations such as f}' =

&

with the initial condition a?(t”) = x?

oh
J
and can be

Indeed, distinct and high-order approximations are also acceptable for
viewed as free ingredients to improve accuracy of the new family of Lagrangian-Eulerian.
Equation (2.5) defines conservation of mass but in a different mesh cell-centered in points

T.. 1. We will later address how to project these volumes back to the original mesh.

its
We introduce a reconstruction from a piecewise constant numerical data to a piecewise
linear approximation (but high-order reconstructions are acceptable), through the use of
MUSCL-type interpolants [76]:

n 1 !

Here, Alsz j' is a numerical approximation of the derivative, and we shall discuss
a few examples of slope limiters, which will retain the desired properties of consistency of
the numerical flux function. There are several choices of slope limiters (in [76] there is a
good compilation of many options). A priori choice of such slope limiters is quite hard, but
they are chosen upon the underlying model problem under investigation. Here we make

use of the following three options. The first is,

Uy = MM {AUY, AUT L L (2.8)
where M M stands for the usual MinMod limiter [76], with AU;‘+% =Ul, - U},
MM{o, 1} = ; [sgn(o) + sgn(r)] min {|o|, |7|} . (2.9)
A second choice for the slope limiter can be
Ul = MM {ozAU;ﬂr%, ;( = UT ), aAU;L_é} : (2.10)

and this choice for slope limiter allows steeper slopes near discontinuities and retain
accuracy in smooth regions. Here, we must extend definition (2.9) for three variables as
MMs{o,1,p} = MM {o, MM {7, p}}. The range of the parameter « is typically guided
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Figure 1 — Illustration of the integral tubes DJ. On the top picture, we illustrate the
nonlinear evolution via the integral curves o linked to D7 in (2.6). A first order
approximation is performed to the construction of the local Lagrangian-Eulerian
space-time control-volume, and it is shown on the bottom picture. We notice
that higher order approximations are naturally permissible as well.
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Figure 2 — The reconstruction step. The cell [x?_*i,a:?ﬁ] conserves information both from
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Uj and Uj—l-

by the CFL condition (see, e.g., [76]). In this work we also make use of the following high
order slope limiter, namely, the UNO choice (where AU 1 =U0, 20 + UL,

1
Ul =MM {AU]@% + (U} 1, uy), AU s + 6%(U, ;Ll)} ) (2.11)
1
where 0*(U7, UT, ) = §MM (AU}, A*U7, ). Preliminary experiments discussed in Sec-

tion 2.5 have shown that the UNO option has resulted in more satisfactory approximations

for our test cases.

We notice that the integral curves may define a new mesh width in the x

variable, say h?“. This will be adressed later in the projection step, in which we normalize

the new mesh grid at time into the usual grid from time ¢". In the linear advection

case, however, this width is constant. The discrete version of equation (2.5), using the
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approximation above, is

—n+1
—n+1 1 Tird nal 1 Tit1 "
UJ — hn-‘rl 7n+12 u(ﬂfﬂf )dLU = W Jn U(l’,t )dl’
J T 1 9 z
2
“ Intl | 7 f u(x, t")dx + — f u(z, t")dz .
h h Jun h 21
2
h n n 1 n n
= g (U + Uf) + o 6h (U7 = Uii"),
J J
where we use U = L g u(z, " Vdr and U := L u(x, t")dx
J T h;H_l - ’ j o= h s , .
j_g J

i1 QQ”
S
S
e

N —n
af? j+s

n
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J
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Figure 3 — Illustration of the conservation relations (2.5) and (2.12). The evolution step
guarantees conservation due to the no-flow conditions on the integral curves.

1
We also introduce a predictor-corrector approximation by evaluating f; +2,

instead of f;* using Taylor expansion and the conservation law, and it reads,

1 At 1At _,

n+
Uj 2 = U(l‘j,t + 7) = u](t) — ifx Iz

(2.13)
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Lot : : :
so that fjn o (n+ ) . Now, the solutions o7 (t) of the differential system equations are
U 2

(local) straight lines, but they are not parallel as in the linear case, but subject to a CFL
stability condition of the form (see [84]),

frae
h

max
J

~

and £ = min Az". (2.14)

_ V2
2

Next, we obtain the resulting projection formula as follows

— 1 — h n+l h
U}-er = hCOUj_l + EclUj, where Coj = 5 + fj +2kn and Ci; = 3

1
— 7k (2.15)

Here cp; and ¢y, are the projection coefficients [84]. Combining (2.15) with the
discrete version of local conservation (2.12) reads

) 16h7}+1( j—1

Uit = [%csﬂ (U + UF) + ey (U " — Ug‘”)]
2.16
gy o U —U," 21

+ hn+1 ( + ]+1) 16hn+1 ( ) :

J

Notice that for each j € Z, hJ*! = T”“ — 7"

also that: h;“rl = cgjt1 + ¢15. Thus

hj 1 — C1j-1 and Ci; = h?+1 — Coj+1, with (217)

1 n+1 n+% n n+% n 1 n+1 2 n 2 n
Clj—lzi(hjfl _fj—l k _fj k )> COj+1:§(hj +fj k +f+1 k )

Finally, plugging (2.17) into (2.16), we obtain the discrete equation for the
Lagrangian-Eulerian finite volume scheme with reconstruction

Un+1:U L 207+ U ity Uj"=Uji"
J

j+1
4 32
A A O o S v
+ T ]hn—H[Uj_lJrUj]—THJ[U + Ujl (2.18)
e N L
t 35 T[UJA - Uj"]-

! [U]/‘n—i_U],'-&-ln] .
J

The analogue finite difference scheme (2.18) is a Lagrangian-Eulerian scheme
for the nonlinear problem (2.1). The obtained scheme (2.18) can also be written in a
conservative form (a novelty result for such schemes):

n n kn n n
Uj i U h [F(U]’ ]+1) F(Uj—la Uj )] ’ (219)
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Figure 4 — The projection step. The cell [x;‘j, x;‘:ﬂ collect information both from U,

and U;_1, guided by the projection coefficients cy; and ¢;; given by (2.15).

with the Lagrangian-Eulerian numerical flux function defined by

n n 1 h n n h n+i n+i n n
F(Uj7 j+1) — 1 (kn(Uj - j+1) + W(f] 4+ fj+l2)(Uj + j+1)+
j

2.20

h U,n m h n+% n+% U/n m ( )

m( iU )+ 44hn+1(fj + fi)U =U) -
J

Next, we will show in what follows that the Lagrangian-Eulerian numerical

flux function (2.20) satisfy a form of Lipschitz continuous consistency, which in turn is a

nice property for conservative numerical methods for nonlinear conservation law problems.

Indeed, to show that the Lagrangian-Eulerian numerical flux satisfies a Lipschitz condition,
we need (see [84]):

Lemma 2.1. The numerical flur function defined by (2.20) is consistent with the differ-
ential equation (2.1).

Proof. Immediate, i.e., F'(u,u) = H(u). Notice that for any choice of slope limiters, we
have from (2.9) that (2.20) satisfy the consistency condition, the MinMod limiter in this
case will be zero. The Lipschitz condition can also be proved by a straightforward argument
and it is omitted. O
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Remark 2.1. For the sake of simplicity of presentation we suppose u # 0 (this assumption
can be suppressed by introducing some extra notation in the analysis to define the endpoints
[f?f;,fﬁé] by analytical straight lines), when considering f; in the case of U; = 0.
This means that for the resulting numerical scheme, pertinent to the Lagrangian-FEulerian
framework at hand, that the projection step is not necessary anymore since the argument
of the flux function (also for the numerical flux function) is now known along the vertical
curves associated for the integral tubes, that are defined at the cell centers (see eqs. (2.2)-

(2.6) and Figure 1).
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2.2 The Lagrangian-Eulerian scheme for hyperbolic balance laws

One may find, in a variety of physical problems, source terms that are balanced
by internal forces and this balance supports multiple steady-state solutions that are stable.
We are interested in designing well-balanced conceptually simple schemes, which have
a well balanced property for static and moving equilibrium, applicable to a wide class
of systems with source terms. The well-balance property can be formally enunciated as

follows. For the system of balance laws,

ou  O(H(u))
— === 2.21
=+ ), (221)
we denote u® the stationary solution, which satisfies the equation,
O(H (u))
— = ). 2.22
= G (222)

A numerical scheme is said to be well-balanced, if it fully satisfies a discrete
version of the equilibrium equation (2.22). If a method is not well-balanced, the truncation
error of solutions near the equilibrium state may be larger than u(z,t) — u(x). Numerical
experiments for solving balance laws have shown strong numerical evidence that such
well-balanced property is satisfied when we applied the Lagrangian-Eulerian scheme for

several models of balance laws [84].

Consider the scalar balance law problem,

ou  0H(u)

5t+ ox

=G(u), t>0, zekR, u(z,0) =n(z) zekR, (2.23)
under the assumption Jf G(u) dx dt < 0.
b

Now, write (2.23) as follows,

=G(u) t>0, zeR, u(z,0) =n(z) zelR. (2.24)

Now, lets us integrate (2.24) over the local space-time integral tube D7,

v

D
J

dx dt = JJG(u) dx dt. (2.25)

H(u) ]

Following the same arguments as in Section 2.1, we apply first the divergence

theorem in (2.25) and, by means of the impervious boundaries given by o7 (t), reads:

En+1

J ity w(z, ") de = J " u(z,t")dx + JJG(U) da dt. (2.26)
by

§n+% n
j— = J
E)
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This equation can be viewed as the local space-time Lagrangian-Eulerian

conservation relation for the balance law (2.26). Finally, we use (2.26) then to define,

7n+

o 1 ; 1 i1
UjJrl = h"*lf +3 w(z, " Hde = o J " u(z, t")dr + Jf wydzdt |, (2.27)

. n+1 .
J J z7

J- 2

and its associated projection step over the original mesh grid, with f”+% defined as before,

n+1_1 ﬁ n+3 o\t n n+1
U _h[(2+fj KU ( R ] (2.28)

The Lagrangian-Eulerian scheme for balance law is fully defined by combining
equations (2.27) and (2.28). The key point here is how to design a discretization in a
manner that an accurate balance between the gradients of the flux function and the source
term is retained. Thus, let us now first extend the proposed scheme for linear hyperbolic
conservation laws designed in the previous section to the case of balance laws in order to

describe the features of the Lagrangian-Eulerian procedure.

Thus, combining equations (2.27)-(2.28), we obtain the Lagrangian-Eulerian

scheme for nonlinear balance laws:

i f“% +f“% N g
+Z J_I}LT;[U;LA + U] - Jhn—HJH[Un + U}l
i
N B A \
ta5 J‘ﬁﬁ‘*W; —U]—JgﬁHE*W§+@H]

(2.29)

1 1 (h"“ gl )
+— — + f; k" fj G(u(z,t))dzdt
h‘+1 hj+1 2

] 1
L (Rt
+hn+1 ( +2kn> JJvG u\x, t dIdt
J

Here, we use the same approximations as before with respect to (2.29), namely,

il n+2 H(U? H(u n+1
f Tz 1 ) and fI' = ( - ) ~ ( ) Notice that the quantities < f zk‘”)
Ulj U; U
n+
and Qk”) are not the characteristic curves associated to the quasilinear

form of the homogeneous counterpart of the balance law but rather they are precisely an
approximation of the conservative integral tubes that are naturally extracted from the
conservative integral form of the nonlinear balance law given by (2.23), which in turn

dictates the dynamics of the local space-time control volume D} and the position o7 (t)
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to any quadrature rule of the source term G(u) of the RHS of (2.23). In addition, the
balance problem is then solved by forward tracking the boundary of grid cells along the
so-called integral tubes. This is a distinct feature of the proposed Lagrangian-Eulerian
approach. The similar Lagrangian-Eulerian schemes in [63] are designed to handle trace-
back integration related to purely hyperbolic problems rather then balance laws. Several
quadrature rules can be used to such aim, based on the above framework [84]. We present
a predictor-corrector type of approximation, but midpoint and trapezoidal rules have also
been studied in the work [84].

1
We make use of U; "2 as the known predictor value for u(z,t) at space-time

point (z;,t") defined in 2.13. Thus, write the source term approximation as,

H Glu(e, 1)) drdt ~ H GU)"?) dvdt = GU)™?) H dodt = GU]™?) A(DY),
D D7 D7

where
g+l +1(t tn+1
A(D}) f f dr dt = f (07,1 (t) — 0} (t)) dt. (2.30)
S n . n n+% n n "Jr n n+é
1 ince 07y (t) =0 (t) = (t—t") i’ +af —(t=t")f; *—af = (t—t")(f;:2" —
f;+5) + h, we recast (2.30) as,

k n+i n+
Ay = k| - e

Now, in view of the balance law u; + H,(u) = G(u) we might write u; =

G(u) — H,(u) and thus reads,

n—&-% n o gn k n gn n k n n

G(uj ) & G(u(:r;j,t )+ §ut(xj,t =G luj + §(G(u]) — (H(u))x)]] . (2.31)
Here again the quantity H.(u(z,t))} denotes the numerical derivative of func-

tion H (u) with respect to space variable x evaluated at point (z;,t"), and a family of

slope limiters can be used here. Finally, from equations (2.30) and (2.31), we might write,

k™ ntl k™ a4l nal
ﬂe(u(x,t))dmmkna UJ’-“+2(G(U}L)—Hm(u)j+2] [(fjjf—fj+2)+h;+l].

(2.32)
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2.3 Systems of hyperbolic conservation laws and balance laws

We now turn our attention to describing how to extend the scalar Lagrangian-
Eulerian procedure to one-dimensional systems of balance laws u; + f,(u) = G(u), where
now u(z,t) can be viewed as the unknown n—vector of the form u = (uy(x,t), ... u,(z,t))",
and f(u) is the flux vector function such that f(u) = (fi(u), f2(v), ..., fo(u))". We will
see that the analogue Lagrangian-Eulerian scheme in the case of systems of balance laws is
a straightforward application of the scalar framework and that retains all the simplicities
of the scalar case. For simplicity of presentation and with no loss of generality, let us

consider the following prototype 3 x 3 system of balance laws.

We consider the system of balance laws
Qi +[F(Q)]. = G(Q), (2.33)

where F(Q) = [f1(Q), f2(Q), f5(Q)], @ = |u,v,w], v = u(z,t), v = v(z,t) and w =
w(zx,t), along with G(Q) = [¢1(Q), 92(Q), g3(Q)]. System (2.33) can be written in open
form as,

ue +[fi(uw,v,w)]e = g1(u, v, w),

v+ fo(u,v,w)]e = galu, v, w), (2.34)

we F[fs(u,v,w)]e = gs(u,v,w).

As before, we consider the space-time control finite volumes for each vari-
able u,v,w as follows, (see Figure 5 for an illustration of the integral tubes and its
approximations for systems),

D?,j = {(tVT) / tn < t < tn+17 O-;L,](t) < x < O-g,jJrl(t)}? S=1u, v,w, (235)

n
v,J

x} and oy, ;(t") = 2. These curves o ;(t), s = u,v,w define the “lateral boundaries” of

where o, ;(t), o, ;(t) and oy, ;(t) are parametrized curves such that oy, ;(t") = 27, oy ;(t") =
integral tubes for each primitive variable u, v, w, that will be used to design a balancing
unbiased upwinding Riemann-solver-free discretization between the numerical flux functions
and the source terms by forward tracking the boundaries along the so-called integral tubes.

Formally, the divergence theorem can be used in the (2.35), the space-time finite volumes

Dy ;, Dy ; and Dy, ;. By construction of the algorithm, as before, this implies that curves
o¢;(t) and oy, (t), for s = u, v, w are naturally zero-flux boundaries. Similarly, from this

fact the space-time Dy ;, s = u,v,w are then called as “Integral tubes” for t" <t < gt

As a consequence we get, for the normal vectors ng of each integral curve for each variable s

da?j(t) dagjﬂ(t) . da?j(t)

=u,v,w, |1, —= Ingand |1, —*>—=| Ln, since the slopes —=——~
dt dt dt

equal to the slope of the vector [s, fx(Q)], s = u,v,w; k = 1,2, 3, respectively, over the

are one-to-one

parametrized curves o7 ;(t) and o

cir1(t), s =u,v,w, j € Z. Therefore o ;(t), s = u,v,w
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Figure 5 — On the top picture (resp. bottom) we show an illustration of the continuous

(vesp. discrete) local space-time integral tube domains DY ;, for each s = u, v, w.
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are solutions of the set of ODEs,

do? . (t
;Jt( ) = fk(u,v,w)7 oL (t) =2}, t"<t< t"*1 for each s = w,v,w; k = 1,2, 3,
S 9

(2.36)
where u, v, w # 0. As a consequence of the divergence theorem and the above equations
(2.35)-(2.36), the integrals over curves o¢;(t), s = u,v,w vanish and the line integral over

the boundary of the region 0Dy ; leads to,

—n+1

T x;‘ 1
J 2 (e, Y da = J : s(x, t")dx + Jf g (u, v, w)dxdt, (2.37)
—n+1 n
857

T €T
JI=3 J

where s = u,v,w; k = 1,2, 3, respectively, and we can define as before TZﬁl =0y (")
TnJrl t 7

s,j-‘r%
system of balance laws (2.34). Thus, the approximations of the variables u, v, w for system

and = 07,11 (t"1). Equation (2.37) is called “locally conservative relation” to the

are a rather component-wise extension of the scalar framework given by (for S = U, V, W
and s = u, v, w),

n ETH—I

n 1 (%541 n an+1 1 +5 n ;
Sn = hf: * s(x,t")dx, and Sy = e Jnﬁﬂz s(x,t"dx jeZ, (2.38)
zj_% 5,J :Ej_%

respectively, and the initial condition is U (x?, Y =U ]Q, V(x?, %) = Vjo and W(x?, %) = WJQ

over the local space-time cells [$2_1,$3+1], J € Z. Next, we use (2.38) into to “locally
2 2

conservative relation” to get,

§n+l 1 PE?I% tn-l—l d
J Y )ni s(, ) du
»J _j—%
(2.39)
1 Ti+1
= — J s(x,t") dx. + Jf gr(u, v, w) dzdt
hs’j :BZL D

In (2.39) S = (U,V,W) and s = (u,v,w) denotes a representation of a
component-wise extension of the scalar case to systems of balance laws in compact
form (2.33). Next, the local approximations S;LH’ J € Z are projected over the original
grid and reads,

(2.40)

1 _
+1 _ n+1 —n+1
5171 = = e + eS|

h ntl h

Here Cs,0j = (5 + fsj2k)7 Cs,1j = h — Cs,0j = (5
n+ = n+i n+l

1 fk(Uj+2,‘/j +2’m+2) N fk(u,'l],w)

. . n+3z
approximation f;;* =

— Sn;rik;) and we use the

, S =UV, W, s =u,v,w

S”"‘% S
J
and k = 1,2, 3, respectively. Notice that now the curve oy ;(t) is a simple straight line for

n

_ gn+1
5, =1

(see right picture in Figure 5), along with k" = At" — t". Finally, combination
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of equations (2.39) and (2.40) form the building-block for the new Lagrangian-Eulerian
scheme, which reads as a componentwise extension for equation (2.29) (S = U, V, W,

s =wu,v,w and k = 1,2, 3, respectively):

n+l1 __ —
Sj - 1 1 32 1 1
+35 n+s3 n+3z n+3
k" f:j_21+fkj2 S ? + Trjia
+Z e —[S7 + 57— h;z+l 1S5 + S5}4]
n n+% n+% n+% n+%
k fk,jfl + fk,j S/ n S/n fk,j + fk,j+1 S/n S/ n
+372 T[ -1 T ] - hn+1 [ 7 + J+1 ]
-1 J

(2.41)

1 1 th_l nt3n
+h”+1 X 5 + fr; 0k Gr(s(z,t))dzdt
7 7 Dr

J

j—1
1 prtt ntd
b (32 Sy k;"> || Gtstepazar
o
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2.4 Two-dimensional hyperbolic conservation laws

We now turn our attention to introducing a new computational approach for the
design of a new class of approximate solutions for two-dimensional hyperbolic conservation
laws. This novel scheme is based on the same Lagrangian-Eulerian framework discussed

for the one-dimensional scalar problem.

A natural first attempt would be a straightforward extension used in the one-
dimensional case, but now applied to three-dimensional variables (x, y and t) as D}, < R3,
see Figure 6 (left), where i and j refer to (z;, y;) and n refers to time level ¢". The boundary
of control volumes D;; will be denoted by dD}; = R'; v S'; v ﬁfjl where the control

volume R}; = [mifé, :U?+%] X [y]’.‘%,y;l%] in R? is the “inflow” of the integral tube, F:LJH

in R? is the “outflow” of the integral tube, while Sijy In R?, is the lateral (impervious)

surface of the tube.

Figure 6 — The integral tube in 3D. We illustrate the challenge of uniquely define the
tangent vector. Since here there is a tangent plane, the integral surfaces as well
as integral curves coming from [u f(u) g(u)]" -1 = 0 seem to be at first glance
not straightforward to construct.

As before, we consider the hyperbolic conservation law in two-dimensional

variables in divergence form,

u
ou  Of(u)  dg(u)
EJF o + 2 =0 — Viey | f(u)
g(u)

0. (2.42)

Again, the integration over the control volume and the application of the



Chapter 2. Lagrangian-Eulerian Numerical Schemes 43

divergence theorem gives,

ff Viey | flu) |dV =0 < J@Dn f(uw) | -dd(@D};) = 0. (2.43)
Dy g(u) 7L 9w

The normal vector with respect to R;'; is, in usual convention, [~1 0 0]” and
the vector normal in the outflow EZH is [1 0 0]. Then, the right side of (2.43) can be

written as,

u u
fy |-ads+ | | s |-poof da=o
R

(2%

g(u g(u)

Jn fzu) [-100]" dA+Ln
L g(w)

(2.44)

We suppose there is not any flow through the surface Si'; (S7; is impervious).

So, the surface integral of 5;'; is zero and therefore,

—J u(z,y,t") dA + J . u(z,y,t") dA = 0. (2.45)
" o
or
J u(z,y, ") dA = J u(x,y,t") dA, (2.46)
! R

P n
i,j i,j

which we call conservation identity. The numerical approximations U;"; and ﬁf;rl can be
defined from (2.46).

A 2D Approach based on a system of balance laws

We here propose a simple, fast, and also elegant alternative approach. Our
procedure is based in writing the two-dimensional scalar conservation law (2.47) in the
form of a coupled set of two balance laws along with initial data. The main idea behind
our approach is quite simple. First, consider the two-dimensional nonlinear hyperbolic

conservation law with initial data,

ou of(U)  og(U) _
6775—’_ ox + Jy =0, (2.47)

Ulx,y,t") =U"

The initial data at a time t" is given by the set U" of discrete cell average

values U},

the cell-centered finite-volume cells,

where 7 denotes the z-direction and j denotes the y-direction. Consider now

D ={(t,m, )/t <t <t""F, Yt L <y< vy, of(t) <e< ol (),
X

na L
DT ={(t,x,y)/t"E <t <t x



Chapter 2. Lagrangian-Eulerian Numerical Schemes 44

nal
Whefe o' (t) and 7} (t) are parameterized curves such that o}'(t") = z}" and ~; 2 (t”*é) =
y;-Hi. Our approach is based in writing (2.47) in the form of a coupled set of two balance

laws along with initial data,

U LAO (20
oy i k

ot Ox (2.48a)
Ulx,y,t") =U",

UL B0 (AO

oty or ) (2.48b)

Uz, y,t"2) = U"a,

dg(U of(U

where <g6()> and ( fﬁ( )) are numerical approximations of derivatives respectively.
Yy /; T/

Denote S,(t) and S,(t) as approximate solution operators for (2.48a) and (2.48b), respec-

tively. Indeed, such approximate solution operators can be given by scheme (2. 29) (2 32).
1

but in both directions x or y. Thus, U;L;r? = S.(At/2)U}; and U = S,(At/2)U;" 2, so

that, the full scheme is given by,

Ut = S, (At/2) S, (At/2)U} (2.49)

1]7

along with the CFL condition [84],

ME/h < +/2/2, (2.50)
FUiy) ( hi)
g il (U)o S
appearing in (2.48a) and (2.48b) can be v1evved as a set of local balance laws in the time
step (t",t"*!], but coupled via the source terms on the RHS of (2.48) and thus linked to
the full problem (2.47). Then the procedure to solve (2.47) is quite simple as follows: in

with M = max{max{f'(U}";)}, max{——~ }}. The equations
J J

the time step from t" to "2 the information of the previous time, say, in the y coordinate
is accounted through the source term for the balance law in the x coordinate. Similarly,
in time step from "3 to t"*1 the information in the z coordinate is also accounted
through of the source term for the balance law in the y coordinate. This formulation has
allowed us to correctly approximate solutions of two-dimensional hyperbolic conservation

law problems from paper [55] as we show in Section 2.5.

Mean and Gaussian Curvature

The core issue of this approach is to define the normal vector 7 along with the
unique definition of the tangent vector ¥ to the surface S}'; in the point (z;,y;,t"), see
Figure 6. Notice that at this point there is a tangent plane, then the integral surfaces as
well as integral curves coming from [u f(u) g(u)]” - i = 0 seem to be at first glance not

straightforward to construct. One possibility is to define the concepts of Mean curvature
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and Gaussian curvature associated with the underlying conservation law [62] (see also [75]).
In this regard, one possibility is to construct naturally a normal curvature and a geodesic
curvature from equation (2.42). They are primarily given by the projection of ¥ onto the
local normal vector and the local tangent plane, respectively. Thus, it is possible to define
a unique curve for each one of the points that appear at the bottom of the integral tube,

from time step t" to ¢t"*!

, at least from a theoretical viewpoint. For concreteness, one
possible numerical approach is to consider the level set approach introduced in [81] (see
also [38]). The construction of efficient robust methods based on such approach needs a

novel theory along with feasible numerical algorithms to be pursued later on.
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2.5 Numerical experiment studies with applications

We first present a mesh refinement study in order to give some numerical
evidence of convergence for the proposed scheme. Next, computations for scalar conservation
laws with convex and non-convex flux functions and discussed. A problem modeling three-
phase flow in porous media for one-dimensional problems is presented, illustrating an
example of system of conservation laws. We then present two examples of two-dimensional
conservation laws. Next, we show examples for scalar balance laws, the numerically observed
well-balanced property and systems of balance laws modeling shallow water equations.
The numerical schemes were written in MATLAB and the numerical experiments were
performed in the following computer configuration: Processor: Intel ®Core™i7-4510U
and CPU @ 2.60 GHz, Memory(RAM) DDR3/1866MHz 8GB.

2.5.1 Convex and non-convex flux functions for conservation laws

For a first mesh refinement study we test our scheme with a non-convex flux
function to the scalar conservation law u; + fo(u) = 0, for f(u) = 0.5(e~ 200" 4 g(y —
0.5)%), along with Riemann initial data u(z,0) = n(r) = 0.8, z < 0 and u(x,0) = n(z) =
0.2, z > 0. In Figure 7 is shown three different mesh grid cells (128, 256 and 512) against

a reference numerical solution with 1024 mesh grid cells at dimensionless time ¢ = 2.0.
2
Figure 8 shows numerical solutions for u; + (l;) = 0, along with smooth

initial data u(x,0) = 0.5 + sin(z). It is well-known that the solution of this problem
develops a shock discontinuity at the critical time 7T, = 1, and then it exhibits pre-shock
(resp. post-shock) solution for 7. < 1 (resp. 1. > 1); on the top figure it is shown the

post-shock solution computed with (2.19)-(2.20) at time simulation ¢ = 2 for 256 cells.
2

u
We have also conducted similar numerical experiments to problem u; + 5 ) = 0 along

with discontinuous initial data u(x,0) = 1, 2 < 0 & u(z,0) =0,z > 0 (mid%le: shock)
and u(z,0) = —1, 2 < 0 & u(z,0) = 1, > 0 (bottom: rarefaction). On these frames are
shown snapshot graphs at time ¢ = 2.4 of simulation, with waves moving from left to right.
We get a very nice looking numerical approximate solution with scheme (2.19)-(2.20),
which in turn seems to be propagating at entirely entropy-correct Rankine-Hugoniot speed
(middle). Similar good results are shown to the rarefaction case as well. Indeed, in the
terminology of gas dynamics to the rarefaction cases for the inviscid Burgers equation we
see that the transonic rarefaction (right frame) is well resolved. That is, as the rarefaction
wave is crossed, there is a sign change in the characteristic speed v and thus there is one

point at which u = 0, the sonic point. So, there is no spurious anomalies around u = 0.

The classical nonlinear one-dimensional Buckley-Leverett two-phase problem
[76], is depicted in top picture in Figure 9. Computed solutions with scheme (2.19)-(2.20)

at time simulation ¢ = 2 are shown to the Riemann Problem (Initial Value Problem with
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Figure 7 — Mesh refinement study for a non-convex flux function. The finest mesh in this
case is a solution with 1024 grid cells.
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non-convex flux function): u; + f.(u) = 0, f(u) = v*/(u* + a(l — u)?), a = 1, along with
Riemann initial data (left) u(z,0) = n(z) = 1.0, z < 0 and u(z,0) = n(z) = 0.0, x > 0.
On physical ground, such initial data corresponds to water flooding of an oil reservoir. The
well known solution for this model comprises a leading shock wave (an oil bank) followed by
an attached rarefaction wave. The weak solution satisfying the Oleinik entropy condition
is in very good agreement along with the scheme (2.19)-(2.20) propagating at entirely
entropy-correct Rankine-Hugoniot speed and with the precisely post-shock value. We have
also considered another non-convex flux function (see bottom picture in Figure 9) to the
scalar conservation law u;+ f, (1) = 0, with f(u) = 0.5(e~2=99" 4 8(4,—0.5)?), along with
Riemann initial data (top) u(z,0) = n(x) = 0.8, < 0 and u(x,0) = n(x) = 0.2, x > 0.
Again, the numerical solution is in agreement with Oleinik entropy condition, whose
approximate left and right shock waves are propagating with correct Rankine-Hugoniot

speed and entropy-correct post-shock values.

2.5.2 Porous Media Flow Problems

Transport of fluids in porous media is important both in scientific and techno-
logical areas, such as chemical, civil, agricultural, environmental, petroleum and mechanic
engineering. Many difficulties and challenges arise on the mathematical formulation of
the physical processes that govern multiphase flow in heterogeneous reservoirs, mainly
due to their inherent multi-scale nature. Geological properties of the medium like perme-
ability or porosity may present heterogeneities and are modeled in the PDE system as
discontinuous coefficients with abrupt gradients [54]. There is a large interest in applying
multiphase flow models to oil recovery in heterogeneous reservoirs, while restricting the
study to incompressible and immiscible phases. An oil reservoir is a deep underground
sedimentary rock body, formed by non-uniform deposits that abruptly vary along spa-
tial dimensions, and contains a mixture of fluids in the interstitial space between grains
(around 10 — 100um). The available space volume, denoted porosity, normally varies in
the scale 0.1 — 0.3 [m®/m?] and contains water and at least a hydrocarbon (gas or oil) in
liquid or gaseous phase. Erosion, natural faults and fractures complicate even more the
precise knowledge of heterogeneities in the porous medium. Rock permeability can vary
in magnitude orders, from 10~? miliDarcy to 10° miliDarcy (1 Darcy = 1.0 x 10~ *m?
= the permeability that gives the lems™ flow for a fluid with 1 centipoise (1gm™'s™")
viscosity under the pressure gradient of 1 atm e¢m ™. These heterogeneities happen in
multiple scales, from the microscopic pore scale to the macroscopic field scale, preventing
the detailed information of the rock properties variations that strongly influence the fluid
transport in the porous medium. We discuss now the modeling via phase formulation of
transport of fluids in heterogeneous porous media, specifically with two and three phases.
In the phase formulation, the governing differential equations are rewritten in function

of a reference pressure (hereafter the oil phase pressure) together with the saturation
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Figure 8 — Inviscid nonlinear Burgers’ problem: post-shock solution for smooth initial data

(top), Riemann problem with shock wave (middle), Riemann problem with
rarefaction fan (bottom).
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Figure 9 — Top: Classical one-dimensional Buckley-Leverett two-phase problem computed
by scheme (2.19)-(2.20). Bottom: A non-convex flux function.

transport equations regarding other phases present in the flow [1]. The motivation for
the choice of this formulation to describe transport process is that it is more general [33].
The governing equations coming from this formulation keeps the same form for two- and
three-phase flow. Another motivation for the usage is that it keeps a general form for the
relative permeability functions and capillary pressure models [33, 36]. Because of these
facts, its application is advantageous for the purpose of developing approximation tools
and simulations in transport problems of flow in heterogeneous porous media in multiple

scales.

Mathematical Model

Three-phase immiscible flow can be typically modeled by conservation equations

coupled with a direct extension of Darcy’s law for multiphase flow in terms of the relative
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permeability functions for each of the three phases. The mathematical model considered
here takes into account capillary forces, general expressions for the relative permeability
functions, variable porosity and permeability fields and gravitational effects. We assume
the three phases are immiscible and incompressible through the entire heterogeneous
porous media. We consider that there are no internal sources or sinks and there is no
mass transfer between the phases and thermal effects are negligible. Here, the three phases
water, oil and gas are indicated by subscripts w, o and g, respectively. We assume the
phases completely saturate the medium. This way, denoting the saturation (fraction of

local volume) of phase i by S; [m*/m?], with 0 < S; < 1, we must have

ZS" =1, i=g,0,W. (2.51)

Numerical Experiments

In one dimension the pressure equation implies that the total fluid velocity is
independent of position, so we take it to be constant. We have the following system of

partial differential equations [1, 79]:

08y 0 OWy
E + %fw(swysg) - E, (252)
0sg 0 ow,
—— + 5 = — 2.
ot * (9acfg(8w’sg) or’ (2.53)
where
apwo apgo asw apwo apgo ﬁsg
= 1- - - 1- = =2, (2.54
W <>\w( Ju) 0Sw Awly 8sw) ox + (/\w( fu) 034 Awls dsy ) Ox’ (2.54)
and
. _ apwo . apgo aSJ _ 8pwo B apgo %
w, = ( Agfw—aSw + A (1= f,) aSw) o +( Agfw—ﬁsg + A (1= f) 3, ) 1
(2.55)

In our model we choose, for convenience, to work with the saturations of water
and gas. The diffusive term is represented by the right-hand side of the system (2.52)-(2.53)
and it incorporates the capillary pressure effects. We neglect the capillary diffusive effect,
by just taking w,, = 0 and w, = 0 in (2.52)-(2.55), but we do know from [1, 79] how is the
correct structure of the solutions of the non-classical three-phase model under consideration.
However, we point out that for a wave to be truly defined as a “shock wave”, a discontinuity
must be the zero-diffusion limit of traveling wave solutions. For such solutions, diffusion
balances the convergence of waves caused by hyperbolic nonlinearity. Moreover, the set of
non-classical wave solutions obtained in the zero-diffusion (zero-capillarity) limit might
depends sensitively on the form of the diffusion matrix and not only on the hyperbolic
structure of the equations; see [1, 79] and the references cited therein for further technical
details.
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We present the results of numerical grid refinement for the simulation of two

Riemann problems, namely RP; and RP,, given by:

sk =0.613 and s% =0.05, sk =0.621 and s% =0.05,
RP; - RP, -
sy =0.387 and s =0.15, sy =0.279 and s =0.15.
(2.56)

We use the quadratic model by Corey-Pope, extensively used for phase relative
permeabilities,
ky=352, k,=s2 and k, = 33. (2.57)

w? o

As in [1, 79], we consider the following viscosity values u, = 1.0, p,, = 0.5, and
iy = 0.3. From the analysis discussed in [79], we remark that for the choice of parameters
described above, a transitional shock wave is present in the solution of RP;, which in turn

is not present in the solution of RP;.

Since the oil phase saturation can be directly obtained from the other two
phase saturations (i.e., s, = 1 — s, — s,), we display the oil saturation profile in Figure
11, showing the effect of a grid refinement in the numerical solution of (2.52)-(2.53) —
wy, = 0 and wy, = 0 — with Riemann data RP; on the top and RP, on the bottom. The
computed saturation profiles are shown at dimensionless time 2.50. In each frame we
compare numerical solutions obtained on grids having 256, 512 and 1024 cells against a
reference numerical solution of 2048 cells. It is clear from the pictures in Figure 11, that as
the grid is refined we have some good evidence of numerical convergence of our scheme. We
remark that the numerical solutions presented here are in very good agreement with the
semi-analytic results reported in [79], yielding a numerical verification of our computations.
We now show numerical experiments concerning the three-phase flow problem (2.52)-(2.53)
— Wy = 0 and wy, = 0 and with Riemann data RP; on left and RP, on the right — in order
to shown that our scheme is able to capture analytical properties of the wave structures, as
originally introduced in [79]; see also [1] and the references cited therein. For completeness
we describe the non-classical solution. Right picture in Figure 10: the slow wave group
comprises a strong slow rarefaction fan from left (injection) state to the post-shock value
and an adjoining slow front wave from the post-shock value to the first plateau. The fast
wave group is a Buckley-Leverett front wave from the second plateau. Between the slow
and fast wave groups is a non-classical front wave. For the classical solution, we have only
the slow and fast wave groups (Left picture in Figure 10). We point out that in both
numerical solutions the plateau are located in the correct heights, with respect to the

semi-analytical solutions presented in [79].
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2.5.3 Shallow Water Equations

Shallow water equations have been proposed by Adhémar Barré de Saint-Venant
in 1871 to model flows in a channel [89]. Three-dimensional Navier-Stokes equations can
be used to simulate such flows directly, but in the case where the horizontal length scale is
much greater than the vertical length scale, one can average over the depth to get rid of
the vertical direction and reduce the model into two-dimensional nonlinear shallow water
equations. Nowadays, they are widely used to model flows in various contexts, such as
overland flow, river and flooding simulations, dam breaks, nearshore and tsunami [25,
42, 58, 78, 93, 95]. These equations consist in a nonlinear system of partial differential
equations (PDEs), more precisely conservation laws describing the evolution of the height
and mean velocity of the fluid. In real situations (realistic geometry, sharp spatial or
temporal variations of the parameters in the model, etc.), there is no hope to solve
explicitly this system of PDEs, that is, to produce analytic formulas for the solutions.
It is therefore necessary to develop specific numerical methods to compute approximate
solutions of such PDEs. The rather general settings of viscous shallow water equations
in two space dimensions is described with topography, rain, infiltration and soil friction.
The simplified system arising in one space dimension is then given and several classical

properties of the equations are recalled.

In the past two decades, many well-balanced numerical methods have been
developed for the shallow water equations, such as upwind methods [20, 22]. Bermudez and
Vazquez in [22] extended upwind methods to the shallow water equations with source terms.
Following this pioneering work, many other schemes for the shallow water equations with
such well-balanced property have been developed in the finite volume community, such
as, finite difference/volume weighted essentially non-oscillatory (WENO) schemes with
well-balanced property and finite element discontinuous Galerkin. Several well-balanced
DG methods have been proposed by the idea of special decomposition of the source term,
hydrostatic reconstruction, and path-conservative methods. There are also a crescent

number of positivity-preserving schemes in the finite volume framework.

Mathematical Model

The unknowns of the equations are the water height h(t, z, y) ([L]) and u(t, x,y),
v(t, z,y) the horizontal components of the vertically averaged velocity [L/T]. The equations

take the following form of balance laws, where g = 9.81m/s? is the gravity constant:
(6,h + 0, (hu) + 8,(hv) = R—1,

2

h
Oy (hu) + 0, (hu2 + 92) + 0y (huv) = gh(So» — Stz) + 1Sa.z, (2.58)

A

2

h
0r(hv) + 0, (huv) + 0, (th + ‘(]2) = gh(Soy — Sty) + 1154

\
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The first equation is a mass balance. The fluid density can be replaced by the
height because of incompressibility. The other two equations are momentum balances, and

involve forces such as gravity and friction.

e 2 is the topography [L], when no erosion is considered it is a fixed function of space,
z(z,y), and it is classicaly denoted by Sy, (resp. Sp,) the opposite of the slope in
the x (resp. y) direction, Sy, = —0,2(x,y) (resp. So, = —0y2(z,y) );

e R >0 is the rain intensity [L/T1], it is a given function R(t,z,y) = 0.
e [ is the infiltration rate [L/T].

o Sy = (Sfa,Sry) is the friction force. The friction law may take several forms,
depending on both soil and flow properties. Here, U is the velocity vector U = (u, v)
with |U| = vu2 + v2, and Q is the discharge Q = (hu, hv). In hydrological models,
two families of friction laws are encountered on the basis of empirical considerations

[43].

o Finally, Sy = (S4z, Sa,y) is the viscous term with p = 0 the viscosity of the fluid
[L*/T].

Properties

For the sake of simplicity, we present the one-dimensional case. Equations

rewrite into

oh + dp(hu) = R—1,
(2.59)

2

h
Or(hu) + 0, (hu2 + 92) = gh(So,x — Stz) + p(hoyu).

The left-hand side of this system is the transport operator, corresponding to
the flow of an ideal fluid in a flat channel, without friction, rain or infiltration. This is
actually the model introduced by Saint-Venant in [89], and it contains several important
properties of the flow. To emphasize these properties, we rewrite the one-dimensional

equations using vector form:

hu hu® + =—

A hu
Ow + 0, w = 0, where w = , F(w)= gh? | (2.60)
2

with F(w) as the flux of the equation. The transport is more clearly evidenced in the

following nonconservative form, where A(w) = F'(w) is the matrix of transport coefficients:

ow + A(w)o,w =0, where A(w) = F'(w) = < ) N ! > : (2.61)
u®+gh 2u
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More precisely, when h > 0, the matrix A(w) turns out to be diagonalizable,

M =u—4/gh <u++/gh=X (2.62)

This important property is called strict hyperbolicity. The eigenvalues are indeed

with eigenvalues

velocities, namely the ones of surface waves on the fluid, which are basic characteristics
of the flow. Notice that the eigenvalues coincide if h = 0, that is, for dry zones. In that
case, the system is no longer hyperbolic, and this induces difficulties at both theoretical
and numerical levels. Designing numerical schemes that preserve positivity for h is very
important in this context and is subject of many well-developed numerical techniques [17,
23, 53].

From these formulas, we recover a useful classification of flows, based on the
relative values of the velocities of the fluid, u, and of the waves, 4/gh. Indeed if [u| < r/gh,
the characteristic velocities have opposite signs, and information propagate upward as well
as downward of the flow, which is then said subcritical or fluvial. On the other hand, when
|u| > \/ﬁ, the flow is supercritical, or torrential, all the information go downwards. A

transcritical regime exists when some parts of a flow are subcritical, others supercritical.

Because we have two unknowns h and u (or equivalently h and ¢ = hu), a
subcritical flow is therefore determined by one upstream and one downstream value,
whereas a supercritical flow is completely determined by the two upstream values. Thus,
for numerical simulations, we have to impose one variable for subcritical inflow/outflow.
We impose both variables for supercritical inflow; for supercritical outflow, free boundary

conditions are considered.

In this context, two quantities are useful. The first one is a dimensionless

parameter called the Froude number:

Jul
Fr=-21 (2.63)
v gh
It is the analog of the Mach number in gas dynamics, and the flow is subcritical
(resp. supercritical) if Fr < 1 (resp. F'r > 1). The other important quantity is the so-called

critical height h. which writes

he = (%) , (264)

for a given discharge ¢ = hu. It is a very readable criterion for criticality: the flow is
subcritical (resp. supercritical) if h > h, (resp. h < h.). When additional terms are present,
other properties have to be considered, for instance, the occurrence of steady state (or

equilibrium) solutions.
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Numerical Experiments

Here we consider a numerical approximation of the well known system of

balance laws modeling the shallow-water problem. The model under consideration is as

follows: oh o)
U
E—i_ or =0
(2.65)
o(hu) 0 (hu® +$h%)
ot + ox = —9hZ,
which we rewrite as
oh  o(hu)
E—i_ or =0,
(2.66)

olhu)  o(?) 0 (g,, oz
ot * ox __%(7h) hé’i

where h > 0 denotes the water height, u € R is the water velocity in the z direction, and

g > 0 stands for the gravity constant. The function Z denotes the smooth topography.

Nonconservative formulations

In the recent past, several articles have been published trying to explain a
proper definition as well as stability of nonconservative products, and its application
to the definition of weak solutions of non-conservative hyperbolic systems, see e.g., [31,
83] and balance laws models [40]. Essentially, this means that one might use a proper
modelling linked to the undelying problem to construct equivalent modified equations to
better acomodate non-homoegeneous terms yielding a discretization with good properties.
The Lagrangian-Fulerian framework was helpful in this matter with the shallow water

equations with good approximations, and here we describe one possible application [6].

Conservative formulations

Applying the Lagrangian-Eulerian method to each equation, we get

(
(ah + a(h“)) dA =0,
JD;‘LL,J' at 5‘33
X (2.67)
[ o(hu) 0 (hu?) oh 07
A=— - A
JD;LM<at T ) gf:njh o)

The integrals on the left side in (2.67) were previously discussed. We will focus

on how to approximate the integral on the right side. We have

o,
I = J h (ah aZ) dA j J a h+ Z) dudt. (2.68)
’ %,]’ 5:13 ”(t

tn+1
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Therefore from (2.68) we get,

¢+l

I, = Hff (o7 (1), 1) + Z (07,1 (1) — (h(0} (t), 1) + Z(0} (1)) - (2.69)
t'VL

The last integral can be approximated using Taylor series expansion of order

one, where we use a slope limiter to approximate the derivatives (H,); and (Z,);, and the

trapezoidal rule for the integral on time. The final approximation gives

Ly ~H} (Hjyy + Zjo — (H} + Z)))

+0.5 HP (At)? (fij 1 (Ho)for + fr(Ze)jan = (fr(He)j = fr1(Z0) 1)) -
(2.70)
The three following test cases come from [59] (see [24, 43, 90] and references
therein). The topography is flat with a bump for = € [8,12], as follows: Z(x) = 0.2 —
0.05(z — 10)2. The transcritical flow without shock, transcritical low with shock and
subcritical flow test cases are performed according to the initial and boundary conditions
given by [43, 59, 90]. The first test models the transcritical flow without shock [90]. For

this case, the initial water height is 0.33 m. A unit discharge of 1.53 m?/s is imposed at
du
. dr
at the downstream side. The numerical solutions for water height and discharge can be

the upstream boundary, and open boundary conditions (EZCL =0, = 0) are applied
seen in Figure 12 after the steady state has been reached (which happens at time 41.5
sec.). We show in Figure 12 the numerically evaluated water height and discharge with
the corresponding analytical solutions, with three levels of refinement (200, 600 and 1000
mesh points). At the end of the bump a constant level is again reached. Discharge shows
an underestimation near the bump, reduced on refinement. The ellapsed computation
time was 35.842, 238.702 and 613.800 seconds respectively. The second test models the
transcritical flow with a shock. The initial water height is also 0.33 m. A unit discharge of
0.18 m?/s is imposed on the upstream boundary and a depth of 0.33 m is imposed on the
downstream boundary. The steady state here is reached at 175.5 sec. We show in Figure
13 the analytical and numerical solution for water surface profile and discharge, with three
levels of refinement (200, 600 and 1000 mesh points). A local peak in numerical solution for
discharge is observed on the jump after the bump (for more details on this behavior see [90]
and references therein). The ellapsed computation time was 24.363, 122.283 and 330.639
seconds respectively. The third test models the subcritical flow over a bump without a
shock. Subcritical flow conditions are maintained in the same channel as taken in the
above two cases. A unit discharge of 4.42 m?/s is imposed on the upstream boundary and
a depth of 2.0 m is imposed on the downstream boundary. The steady state is reached at
time 85.5 sec. Figure 14 shows the solutions for this case after reaching the steady state,
with three levels of refinement (200, 600 and 1000 mesh points). The ellapsed computation
time was 38.186, 227.651 and 482.891 seconds respectively. For all the three cases, the
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Lagrangian-Eulerian scheme produced qualitatively correct results

solutions with 200 mesh grid cells.

compared to analytical
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Figure 12 — Transcritical without shock test case. The steady-state has been already
reached (exhibited time is t = 600 sec.). Left: h 4+ Z solutions with 200, 600
and 1000 mesh grid points. Right: discharge M with 200, 600 and 1000 mesh

grid points.
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Figure 13 — Transcritical with shock test case. The steady-state has been already reached
(exhibited time is t = 600 sec.). Left: h + Z solutions with 200, 600 and 1000
mesh grid points. Right: discharge M with 200, 600 and 1000 mesh grid points
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Figure 14 — Subcritical test case. The steady-state has been already reached (exhibited
time is ¢t = 600 sec.). Left: h + Z solutions with 200, 600 and 1000 mesh grid
points. Right: discharge M with 200, 600 and 1000 mesh grid points
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Next, the following results are reproductions of the test cases presented in [35] -
Small perturbation of steady flow over a slanted surface. We consider the modified system
for shallow water equations presented in the cited paper, with water source term R(z,t)
(which for the test cases is identically zero) and a bottom friction term with the classical

Manning formulation. In one spatial dimension the equation is reduced to:

oh  d(hu)

— — t
(2.71)
d(hu) 0 (hu® + £h?) n?
= - hZ:): — YT ;
o | oz ghZe =g, zulul
We consider the initial data
0.2hy, 1<z <1.25,
h(x,0) = ho + ’ v . q(x,0) = qo (2.72)
0, otherwise

The first test is a supercritical case, with hg = 0.09564, ¢o = 0.1, n = 0.02 and
the (constant) slope of topography Z, = —0.01. We show on Figure 15 the initial state,
a snapshot at time ¢ = 1.0 sec., where the perturbation propagates to the right and the
steady state at time ¢ = 100 sec. Next, the subcritical case is presented with hy = 0.02402,
go = 0.002, n = 0.1 and the slope of topography again as —0.01. Here, the shape of the
propagated solution is different from the previous case. The ellapsed computation time
was 0.650 and 105.299 seconds respectively. We show on Figure 16 the initial state, a
snapshot at time ¢ = 0.5 sec. and the steady state solution at time ¢t = 100 sec. The

ellapsed computation time was 0.078 and 6.157 seconds respectively. Then, the last case on
1

V3
In this case, the perturbation propagates faster than in previous tests, but the numerical

Figure 17 shows a magnitude of topography slope larger than the other cases, Z, =

steady state is achieved at large times. The ellapsed computation time was 0.515 and

70.977 seconds respectively. These tests are evaluated with 200 grid cells.
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Figure 15 — Supercritical test case at initial time (top), ¢ = 1.0 sec. (middle), and steady

state at ¢ = 100 sec. (bottom).
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2.5.3.1 Zero velocity and steady-state solutions

One particular case occurs when f;* = 0. The integral curves now are vertical
lines, so the original grid does not change in time and we obtain the steady-state solution of
the simulated problem. To illustrate such situation, we present in this section an example
from [61]:

u W) Cems
E-I_ Era Z.(x), t>0, (x,t)eRx(0,T], (2.73)

u(z,0) + Z(x) =1,

C \ 30
where Z(xz) = 0.9 (cos( <x2))) if 0 < x < 2 and zero otherwise. With f(u) = u*/2

the steady-state solution of this problem is v + Z(x) = 1. Note that the steady-state

solution is achieved when the following identity is satisfied:

o du_ o)
ot ox

—uZy(x)=—u(u+2),. (2.74)

The control volume is

n __ n n+1
D} ={(t,z)/t"<t<t"", ¥ <w <

;L x?Jrl}?

where the integrals curves are the vertical lines x = 7 i.e the original grid does not change
in time. Hence, the projection step is not necessary anymore. This is the geometrical
interpretation of the tracing forward of the cell dual grid being identical to the original

grid. Integrating (2.74) over D7} gives:

[ jﬂ“ [ ]M Jtm

_ L n J : (—u(u+ Z),) dedt.

tn+1 tn+1

]+1
(2.75)

By the application of the divergence theorem on the left side of (2.75), we get

3] ]

oD
Since the integrals curves z = 2 are impervious, the flux is vertical from " to

tn+1

f " (u+ 2),) dedt. (2.76)

t"*1. Dividing by h, we get

1 (%541 1 [T+
Z L: u(z, " dr — z L: u(x, t")d J
J J

Thus

n+1

f w(u+ Z),)dedt.  (2.77)

1 1 i
Urtl —Ur ., = f J (—u(u+2),)dxdt. (2.78)

Jts Jts3 h
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With this, the numerical scheme can be written as follows

tn+1 ™1
Ul = Ul + J & (u+ 2),)dzdt
s (2.79)
%U_]T:*%_EU]‘F% (U+Z J Jn dzdt.

Notice that we approximate the derivative (u+2), with the previously discussed
slope limiters. We show in Figure 18 the steady-state solution approximated by this
numerical scheme. This example exhibits a numerical version of a well-balancedness
property for our framework, see Figure 18 (left). We also show an example from [24], see
Figure 18 (right), with Z(z) = 0.4e®™®~1 and the steady-state solution of the simulated
problem given by u + Z = 0.5.

u+ Z(x) u+ Z(x)

0.5

u+Z

051

0 0.5 1 1.5 2 0 5 10 15 20 25
position position

Figure 18 — Steady-state solution for the problem modeled by equation 2.73 with different
topographies. The solution for both cases is approximated with 200 mesh grid
cells at time ¢t = 100.

2.5.4 Two-dimensional simulations of nonlinear scalar conservation laws

The first example is taken from [55]. The test consists in considering the simple

flux functions

u2

Ju) = glu) = u? +2(1 —u)?’

with the Gaussian initial data ug(z,y) = exp(—10((x+0.25)% + (y+0.25)?)), x, y € (-1, 1).

Numerical solutions with 512 cells and end time ¢t = 1.5 of simulation are shown in Figure

19, left picture is the approximation with our proposed scheme given by (2.29)-(2.32) and
(2.48)-(2.50) (performed in 59.846 sec), middle picture with a Strang splitting approximation
along with the well-known high-resolution, non-oscillatory, second order Nessyahu-Tadmor
central scheme (see e.g., [76]), used here as reference solution, and finally in right picture it

is shown the absolute error between both solutions. The next test is called “fingering test”
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0.5 0.5 0.5

-05 03 -05 03 05

-1 -0.5 0 0.5 -1 -0.5 0 0.5 -1 -0.5 0 0.5
x

Figure 19 — Numerical solutions for the Buckley-Leveret equation. Left the solution with
512 grid points approimated with the Lagrangian-Eulerian framework. Center:
The Strang splitting approach with Nessyahu-Tadmor numerical scheme with
512 points. Right: The difference error between the two approximations.

2 2 2
in [55]. In this test, it is used two different flux functions f(u) = % and g(u) = %, along

with the initial condition u(x,,0) = 1 in the circle {(z,y)/(x + 0.5)* + (y + 0.5)* < 0.16},
u(z,y,0) = —1 in the circle {(z,y)/(z — 0.5)* + (y — 0.5)*> < 0.16} and zero in otherwise,
when (z,y) € [~1,1]%. The accurate numerical solutions displayed in Figure 20 is arranged

as above for Figure 19, but for an end time ¢ = 2 of simulation.

1 1 1

08 08 1 05 08
06 e 06 1 06
- : 04 04
02 04 02

> 0 0 > 0

-02 - -1 -2
~04 ~04 - 1 02 g4

-06 ~ 06 1 e 06

04 08 1 -08

-1 -0.5 -1 -1

Figure 20 — Numerical solutions for the “fingering test”. Left the solution with 512 grid
points approimated with the Lagrangian-Eulerian framework. Center: The
Strang splitting approach with Nessyahu-Tadmor numerical scheme with 512
points. Right: The difference error between the two approximations.

2.5.5 Sources with space-discontinuous functions and nontrivial topography

We discuss the hard case of a balance law u; + f,(u) = g(z,u) with g dis-
continuous in z, along with our method as developed in Section 2.2. In other words,
we have not made any special treatment for approximation of the discontinuous source
term. In particular, our results (see Figure 21) are in very good agreement with the
numerical experiment reported in [66]. This means that our novel approach is able to
capture the delicate nonlinear local interaction between the flux and the source within
the control volume of the Lagrangian-Eulerian framework. In addition, we mention that

the discontinuity of the source term might lead to significant influences on the shock or
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rarefaction waves generated by the initial Riemann data, and produces some new and
interesting phenomena such as the appearance of weak discontinuities and the appearance

and absorption of new shocks (see [52] for details). In [66], Shi Jin considered the model,

u+ (f(u), = g(, u) (2.80)

2
with flux function f(u) = % and source term g(z,u) = 2'(z)u with z(z) = cos(m z),

4.5 < x < 5.5 and 0 otherwise with 0 < z < 10. Note that 2'(z) is then a discontinuous
function, so that g(z, u) is a discontinuous source term in z. Figure 21 shows approximations
with initial data u(z,0) = 0, z > 0 and u(0,t) = 2, ¢t > 0. In the right pictures of Figure
21 it is shown solutions of u + z = 2 compared with the exact solution (solid line) at
steady state for a continuous topography in a mesh refinement study; from top to bottom
we have numerical solutions (dashed lines): 128, 256 and 512 cells. In the left pictures of
Figure 21 it is shown solutions at finite time the steady state counterpart solutions for the
same situation. The numerical scheme gives clearly qualitatively correct approximations

at t = 10 even in numerical coarse grids.

We now discuss the shallow water equations over non-trivial topography g(x, u)

of the seminal work of Greenberg and LeRoux [61] (see also [60]) given by

2
we () ~ g(z,u),
2 T
2

with flux function f(u) = % and source term G(u) = o'(z)u. In this test, the function

a(x) is defined as a(x) = 0.9 COS(W(:E -

non-stationary shock wave connecting two states that correspond to steady solutions for

1)*, 2 < 2 and 0 otherwise. Figure 22 shows a

which © 4+ a = 1.3 on the left and u + @ = 1 on the right. In this numerical test, the initial
data is u(z,0) = 1 —a(z), x > 0.2 and u(x,0) = 1.3 — a(x), x < 0.2. The scheme produces
a qualitatively correct monotone curve as the mesh grid is refined keeping the total height

u—+aatt=1.>5.

2.5.6 A hard test case with exponential growth of the source term

The main goal of this example is, as in [56], to emphasize the qualitative
difference between time-splitting, (or fractional step methods) and well-balanced numerical
schemes when it comes to computing the entropy solution of a simple scalar, yet non-
resonant, balance law dyu + 8,(f(u)) = k(x)g(u), 0 < k € L' n C°(R), f is genuinely
non-linear and g € C*(R), see [56] for more details. In this particular problem it is considered
f(u) = u?/2, k(xr) = 0.2 and g(u) = u with initial data ug(x) = Y (z), Y the Heaviside
function. This results in the classical “one-half”order of convergence in L', which is known
to be optimal for Godunov type [88, 92|, denoting the entropy solution u and its numerical
approximation by u®'; see [92] that states: Vt € [0,T], [u®'(t,.) — u(t,.)|pir) < CVAL.
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Figure 21 — Numerical solutions with nontrivial spatial-discontinuous source term g(x, u) =
2/ (x)u. We present a grid refinementstudy for v and u + z with 128, 256 and
512 mesh grid points.
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Figure 22 — Numerical solutions with source term g(z, u). 512 cells (left), 1024 cells (right).

The analysis discussed in [92] reveals that the “constant C” is actually an exponential in
time, which results in the more rigorous statement: V¢ € [0, T, [u®'(t,.) — u(t,.)|r1g) <
C exp(max[g'(u)]t)VAt. This estimate is disastrous from a computational standpoint,
because in order to keep the absolute error below a given tolerance, the computational
grid’s parameters are meant to decrease exponentially with time (except if ¢' < 0, for
which TV (u)(t,.) decays exponentially too). Figure 23 shows numerical approximations
with 256 and 512 cells.

8 . . . T 8

EXACT EXACT

OUR METHOD *  OURMETHOD
6 INITIAL i 6+ INITIAL

0 10 20 30 0 10 20 30
position position
Figure 23 — Numerical approximations of the scalar balance law. The solution is shown
with 256 cells (left) and 512 cells (right).
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2.5.7 Error analysis

We first present an error analysis study performed for the linear conservation
law u; + au, = 0, with a = 1.0 and a smooth initial condition. We observe from information
below that our method presents first-order accuracy behavior. Figure 24 shows the log-log
plot of the error against the analytical solution u(z,t) = ug(x —t) for 32, 64, 128, 256 and
512 mesh grid cells, in various norms. Table 1 presents the exact values of the errors and a

convergence rate in various norms.

log-log plot of errors vs. h log-log plot of errors vs. h log-log plot of errors vs. h

Figure 24 — Log-log plots for norms L' (left), L? (middle) and L* (right) of the error
versus the cell sizes, for the the linear problem u; + u, = 0 at time 7' = 1.0
with smooth initial condition u(z,0) = e’IQ; we can see first-order behavior
of accuracy in the numerical solutions.

Cells h |u—Uln lu— Ul lu — Ul
32 0.31250 4.13831 x 102 2.39536 x 102 5.34744 x 102
64 0.15625 1.35621 x 1072 7.75141 x 1073 1.61009 x 102
128 0.07813 5.61517 x 1073 3.17689 x 1072 6.68850 x 1073
256 0.03906 2.69301 x 1073 1.52179 x 1072 3.12262 x 1073
512 0.01953 1.32042 x 1073 7.46087 x 1073 1.53242 x 1073
LSF E(h) 0.147 x h'2*7 0.085 x h'#%  (0.192 x %

Table 1 — Corresponding errors between the numerical approximations (U) and exact

solutions (u) for the scalar advection problem.
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A study of the numerical error for the balance law problem 2.80 with discon-
tinuous source term is shown in Figure 25 for 32, 64, 128, 256 and 512 mesh grid cells, in
various norms, along with the observed first-order behavior of accuracy in the computed

solutions in several discrete norms (presented in Table 2).

log-log plot of errors vs. h log-log plot of errors vs. h log-log plot of errors vs. h

Figure 25 — Log-log plots for norms L' (left), L? (middle) and L* (right) of the error
versus the cell sizes, for the situation with a source term g(z,u) discontinuous
in x; we can see first-order behavior of accuracy in the numerical solutions.

Cells 2 [u =0l [u =Tl [u =TTy
32 0.31250  3.57138 x 107! 1.98505 x 1071 2.27229 x 107!
64 0.15625 1.23307 x 107! 7.32096 x 1072 9.87682 x 102
128 0.07813 6.13928 x 102 3.73888 x 1072  6.50388 x 102
256 0.03906  2.88161 x 102 1.81468 x 102 3.74213 x 102
512 0.01953 2.10403 x 1072 9.98296 x 1072 1.55670 x 1072
LSF E(h) 0.95 x M%7 0.6 x h1 0% 0.74 x RO-9%°

Table 2 — Corresponding errors between the numerical approximations (U) and exact
solutions (u) for the balance law with discontinuous source term.
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3 Further developments in the Lagrangian-

Eulerian Framework

The Lagrangian-Eulerian approach is a promising tool for numerically solving
differential models of several types [5, 6, 9, 84]. In the previous chapter, we presented
the framework and some numerical experiments for the numerical scheme. In the present
chapter, we present further advances within the framework, some of the current progress
pushing the boundaries of this technique. Much of this work is currently under development.
First, we present a variation in which the control volume is defined in a way so that the
final mesh grid of the finite volume scheme is not staggered. Such nonstaggered version
has also presented good numerical results, in a similar fashion to the staggered more
classical form. We include a elaborate discussion on how to extend this formulation to
two-dimensional problems in a alternative fashion of the previous proposed. We also sketch
a convergence proof following the weak asymptotic methods theory from [8], since this
alternate staggered approach can be formulated in a way to mimic procedures of the proof

of convergence.

3.1 The nonstaggered Lagrangian-Eulerian conservative finite vol-

ume method

We present a nonstaggered form of the Lagrangian-Eulerian framework for the

first-order scalar hyperbolic conservation law, with z € R, ¢ > 0,u : (R,R") — R:

ou  OH(u)

o o

=0, zeR, t>0, u(z,0) = ug(x). (3.1)

Following the usual Lagrangian-Eulerian ideas, local conservation is obtained
by integrating the conservation law over the region in the space-time domain where the
conservation of the mass flux takes place. We now, however, define the control volume in

a slightly different manner. Consider the Lagrangian-Eulerian finite-volume cell centers
D} = {(t.2) /" <t <™ o, 4 () < v <oy (1), (3.2)

where o071 () is the parameterized integral curve such that o7 1 (¢") = z7_1. These curves
2

1 1.
2 3
are the lateral boundaries of the domain D;‘ in (3.2) and we define f?fl = a;‘fl(t"“)
2 2
t1 =00 (t"™1) as their endpoints in time ¢"*'. The numerical scheme is expected
2 2

to satisfy some type of mass conservation (due to the inherent nature of the conservation

and z

" l,x;ﬁ;] to time t"*! in the space domain
2

law) from time t" in the space domain [xjf
2
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[i?ﬂ, iyﬁ] With this, we must have the flux through curves o7'_1(#) to be zero. From
2 2 2

the integration of (3.1) and the divergence theorem, using the fact that the line integrals

over curves o7 (t) vanish, we get

jn+1

1 " 1
J T2 (Y de = f 2wz, ) da. (3.3)
-n+1 n
acj_% xj_%

The linear case from [15] is essentially imitated, but here the curves o} ; ,(t)
are not straight lines in general, but rather solutions of the set of local nonlinear differential

equations [15, 84]:

do® .. (t H
) _ (u), for t" <t < "1, (3.4)
dt U

with the initial condition o7_; »(t") = z’}_; 5, assuming u # 0 (for the sake of presentation).

This construction follows naturally from the finite volume formulation of the linear
Lagrangian-Eulerian scheme as building block to construct /[ocal approximations such as

(with the initial condition o7_; ,(t") = x7_; )

o _ UL H(u
i=1/2 U?,1/2 u

(3.5)

Indeed, distinct and high-order approximations are also acceptable for
M and can be viewed as ingredients to improve accuracy of the new family
of Lagrangian-Fulerian methods. Equation (3.3) defines mass conservation but in a
o
=T; 1+ fi—12At and J_Jj+% =T+ fi+12At.

different mesh cell-centered in points z", 1 of width h?“. Along the linear approximation
2

for fI' ), we find out that z;

1
2

The piecewise constant numerical data is reconstructed into a piecewise linear
approximation (but high-order reconstructions are acceptable), through the use of MUSCL-

type interpolants:

Ly, ) = uy(t) + (2 — xj)Alxu;. (3.6)

1
For the numerical derivative A—u; , there are several choices of slope limiters;
x
in book [76] there is a good compilation of many options. A priori choice of such slope

limiters is quite hard, but they are chosen upon the underlying model problem under

} , (3.7)

and this choice for slope limiter allows steeper slopes near discontinuities and retain

investigation. One possible for the slope limiter is

(Uj+1 — Uj_l), OéAUj_

D=

it3 9

U; = MM {ozAu

accuracy in smooth regions. The range of the parameter « is typically guided by the CFL

condition [80]. Equation (3.3) defines a local mass balance between space intervals at time
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Figure 26 — An illustration of the local space-time nonstaggered integral tube for the
continuous (left) and discrete (right).

t" and intervals at time ¢"™!. We will later address how to project these volumes back to

the original mesh.

Using the approximations

—n+1 ™

—n 1 Tivd 1 i
U7 = g | 7% u(a, d U= | e, t)d
; h}”l L"Jﬁ u(z, )dx, an i e 1 u(z, t")dz,
i-% -

the discrete version of equation (3.3) is

-n+1 n
—n+1 1 mj"'l n+1 1 xj"'l n h n
U, = T J_Mf u(z, ") dx = s Jn ux, t")dr = WUj , (3.8)
J T g J T g J
i—3 i=3

tions

1 x;b 1 $J_%
U1 = hf Lz, t)dr = 5 J L;_y(z,t)dx + J L(z,t)dx

J J—=

1 1
= 5 Ui+ Up) + 2 (U; = Ujy)-

We must notice that the approximation of f}* Jo IMay cause spurious oscillation
in Riemann problems, specially in shocks and discontinuity regions. For that, we use
a polynomial reconstruction of second degree to smooth out the approximation and
also slope limiters approximation of the form (3.7). The numerical solutions have shown
qualitatively correct behavior for nonlinear hyperbolic conservation laws. The convergence

order remains unchanged even with the reconstruction, being a first-order approximation.
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In the reconstruction we use the nonlinear Lagrange polynomial in U;_;, U; and Uj,4. So,

equation (3.8) reads

- I e
T f "2 p,(2)dz, (3.10)

Ly (x) :;[(ii;f_i]’ Lo(z) =1— (z)z (3.11)

Next, we obtain the resulting projection formula as follows

n 1 —=—n —n —=—n
Uj 1= E (Cfl,jUjfl + COJU]- + Cl’jUjJrl) s (312)

where the projection coefficients are

1

e 1y =5 (1+senlf ) At = (U, A, (3.13)
1

¢y =5 (1 - sgn(fjJr%)) fron At =2 (U, )AL, (3.14)

coj = (h—c1;—ciy) (3.15)

Here At is obtained under CFL-condition
h
max {|fj7% At|} < >
which is taken by construction of method. We note that in the linear case, when a(z,t) =
a > 0 (or a < 0), the numerical scheme (3.8)-(3.12) is a generalization of the Upwind
scheme, but our scheme can approximate solution in both cases a > 0 and a < 0. The

CFL-condition in this case is |a At| < h as in the Upwind scheme.

3.1.1 Extension to balance law problems

For simplicity, we consider the particular scalar equation with u = u(z, t)

881; + ﬁ(ué{;(u)) =g(z,u), zeR t>0 w(z,0) = ug(x) € L%(T), zeR, (3.16)

with f Lipschitz, with Lipschitz coefficient bounded on bounded sets and source term g(x, u)
integrable over the previously developed finite volume D}. Again, from the integration
of (3.16), from the divergence theorem applied on the hyperbolic operator (left side of
equation (3.16)), and using the fact that the line integrals over curves o7 (t) vanish, we get

the local balance mass equation

1

in%—% z” 1
J (" Y de = J "2 (e, ) dr + Jfg(x,u) ddt. (3.17)

(S

n
j—% Jj—
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Using the same approximations from the previous section,

=n+1 n
—n 1 el 1 [%+1
Ut = e f " u(r, " )de, and UP = hf " u(a, t)da,
J jn+} ™ 1
JI=3 JI—3
equation (3.17) can be recast into
Fn+1 1 n
J Dh

i
Finally, the projection equation is obtained with same coefficients, resulting in

n 1 TN TN —n
Uj 1= E (Cfl,jUjfl + CO,jUj + Cl’jUjJrl) s (319)

3.1.2 Two-dimensional Hyperbolic Conservation Laws

In Section 2.4 we discussed some of the challenges of directly extending the
Lagrangian-Eulerian framework for the case of multidimensional problems. In fact, we
then presented several approaches to tackle this very difficult problem. Here, we formulate
another alternative approach based on a novel nonstaggered formulation. Consider the
two-dimensional nonlinear hyperbolic conservation law with initial data,

ou  of(u)  og(U)

— + + =0,
ot ox oy (3.20)

Ulz,y,t") =U".

Suppose we follow the path of each vertex in a regular square grid by means of
the integral curves and the usual ODE formulation for the Lagrangian-Fulerian framework,

given by equation (3.4). An example of this is shown in Figure 27:

It is a nontrivial problem to define the projection of the coefficients based on
this approach, since even under CFL-like restrictions of such moving vertices not evolving
into adjacent cells we would obtain unfortunate scenarios. Figure 28 present some examples

of such cases.

One way to work around such difficulty is to define the new grid as intersection
of the planes produced by each midpoint of the original cell. Such planes are nothing
more than linear local approximations of the integral surfaces defined by each edge of the
original cell. This way, we may find at most nine rectangles, each of which will locally
preserve mass conservation from the previous data. We present in Figure 29 these ideas, in
an example with all midpoints moving inwards. Original cell is the square ABC D, whereas
the new cell is the square A;BC:iD;.
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Figure 27 — A 2D mesh grid and its evolution in time by the integral curves. Darker cells
represent the evolution in time of the previous mesh, guided by the dotted
lines representing integral curves on the vertices. In this example, for the
central cell, all vertices are moving inwards.

This approach easily extend our Nonstaggered Lagrangian-Eulerian method,
since it is based on coefficients of the same nature. Thus, the numerical scheme can be

written in the following manner (as an extension of equation (3.19)):

n+1

i T AxAy

TN TN TN
( C_ld_lUifl,jfl +COd_1UZ,]*1 +cld_1Ui+1,j71

+C—1d0U7i1—1,j +COdOUZj +Cld0U?+1’j (321)

TN TN TN
teadiUi 0 +eodiUsj +adiUspg ).

It is important to point out that the areas of each of the nine rectangles are
given by the projection coefficients products c;d;. Whenever the information goes outwards
the cell, the respective coefficient will be zero and will not contribute to the final projection

within the cell. The expression of such coefficients is straightforwardly given by:

co=Ax —c_y —cq do=Ay—d_y —d.,
1 1
co=(L+senfi Ifi)|At, doy = (1 +sgng;_1)|g;_1)|At, (3.22)
crr = 5(L—sgufi Olfi)|At dia = 5(1—sgng;_1)lg;_1)|AL
Or even,
C1 = ftlAta d—l = gtlAta
iz i3 (3.23)

C+1 - gj_%At, d+1 == gi At
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Figure 28 — Even within CFL-like stability conditions, finding projection coefficients in
this approach would be a challenging problem, since the control volume may
unpredictably change. In this example, each vertex travels no further than 0.4
of the grid width/height.

The evaluation of the fluxes f;, 1 and g;, 1 is done in the same fashion as before

(see equation (3.5)), but with a componentwise reconstruction for each flux function.

3.1.3 Numerical Experiments

We present and discuss computations for scalar linear and nonlinear conservation
laws with convex and non-convex flux functions. In Figure 30, it is shown numerical solutions
for us + (a(x, t) u), = 0 along with various a(x, t) functions. For instance, on the left picture
we take a standard test case, called Shu’s linear test [63, 65] with a(z,t) = 0.5 and 256
cells. On the center picture we show a test of our scheme on the case with a(x,t) = sin(x)
over [0,27], 128 cells and with the exact solution (see [63])

sin(2 arctan(e™ tan(z/2)))
sin(x) '

u(z,t) =

Figure 30 shows on the right (as in [63]), a case with a(z,t) = sin(¢) on
[0,2] and 256 cells, for which the exact solution is w(z,t) = ug(x + 1 + cos(t)) where
up(z) = 0.75 + 0.25sin(mw x) over [0, 2] simulated at time ¢t = 4. Second and third cases
present different velocity signals in space (center case) and over time (right case), and
our method shows robustness by not needing any special treatment for that. In Figure
31, we present the solutions of the problem with Burgers’ flux function u, + (u?/2), = 0
along with discontinuous initial data u(z,0) = 1, x < 0 and u(z,0) = 0, z > 0 (left
picture), and u(z,0) = —1, z < 0 and u(z,0) = 1, > 0 (right picture), without the

reconstruction. The shock discontinuity on the left exhibits spurious oscillations. The
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ci

Figure 29 — Evolution of midpoints generates at most nine rectangles in which local mass
conservation is preserved. In this example, for the central cell, all midpoints
are moving inwards, but whenever a midpoint travel outwards, the respective
adjacent cell will treat it as inward information.

right picture is a transonic rarefaction wave. In Figure 32, it is shown again the numerical
solutions for u; + (u?/2), = 0 along with same discontinuous initial data u(z,0) = 1,
r < 0 and u(z,0) = 0, x > 0 (left picture), and u(z,0) = —1, z < 0 and u(z,0) = 1,
x > 0 (middle picture), now with polynomial reconstruction. On these frames are shown
snapshot graphs with waves moving from left to right. We get a very nice looking numerical
approximate solution with scheme (3.10)-(3.12), which in turn seems to be propagating
at entirely entropy-correct Rankine-Hugoniot speed and similar good results are shown
to the rarefaction case as well. Here, as the rarefaction wave is crossed, there is a sign
change in the characteristic speed u and thus there is one point at which v = 0, the sonic
point. However, our numerical scheme now shows no spurious anomalies around u = 0.
The classical nonlinear one-dimensional Buckley-Leverett case is depicted on the right
picture in Figure 32 at time t = 1. These test cases here were simulated with 256 cells.
Another example with the Buckley-Leverett flux function is seen on Figure 33, where we
set a square wave as initial condition, u(x,0) = 1,—1 < z < 1 and u(x,0) = 0, otherwise

(left picture). The solution profile starts as a rarefaction wave followed by a shock on
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the left side and a rarefaction wave followed by a shock on the right side for small times
(middle picture). When the left shock meets the right rarefaction (see middle and right

pictures in Figure 33), we observe the expected decaying pattern.

EXACT EXACT EXACT
14 *  SCHEME * _ SCHEME *  SCHEME

04 0 02 04 06 08 1 12 14 16 18 2
e - : position

Figure 30 — Left: Shu’s linear test, with spatial-dependent advection coefficient a(z,t).
Middle: Test case with a(x,t) = sin(zx), the velocity is variable in space. Right:
Test case with a(z,t) = sin(t), the velocity is variable in time.
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Figure 31 — Nonlinear tests for Burgers’ flux function without reconstruction. Left: shock
wave, initial condition u(x,0) = 1,z < 0 and u(z,0) = 0,2 > 0, end time
t = 0.5. Right: rarefaction wave, u(x,0) = —1,2 < 0 and u(z,0) = 1,2 > 0,
end time ¢t = 1.0.
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Figure 32 — Nonlinear tests with reconstruction. Left: Burgers’ flux function, shock wave
solution with initial condition u(z,0) = 1,2 < 0 and u(z,0) = 0,2 > 0, end
time ¢ = 0.5. Middle: Burgers’ flux function, rarefaction wave with initial
condition u(z,0) = —1,2 < 0 and u(z,0) = 1,z > 0, end time ¢ = 1.0. Right:
Buckley-Leverett flux function (H(u) = u®/(u® + 0.5(1 — u)?)) with initial
condition u(z,0) = 1,z < 0 and u(z,0) = 0,z > 0.



Chapter 3. Further developments in the Lagrangian-Fulerian Framework 84

EXACT EXACT
SCHEME 12 SCHEM§

EXACT
M SCHEME

0.8 0.8

> 06 s> 06

0.4 0.4

0.2 0.2

-0.2 -0.2 -0.2
-2 -15 -1 -0.5 0 0.5 1 15 2 25 -2 -1.5 -1 -0.5 0 0.5 1 15 2 25 -2 -15 -1 -0.5 0 0.5 1 1.5 2 25

Figure 33 — Buckley-Leverett flux function with initial condition u(z,0) =1, -1 <z <1
and u(z,0) = 0, otherwise. Snapshots at ¢t = 0, ¢t = 0.4 and t = 1, respectively.

Now, we present and discuss approximate computations for scalar balance laws
and systems of balance laws. The first test is an example of linear advection with a smooth

(polynomial) source:

up + 2u, = 2° + 6ta? u(z,0) = 0. (3.24)

The initial data here is zero, but the exact solution of this differential equation
is u(x,t) = tr>. In = 0 we have a sonic point accurately captured by our simulations.
Figure 34 presents numerical solutions at times ¢t = 0, ¢ = 1.5 and ¢t = 3.0 for a 256
cells mesh. For this case we have a natural and robust generalization for the upwind
method for balance laws. The observed convergence rate was studied at time ¢ = 3.0 with
32,64, 128,256,512 and 1024 mesh grid cells and second-order convergence was observed
(see Figure 35). Here we used the midpoint rule for the source term quadrature, but
the linear advection hyperbolic operator is being exactly calculated due to exact CFL

condition.

Figure 34 — Numerical solutions of model problem 3.24 with smooth source term g(x,t) =
z3 + 6tz? at times t = 0, ¢t = 1.5 and ¢t = 3.0.

For the second test, proposed in [66], the source term is of the discontinuous
form g(z,u) = 2'(x)u.

u + (u f(u), = gz, u) (3.25)

2
with flux function uf(u) = % and z(z) = cos(mz), 4.5 < x < 5.5 and 0 otherwise with

0 <z < 10. Note that 2'(z) is a discontinuous function, so that g(x,u) is a discontinuous
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log-log plot of errors vs. h log-log plot of errors vs. h log-log plot of errors vs. h

Figure 35 — Convergence of error in L', L? and L® norms with uniform mesh refinement
for the smooth source term test. Second-order convergence is observed in this
example.

source term in z. Figure 36 involves approximations with initial data u(z,0) =0, z > 0
and u(0,t) = 2, t > 0. The steady state solution of this problem is u + z = 2. The pictures
in Figure 36 show approximations with 128 cells (top), 256 (middle) and 512 cells (bottom)
for u (left pictures) and for steady state u + z (right pictures). The numerical results

present clearly qualitatively correct approximations at ¢t = 1.

We also consider, as in [74], a 2 x 2 nonlinear system of balance laws modeling
the flow of water downing in a channel having a rectangular cross section and inclined at
a constant angle 6 to the horizontal. This is a prototype model for shallow-water flow (see

[84]) in an inclined channel with friction the system may be written as (in dimensionless

variables)
oh  d(hu)
% aw 0
(3.26)
d(hu) 0 (hu? + 1h?) 1+h ,
—h—
a o Ctan(@)v ’

where h is the height of the free surface and v is the averaged horizontal velocity. Precisely,
as in [74], the friction coefficient C' is taken to be 0.1, while the inclination angle 6 = us
On physical grounds, in this model problem it was assumed the hydrostatic balance in
the vertical direction and ignored any surface tension. Here, the initial velocity is taken
to be vy = 1.699, while the initial height of the free surface consists of a triangular
perturbation of the uniform flow level, ho(x) =z + 1.5, =0.5 <z <0, ho(X) = —z + 1.5,
0 <z <0.5, and 1 elsewhere. Numerical approximations are shown in Figure 37 with a

clearly qualitatively correct approximations at £ = 1.

Finally, for the two-dimensional simulations we present the model problem

from [73] with nonconvex fluxes

du N d(sin u) N d(cos u)
ot or oy

=0. (3.27)
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Figure 36 — Numerical solutions of model problem 3.25 with discontinuous source term
g(x,u). Grid refinement study with meshgrids 128, 256 and 512.

with (z,y,t) € [-2.5,2.5] x [-2.5,2.5] x [0, 1] and initial condition

3.5m, r+yi<l
u(z,y,0) = / (3.28)

0.257, otherwise

For this initial condition, the x-direction flux has three inflection points, and
the y-direction flux has four. The solution to the Riemann problem is advanced from T =
0 to T = 0.5 and is shown in the Figure 38. From left to right, we show the numerical
solutions computed with the two-dimensional Nonstaggered Lagrangian-Eulerian scheme

with respect to the nonlinear model with nonconvex flow function described above for
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Figure 37 — Numerical solutions to shallow water system (3.26) with 128, 256 and 512
cells (top to bottom), h (height) on the left and v (velocity) on the right.

four mesh grid values, n x m = 128 x 128 (2.051 sec), n x m = 256 x 256 (8.290 sec),
n x m = 512 x 512 (119.266 sec) and n x m = 1024 x 1024 (1108.079 sec). The numerical
solutions are comparable with the solutions obtained with the central-upwind schemes
proposed in [73]. We highlight no dependence of mesh orientation, particularly in this

example where the flux functions are trigonometric functions with high frequencies and
several roots.
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3.2 An Algorithm for Convection Dominated Flow Problems with

a Diffusive Correction Step

For convection-dominated transport problems linked to hyperbolic conservation
laws with discontinuous-flux function (discontinuity in space), there may exist several
consistent notions of entropy solutions in the setting of vanishing limit solutions for the
Buckley-Leverett equation with gravity in porous media with heterogeneous contrast (see
e.g., [13, 68]. The difference among such notions of entropy solutions — or connections —
lies in the choice of the coupling across the flux discontinuity interface. We notice that
in [13], it was found that connections may appear at the vanishing capillarity limit for a
associated parabolic problem linked to the purely underlying hyperbolic conservation law.
In this section we propose a numerical procedure based on a diffusive correction step that
permits to capture the correct solution for a Buckley-Leverett equation with gravity and
discontinuous capillarity pressure. We support our findings along with a comparison with

existing numerical examples available in the literature.

Indeed, we claim that our correction approach allows to be plugged into any
other scheme developed for hyperbolic conservation laws, resulting in a new numerical
method for the Buckley-Leverett equation as well as for related parabolic equations for
porous media flow problems. We were able to make use of the diffusive correction step

linked to the scheme [39] and also to our Lagrangian-Eulerian Finite Volume Scheme.

3.2.1 The Two-phase Buckley-Leverett Problem with Gravity and Discontinu-

ous Capillary Pressure

By following [13], we will consider the two-phase flow model with discontinuous

coefficients, for z € Q, = QF U QF:

0Sy ops
#Buy. (vfw(Sw) F06G(S) — P K A(Su)(1 — fu(S,)) 5) -0, (329)
with the following parameters: flow rate v = 0, gravity ¢ = —9.81, diffusive group

o = 1.0, absolute permeabilities K = 1072, K = 5 x 1073, porosities ¢* = ¢ = 1.0,
viscosities i, = 1073, p, = 3 x 1073, densities p,, = 0.87, p, = 1.0, relative permeability

A
functions k,(Sy) = Sw, ko(Sw) = 1 — Sy, fractional flow function f,(S,) = /{U(gw)),
Fu(S, N ko(Su) )
phase mobility A\, (S,) = (5 ), total mobility A\(Sy,) = Ay + (s ), gravity convection
Lo

G2 = KA (Sw)(1 — fu)(pw — po), diffusive coefficient op = 1.0 x 103, and capillary
pressure function:
po. = P*—log(l—s). (3.30)

The initial condition for this problem is the constant function n(x) = 0.5.
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In [13], the authors discussed two sets of entry pressures P, in which each of
them produces a different entropy solution. For the first set of entry pressures (P = 0
and P = 0.5), the capillary diffusive effect may be neglected, since the solution for only
the hyperbolic operator is the same as the complete parabolic model. However, for the
second set of entry pressures (P* = 0 and P* = 2), diffusive effects must be taken into
account, since it changes considerably the structure of the entropic solution (there is a

wave group traveling right).

3.2.2 The correction diffusive step procedure

We propose a numerical approach for the model problem (3.29), through which
the convective operator is approximated by specific numerical methods for hyperbolic
conservation laws and the diffusive correction step procedure. Within our formulation, the
convective transport step may be substituted for any method for hyperbolic conservation
laws, so that we must couple it with the correction step for diffusion. For the sake of
presentation, we have chosen here the numerical scheme for singular shocks from [39]. For
both sets of entry pressures, our proposal captures the correct entropy solutions presented
in [13].

We can rewrite model problem (3.29) into the following parabolic equation

ou 0 0 0
= + %(uF(u,x)) = (yD(u,a:)axB(u, x)) , weR. (3.31)

by means of setting F(u,z) = K(x)g(u), with ¢ = A\,(u)(1 — fu(w))(pw — po) being
the continuous part of gravity convection G¢ and K(z) is the discontinuous absolute
permeability function K (x) = K, for x < 0 and K(z) = K%, for x > 0 (in [39], it was
initially presented as a Heaviside function). D(u, x) is the diffusive coefficient function
K\ (u)(1 — fu(u)) and B(u, ) is the capillary pressure.

This equation is numerically approximated in three steps:

(1) Transport step (any explicit numerical method ® for hyperbolic problems)

ﬂ'i = (I)(u?—kv sy u?—l) u;"l7 u?—&-l? (ERE) u?—i—k) (332)

(2) Averaging step
1
U = Bui1 + (1 =28)u; + B, 0<f< 9 (3.33)

(3) Difusive Correction step

B(ti1,2i41) — B(t1, 1)

Ai = I/D(ﬁ,l,fﬂl) oA s
X

(3.34)
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(3.35)

The above numerical procedure from [39] with the correction step for the
diffusive part and our Lagrangian-Eulerian method for the convective part has reproduced
the model problem from [13] for two-phase flow problems with gravity and a discontinuity

in the capillary pressure function.

We show in Figure 39 solutions of model problem (3.31) at times ¢ =
0.06,0.12,0.18,0.24, and 0.3 with a mollified shock width parameter v = 0.78 and the
set of entry pressures P* = 0 and P® = 0.5. Then, we show in Figure 40 solutions of
model problem (3.31) at times ¢ = 0.06,0.12,0.18,0.24, and 0.3 with a mollified shock
width parameter v = 0.78 and a second set of entry pressures P* = 0 and P" = 2. From
this second example it is clear (pointed out in [13]) that in the presence of gravity the
structure of the solution changes considerably, the effect from the heterogeneity of the
capillary pressure cannot be always neglected. In each of these figures, on the left we have
n = 240 mesh grid cells and on the right n = 480 mesh grid cells. The numerical schemes
for this section were written in C programming language and the numerical experiments

were performed in the same previously cited computer configuration.
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Figure 38 — Numerical solutions of a two-dimensional problem with nonconvex (trigono-
metric) flux functions in a grid refinement study (n x n = 128 x 128,256 x
256,512 x 512,1024 x 1024).
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Figure 39 — Solutions of model problem (3.29) at times ¢t = 0.06,0.12,0.18,0.24, and 0.3
for the set of entry pressures PX = 0 and P® = 0.5. Here 7 = 0.01 and the

mollification width is v = 0.85. We have only one wave profile traveling left.
Left: n = 240, right: n = 480.



Chapter 3. Further developments in the Lagrangian-Fulerian Framework 93

1 T 1 T T T T T T T T T
u u
{
0.8 : B 0.8 g
0.6 | - 0.6 g
J

0.4 i B 0.4 ) g
0.2 B 0.2 g

0 ! ! ! ! il ! ! ! ! 0 1 1 1 1 1 1 1 1 1
1 -08 06 -04 -02 0 02 04 06 08 1 -1 -08 06 -04 -02 0 02 04 06 08 1

X X
1 T 1 T T T T T T T T T
u u

0.8 : B 0.8 1
0.6 : B 0.6 8
0.4 i B 0.4 ) 1
0.2 B 0.2 1

0 1 1 1 1 i 1 1 1 1 0 L L L L L L L L L
1 -08 06 -04 -02 0 02 04 06 08 1 -1 -08 06 -04 -02 0 02 04 06 08 1

X X
1 T 1 T T T T T T T T T

E
08 : 1 08 | 4
06 1 06 | 4
|

o
o
(=
o
o L
o
o L
=
o L
o
ok
(=
N
o |
=
o |
o
o L
o«
-

o
o
o L
=
o L
o
(=l
=
(=
N
o L
N
o L
=
ol
o
(=l
o
-

0.8 |

0.6

X X
04 f . 1 04| . ]
0.2 B 0.2 - ~

0 1 1 1 1 il 1 1 1 1 0 1 1 1 1 1 1 1 1 1

1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1 -1 0.8 0.6 0.4 0.2 0.2 0.4 0.6 0.8 1
X X
1 T 1 T T T T T T T T T
u . R U .
{

08 ¢ B 0.8 - B
06 1 0.6 1
— | |
04| . 1 04| . J
0.2 - B 0.2 B

0 1 1 1 1 i 1 1 1 1 0 L L L L L L L L L
1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1 -1 0.8 0.6 0.4 0.2 0.2 0.4 0.6 0.8 1

Figure 40 — Solutions of model problem (3.29) at times ¢t = 0.06,0.12,0.18,0.24, and 0.3
for the set of entry pressures P* = 0 and P = 2.0. Here r = 0.006 and the
mollification width is v = 0.85. We have only a wave profile traveling left and
a slower wave traveling right. Left: n = 240, right: n = 480.
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4 Conservative Mixed Hybrid Finite Element
and Finite Volume Methods with a New
Coupling Condition for Solving Multiphase

Flow Problems

In this chapter, we will use a unified hybrid mixed finite element and finite
volume formalism along a novel reinterpretation of Robin coupling conditions for nu-
merically solving convection-diffusion problems with gravity and discontinuous capillary
pressure. We would like to point out that recently a finite volume/hybrid mixed finite
element fully-coupled formulation has shown good results for the numerical approximation
of several nontrivial transport models [44, 45, 96], such as pseudo-parabolic equations
modeling two-phase flow with dynamic capillary pressure problems, nonlinear transport
equations with nonlocal flux and measure data and nonlinear evolution problems governed
by Kardar-Parisi-Zhang (KPZ) equations.

To this end, we will first review the classical hybrid and mixed finite elements
for convection-diffusion problems applied to multiphase flow in porous media in order to
motivate our novel approach. Indeed, this will be convenient to highlight a link between

Robin-type inter-element transmission conditions and Rankine-Hugoniot jump conditions.

Hybridized mixed finite elements formulations for parabolic and elliptic prob-
lems have been widely and successfully applied in three-phase flow problems [1, 2, 3]
and previously for water-oil two-phase flow simulation and numerical approximation,
established by Jim Douglas Jr., Richard Ewing, Thomas F. Russell e Mary F. Wheeler
in the joint works [49, 51, 87, 98] and more recently in the works [3, 11, 47, 48]. In such
works, hybrid mixed finite element methods were identified as very well suited for the
accurate calculation of gradient flow associated with velocity fields (Darcy’s law) and
diffusive fluxes, in the presence of high contrast geological properties in permeability and
porosity fields. Besides, it is worth mentioning that the finite element method in the mixed
hybrid form possesses rigorous mathematical foundation, delicately connected to distinct

approaches in numerical analysis for elliptical problems [28, 29, 85, 97].

In this chapter, we first introduce in Section 4.1 the hybrid mixed finite element
method for the parabolic equation with diffusive terms that does not have any kind
of spatial dependency. It has been shown in [4, 71] that this technique can be very
effective in capturing the correct nonclassical fronts in one spatial dimension as well as in

multidimensional heterogeneous three-phase flow with [1] and without [3] gravitational
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influence.

As discussed before, the diffusive capillary function depends on the rock type, so
the capillary pressure field might be discontinuous across the interior interface between the
rocks. In Section 4.2 we then present two approaches for two-phase flow problems [13] and
three-phase flow problems [1] with spatial discontinuities. The recent work [1] has presented
a combination of a conservative central scheme to handle a system of nonlinear conservation
laws modeling the convective transport of the fluid phases and locally conservative mixed
finite elements for the associated parabolic and elliptic problems. Such algorithm for
approximating the solution of three-phase, two-dimensional immiscible flow in porous media
takes into account gravity, variable permeability and porosity, and explicit spatially varying
capillary pressure models and discontinuous flux functions. However, the capillary pressure
models studied in [1] are multiplicative (P. = P.(S(x,t), K(z)) = P.(S(z,t)) K(z))),

based on a Leverett-like J-function:

Fe(S, K(x)) = pe(95) (4.1)
where p. incorporates the dependency on S and the remaining term incorporates spatial-
dependency; Such method would fail to capture the correct entropy solution with nonclas-
sical shocks arising in more general models of capillary pressure. On the other hand, the

model studied in [13] is additive and as follows:
P.(S,K(z)) = PLg —log(l—5), (4.2)

where the term Pp g incorporates the spatial dependency of the model (for z < 0 we must
have Pp, and for z > 0 we must have Pg). Paper [13] handles the identification of the
correct entropy solution by giving a procedure that determines the appropriate connection
in terms of the flux profiles and capillary pressure profiles. Such procedure constructs
a finite volume numerical method for the Buckley—Leverett equation with an interface
coupling that retains information from the vanishing capillarity model. This formulation,
though, is challenged by the difficulty in extending the two-phase scalar problem to the

three-phase system problem.

Then, in Section 4.3, following the lines of the previously cited works, we make
use of the finite element method in a hybridized mixed formulation with the Raviart-Thomas
approximating spaces [29, 85| for the diffusive transport. However, in such formulation, we
propose a reinterpretation of the interface conditions between elements to accommodate
the effects of heterogeneities in the diffusive capillary pressure. The hybrid mixed finite
element method with this novel interface condition is then coupled with finite volume
methods in a conservative form for approximating the convective transport. We finish the

chapter with our numerical experiments for such method.
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4.1 Multiphase Flow Transport Problems without Spatially-Depen-

dent Diffusion Terms

We outline the ideas of the methods presented in [3, 47]. These methods mainly
use operator splitting techniques for solving the transport equations in a two-stage manner,
using the mixed hybrid finite element for the diffusive and for the elliptic subproblems and
various approaches for the convective transport. The finite element method in a hybridized

mixed form for the diffusive subproblem is a building block for our formulation.

4.1.1 Two-phase flow problems

Here, the model problem is the nonlinear parabolic transport equation from
the convection-diffusion two-phase flow problem in two space dimensions as defined in
equation (3.29):

;(gb(x)Sw) + V- (Viw+06Gy) =0pV - wy,. (4.3)
Aw(Sw)
A(Sw)

, and gravity convection G, = K%\, (S,,)(1—

We define the fractional flow function f,(S,) =
kw(Sw) ko(Sw)
Lo

o
fw)(Pw — po). In this section we focus only on presenting the operator splitting technique

, the phase mobility \,(S,) =

, total mobility A\(Sy) = Aw+

for this parabolic transport equation, but we remark that this is only part of the complete
system of two-phase flow equations in phase formulation: there is also the elliptic pressure-
velocity subproblem, which we will adress later. The cited works also formulate a mixed
hybrid finite element method to numerically solve the pressure-velocity problem. For the

sake of notation simplification we drop the w subscript form variables S, and w,,.

Equation (4.3) needs an initial condition, which we here define as,
S(x,0) = Sp(x) for x€Q=(Q,0R), (4.4)
and boundary conditions

S(QL,t) = SL, Sw(QR,t) = SR for t>0. (45)

Operator splitting

Operator splitting techniques aim the computational efficiency and have been
frequently used in the numerical simulation of reservoir flow problems. Instead of solving
directly the governing system of equations in the form given by the basic conservation and
constitutive relations (as described above for three-phase flow), the equation is rewritten
such that the its mathematical nature is better understood. Then, the appropriate numerical

techniques are used for systems of partial differential equations of distinct mathematical

types.
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The operator splitting for the equation (4.3) allows the use of time steps for
the diffusive calculation to be longer than the steps used for the advection part of the
saturation calculation; computational efficiency can be achieved by solving less diffusion
(implicit) than hyperbolic (explicit) problems. Two time steps are introduced: At, for the
solution of the hyperbolic problem associated with advection and Aty for the diffusive

calculation.

Let Aty = i1At;, where iy is a positive integer. Of course the relation Aty >

At; holds. The time discretization is given by

tn = nAtg, toe =1, + AL, 0< K <. (4.6)

Consider the spatial variable x € €2. Then, the operator splitting algorithm is

defined forn =1,... ny:

a) For k =0,..., (i1 — 1), in [tnx, tnxi1] solve the advection system
0
%((é(x)gn,rwrl) + V- (Vfw + UGGw) = 07 (47)

with initial conditions

Sn, k=0,
Cn,n = . (48)
Cn,ﬁ—la R = 17'--(21_1)7

b) Set
gn == gmil—l' (49)
c) Compute the diffusive effects in [t,,, t,1] solving the system

0

5 (00)8,1) = 0PV Wiy =0 (4.10)

with the boundary condition

w(x) -v=0, xe€d, (4.11)

Sy, = S,. (4.12)

4.1.1.1 Mixed formulation

The following diffusive subproblem is then approximated by a hybrid mixed

finite element formulation.

gt (p(x)Sy) —opV -w,, =0 (4.13)
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For now, the diffusive coefficient from the nondimensionalization op is dropped
for simplicity on describing the method. It is possible to identify a gradient flux for the
saturation, by applying the chain rule for the capillary pressure in (4.3)

OPwo

W (S,x) = ~K () A () (L= fu) B

V. (4.14)

a11]0

Defining B(S) = A () (1 = fu) 52

formulation for the pair (S, w):

, the equation is rewritten into a mixed

w+ K (x) B(S)VS =0

(4.15)

9
S (0()8) =V w=0.

Weak form of diffusive equation

Equation (4.15) can be put in a weak global formulation by means of the spaces
V and W,

L2(Q) = {v

V={vel*(O)}, W ={we H(div; Q) | wl|sq - v = 0} .

JQ lv(x)|?dx < oo} . H(div;Q) = {we L*(Q)|V-we L*(Q)}.

(4.16)

The global weak formulation of the diffusive system is given by finding (S, w) €
V' x W so that for every test functions p € V and ¥ € W the following weak equations are
satisfied,

(K (x) B(S) ™' w,9), + (VS,4)q =0, VipeW
(4.17)

(5008).¢) ~(V-wmep -0 voev

where (f, g)q is the usual inner product by integration in €.

The next step is to localize such equations using domain decomposition ideas.

Let {Q;,7 = 1,..., M} be a partition of the spatial domain 2 into rectangles of size hy, h,,

Q= Q5 QGnU=9g,j#k Q5 =(xj241) % (Y),Yj+1), (4.18)

=

Il
—

J

with the domain interfaces

I'= 59, Fj =I'n Qj Fj,k = Pk,j = 593 M 59;9 (419)
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Consider, for 7 =1,..., M the local spaces

V,=V(), W;={weH"(Q;)|w-v=0o0nT;}.

The localized weak formulation of the diffusive system corresponding to the
domain decomposition above is given by seeking S € V and w € W such that (S;, w;) €
Vi x Wj for j =1,..., M satistying

(K (x) B(S;) " Wy, ) g = (S5, Vi), + (S5 05 vipry, = 0, Wy e W)

k#j

(5008).0) ~(T-wios =0 Verel
] (4.20)

Notice that, in this step, an integration by parts was performed on the first
equation. The local solutions (S, w) can be extended to be global solutions of (4.17).

For this, it is necessary to require that the localized weak formulation also satisfies the

following consistency conditions on the interfaces I'j,

Sj = Sk, for x € ij, (421)

W,V + Wi v =0, for x € I'jy. (4.22)

where v is the outward normal unit vector in €2;.

Hybridized mixed finite element approximation

For several families of mixed finite elements, the functions ¢ € V; are allowed
to be discontinuous in each element interface I'j; . Trying to impose the consistency
conditions could cause errors in the flux conservation, i.e., the consistency conditions would
only be satisfied if the approximate solution S € V; for the discrete problem is globally a
polynomial, which is an uninteresting case. To overcome this, the Lagrange multipliers on
the edges I';; are introduced, allowing such discontinuities. Such variables are defined on
the space A of constant trace functions on the edges of the elements. Then, the hybrid

mixed finite element method is given by:

Find w; € W;, S € V; and ¢;; € A such that

(K () B(Si) ™ Wi t3)q, = (S5 Viby)g, + 3 Gty vir,, =0, Y € W

k#j

0
(56@8)e) (7wl =0 Wore;
Q;

(4.23)
subject to the consistency conditions, written equivalently as Robin transmission boundary

conditions in order to define an iterative method for solving the parabolic problem.
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Robin consistency conditions

The Robin consistency conditions for the diffusive system are given by

Xk WiVt b = Xk W Uk + by X €Tk < 0 (4.24)
—XikWr Ve Tl = XjeWj v+ by, X €Dy < 09

The coefficients xy ; from the Robin consistency condition are determined by
means of a dimensional analysis. It is expected that during the iterative procedure the
conditions are satisfied. On the other hand, the balance will be exact only when the
iteration index goes to infinity. So is natural to search for a definition for the coefficient
Xij by considering its physical dimensions. There must be a compatibility between the
dimensions of S (and ¢) and w, that represents the values on the element interface.

Equations (4.24) can be rewritten as

L — 1
which, in terms of the units of the mentioned quantities,
[p][VS] = XK (x)B(S)] [VS], (4.26)
from what follows that x being

D
= RB@E)T (4.27)

will ensure unit compatibility. Thus, dimensional analysis suggest that xy must be

h
Heff

Xik = § (4.28)
where ¢ is an acceleration of convergence parameter and H(S,x) = K(x)B(s) and Hg is

defined by the harmonic mean on the interface I';;:

QH(S‘,X')H(Sk,Xk)
H.g = 7 4.29
ff H(Sj,Xj) + H(Sk,Xk) ( )

This choice is motivated by the hybrid mixed finite element approach [47].
Its well understood in the literature that the dimensional analysis can be useful in the
elaboration of strategies for the choice of the discretization time interval for the numerical
integration [1, 2, 69, 70].

Reduction to lowest index Raviart-Thomas space

The hybrid mixed finite element spaces are chosen to be the lowest index
Raviart-Thomas spaces over the intervals. The natural degrees of freedom on the element

(1; for saturation variable is the constant value S;, which can be interpreted as the value
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on the center of the element. For the diffusive flux variable, it is used an outward normal
component across the edges of the element. For consistency, the Lagrange multipliers are
also constant and defined on the edges of the element. It is assumed that the porosity and
the absolute permeability are constant on each element, and that the relative permeability
functions are independent of the position with respect to the space variable on each €2;.

The discrete form of equations (4.24) are then,
02 =x5(wi—w$)+ £, a=R,L DU, and@=L,R,U, D, respectively. (4.30)

where each variable are defined on the L, R, U, D interfaces, representing the right (R),
left (L), up (U) and down (D) edges of €;; & represents the variable associated with the

adjacent element of €2; connected by the inteface .

Approximating the integrals by the trapezoidal rule, substituting the discrete
Robin consistency equations and using an specific basis for the discrete Raviart-Thomas

spaces, the discrete forms of (4.23) are

h - « « a Q& a
(2(KJBJ) 1+Xj)wj + 55 = xjwy + 1§,

(4.31)
0 wi—wp Wi —wp

x

where « = R, L, D,U, and @ = L, R, U, D, respectively.

It is necessary, however, to discretize equation (4.31) on time. For that, let
N € N and take At = T/N and t,, = nAt. The saturation variable S must accommodate
the diffusion effect in each time step. This way, it is used a backward Euler method
(implicit) for the time discretization, where S represents the saturation in previous time
step and S, the saturation in the present time step. Note that it is defined a completely
implicit form to calculate S, so the variables are evaluated on time n + 1. Together with
the discrete Lagrange multiplier equations, the final form of the discrete system is (here,
ae{l,R,UD}and a€{R,L,D,U}):

rélsj_sj_wﬁ_wf_ng_ij =0

TOA he h, ’

h - a fo' A, O a
) <2( iBi) 1+Xj)wj + 55 = xjwi + 1, (4.32)
Chn X5 (Wi —w) + (4.

Development of the iterative procedure

The final step of numerically solving the diffusion equation is to identify an
iterative procedure for solving the linear system on variables S;, wj and (. Here, the

system is implicitly solved with a Red-Black-type strategy, so that each variable on element
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is solved with the previous iteration on adjacent elements. Thus, for each time step, we
solve the problem by means of an iterative procedure. Let k£ be an iteration index. Denote
by S;L’k an approximation for S(x;,t") in the iteration level k£ and S} the approximation

after convergence. The convergence criterion for the iterative procedure is given by,

NI
N

< tol (4.33)

where tol is a tolerance for the difference between iterations £ and k& — 1.

For a fixed time t, 1, the iterative procedure is defined as

1,0 ,n+1,0 )
1. Set S;»LJr = S and w;?‘"Jr =w;",

2. Calculate coefficients B; and XJL , Xf with S7,

3. Solve the linear system given by (4.32) for the variables in each element j, using the

variables from outer elements as being the ones from iteration n,
4. Update the Lagrange multipliers for the domains according to equations (4.30),

5. Verify convergence for S. If not achieved, repeat steps 2-4. If achieved, set S}”l =

S;”l’k and go to the next time step.

4.1.2 Three-phase flow problems

The nonlinear transport equations from the convection-diffusion three-phase

flow problem are,

(Gx)S0) 4V (vfu + c6Gu) = V- (epwa),

P (4.34)
7(¢(X)Sg) + V- (Vfg + 6G‘G'g) =V (Epr),

ot
where
Wy | VSu
< w, ) = K(z)B(Sw, Sy) < Vs, > , (4.35)
and
B(Swvsg) = Q(SwaSg)Pl(SwaSg)a (4'36)
OPwo  OPwo
o )\w(l - fw) _)\wfg ’ . 8Sw oS
@5 %) _< Nfe A= f) > - PGwS) = apy, apgy | 43

25, s,



Chapter 4. Conservative Mixed Hybrid Finite Element and Finite Volume Methods with a New Coupling
Condition for Solving Multiphase Flow Problems 104

A= Z A; is the total mobility and f;(S,,S;) = Ai/A are the fractional flow functions.

i
Given the constraint

> Si=1,

1=w,0,9
any pair of saturations inside the triangle of saturations A := {(S,,S;) : Sw, S, =
0, S, +S, <1} can be chosen to describe the state of the fluid. A mixed hybrid finite
element method is also formulated to numerically solve the associated pressure-velocity

problem.

Equation (4.34) needs an initial condition, which we here define as,
S(x,0) = Sp(x) for ze, (4.38)
and boundary conditions

S(QL,t) = SL, Sw(QR,t) = SR for t>0. (439)

Operator splitting

The operator splitting technique is applied in the same fashion it was used
in two-phase flow. The appropriate numerical techniques are used for systems of partial
differential equations of distinct mathematical types. Two time steps are again introduced:

Aty and At,, defined as in (4.6). Then, in the three-phase case, the operator splitting

algorithm is defined analogous as the two-phase case. For n =1,...,n;:
a) For k =0,..., (i1 — 1), in [tn, tnrs1] solve the convection system
0
(00 1) + V- (Vhu+ 06Gu) = 0, (4:40)
0
a(QZS(X)Cg’n’,{_Fl) + V- (vf,+0cGy) =0, (4.41)
with initial conditions
Sw ny = 07
Cw,n,n = ’ " . (442)
Cw,n,nfla K=1,... (Zl - 1)7
S ns = 07
R " _ (4.43)
Cg,n,ﬁfly R = 1, N (Zl — 1),

b) Set

Sw,n = Cw,n,ilfl and Sg,n = Cg,n,ilfl- (444)
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c) Compute the diffusive effects in ¢, t,1] solving the system

0
a (¢(X)Sw,n+1) - UPV "Wynt+l = O, (445)
0
g (¢(X)5g,n+1) —opV - Wyn+l = 0, (4'46>

with the boundary condition
wi(x)-v=0, z€d, i=w,g (4.47)
and initial conditions given by

Sw,n: w,n Sg,n: g,n: (448>

Mixed formulation

The diffusive system is then approximated by the hybrid mixed finite element

formulation

0
5

where S = (S, S,) and w = (W, w,).

$(x)S) —opV -w = 0. (4.49)

Again, the diffusive coefficient from the nondimensionalization op is dropped
for simplicity. It is possible to identify a gradient flux for the saturation, given by equation

(4.35). The system is rewritten into a mixed formulation for the pair (S, w):

r

w + K (x) B(S) Vo) g
VS,
X (4.50)
5 V- Wy
§(¢(X)§)— VoW, = 0.

Weak form of diffusive equation

Equation (4.50) can be put in a weak global formulation by means of the spaces

V and W,

L*(Q) = {v JQ lv(x)|?dx < oo} . H(div;Q) ={we L*(Q)|V-we L*(Q)}.
V ={ve (L*(Q))}, W = {we H(div; Q)* | w|sq - v = 0}.
(4.51)
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The global weak formulation of the diffusive system is given by finding (S, w) €
V' x W so that for every test functions ¢ € V and ¥ € W the following weak equations are
satisfied,

(Gw,¥) g+ ((VSw, VS) ", ¥), =0, VipeW
5 (4.52)
(8 S )Q—(V-w,go)gz(), VoeV.

where G = (K (9~

The localized weak formulation of the diffusive system corresponding to the
domain decomposition above is given by seeking S € V and w € W such that (S}, gj) €
Vi x Wj for j =1,..., M satistying

(ggj,@/)j) —(S,,V-4y), +Z<537% viyry, =0, Vi € Wy,

k#j

0
(815 (¢(X)S])7SOJ)Q - (v¥]7¢J>Q :07 v@Je%

F J

(4.53)

As with the two-phase problem, the solutions (S, w) are required to satisfy the

following consistency conditions on the interfaces I'j,

Swi = Swk for x e I'j, (4.54)
Wy Vj+ Wy Vg =0, for x € T'j. (4.55)
Sgi = Sg ks for x e I'jy, (4.56)
W, Vi +Wgp v, =0, for x € T'jy. (4.57)

where v is the outward normal unit vector in €2;.

The discrete equations for the hybridized mixed finite element for the three-
phase problem are analogous to the two-phase problem. But now we have two set of
discrete equations, one for the transport of water saturation and one for the transport of

gas saturation.

Hybridized mixed finite element approximation

Just like in the two-phase flow, trying to impose the consistency conditions
could cause errors in the flux conservation. The Lagrange multipliers on the edges I';; are
again introduced, allowing such discontinuities. Then, the hybrid mixed finite element

method is given by:
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Find W, € W;, S; € V; and £; € A such that

(gwhwj)ﬂj - (Sjv V- wj)szj + Z<£kjawj 'Vj>ij =0, Vzbj € Wj
p e (4.58)
(61& (¢ () Sj)’%') = (V-wj,05)q, =0, Vg eV,
§Q;
subject to the consistency conditions, written equivalently as Robin transmission boundary

conditions in order to define an iterative method for solving the parabolic problem.

~XwkiWw,j " Vi +lwki = XwkjWuwk Vi +lwrj, X€LL; < 0y,

~Xw,jkWwk * Vk + gw,jk = Xw,j,kWuw,j " Vj + E’in‘ja X E ij - 59]', (4 59)
—Xg,kiWgq,j " Vj T gg,k,j = XgkjWgk Vr T gg,kja X € ij C 5Qk, '
—Xg,jkWg,k * Vi + gg,j,k = Xg,j,kWg,j Vj + gg,kj7 X € ij e an

Reduction to lowest index Raviart-Thomas space

The hybrid mixed finite element spaces are again chosen to be the lowest index
Raviart-Thomas spaces over the intervals. The natural degrees of freedom on the element
(1; for each saturation variable is the constant value S, ; and Sy ;, which can be interpreted
as the value on the center of the element. For the diffusive flux variables, it is used the
outward normal components across the edges of the element. The Lagrange multipliers
are also constant and defined on the edges of the element. The discrete form of equations
(4.59) are then,

Chj; = X?u,j(wgu,k - W?u,j) + éi,k,
loi = Xgi (W = Woj) + L5, (4.60)

a=R,L,D,U anda=L,R,U, D, respectively.

where each variable are defined on the L, R, U, D interfaces, representing the right (R),
left (L), up (U) and down (D) edges of €2;; & represents the variable associated with the

adjacent element of {2; connected by the inteface a.

Approximating the integrals by the trapezoidal rule, substituting the discrete

Robin consistency equations and using an specific basis for the discrete Raviart-Thomas
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spaces, the discrete forms of (4.58) are

K Wag = Wi Wy~ W,
5060 sy) = e e SN,
2 @
gllwwj + g12wg] = F(S ) ,j)7 a=R, L
2 «a
ghw '+g12wg]_h7(s lyi), a=UD
< 0 wh —yWL wl  —wPD (4.61)
. S _ aj 'Ll),j w7j 7j O
at (¢ (X) ]) hx hy )
2
2 @
gglw j + ggzwg] h—(S 9.7 l ) a=UD
Y

By defining D7 and D, the matrices,

2 2
g11 + }TXQO:, ng gll + hf g12
D% = i , D¢ = ) (462)
T 2 o Y 2 a
G2 G2 + X, G2 G2 + Xy
h, hy,

the following discrete equations for the fluxes are obtained:

2 _ B
sz,ac = hi ((Da)ll (Sw] + Xw w,T + Ea ) (Dg)l_Ql (ngj + ngg,a: + é;j)) )
. (4.63)
2 . B
Wg, E ((Da)Ql (S w,j + Xw w,x + ga ) (‘DCC;)Q_zl (ngj + ngg,z + g;j)) )
where o = R, L and & = L, R, respectively, and
2 _ _ _ -
Wiy = 3= (D)0 (Sus + XoWay + Gig) = (D) (Sog + Xgwe, +655))
2y ) ) (4.64)
Woy = h, (D)1 (Swi + XuWay +L0;) — (D)5 (Sgs + Xgwgy +L5;))

where o = U, D, and & = D, U, respectively.

The backward Euler method (implicit) for the time discretization is used, where
S represents the saturation in previous time step and S, the saturation in the current

time step. Together with the discrete Lagrange multiplier equations, the final form of the
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discrete system is (here, a € {L, R,U, D} and & € {R, L, D,U}):
Q R L U D
r¢‘5w,j — Sw,J Wwj “Wui  Wu; = Wy, =0
7oA he h,, ’
Q R L U D
¢,Sgyj Sei  Wgj — Wy, Ve T Wi _ 0
TAL B hy ’
« 2 « a a\— & o4
Ww,x E ((D )11 (S w,j + Xw w,T + € ) (Da:)121 (ngj + ngg,x + gg,j)) 9
2 - -
Woe = 7 (D)2 (Swg + XuWa o+ 00;) — (D)% (Ses +XgWor +055))
) 95 R, ( 21 ( J ) 22 ( 9.J 979 g,J)) (4.65)
a 2 o 6" a\— a a
Wy = hiy ((D )11 (Sw] + Xw wy + é ) - (Dy)121 (Sg,j + Xgﬂwg,y + Eg,j)) )
a 2 « & a\— & &
Woy = ny ((D )t (Sw] + X W wy Tl ) (Dy)221 (SgJ + nggvy + Eg,j)) ’
log = Xag(Wo o — Wi ) + €04,
\ g’] Xg,‘]( - ngj) + K.C;ﬁk

Here, there are two transport equations, eight discrete flux equations and eight

discrete lagrange multipliers equations. Similar dimensional analysis for the coefficients x,,

and x4 is done, and their values are found through a mean across the interfaces between

elements.
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4.2 Multiphase Flow Transport Problems with Spatially-Dependent

Diffusion Terms

In many applications, the capillary diffusion plays a small role in the dynamical
process, so that it is interesting to replace the two-phase convection-diffusion equation by

the apparently more simple first order equation

(b;f (p(z)Sy) + V -F(z,54,v) = 0. (4.66)

Even in the case where the whole problem (4.3) is considered, one might be
interested in the resolution of (4.7) for using a splitting approach, as presented before. In
the more simple case of two-phase flow (corresponding to the case S, = 0 in three-phase
flow problems), it has been recently pointed out in [13] that in presence of gravitational
effects and of heterogeneities (i.e. ¢, K, ko and p,, also depend on z € R?Y), steady
undercompressive waves can be generated by the rock discontinuities. Moreover, for given
v, the solutions of the first order problem depend on the capillary pressure functions
Dwo, Pgo despite capillary diffusion has been neglected in the model. Since the two-phase
flow case is a subcase of the three-phase flow case, then such a phenomenon also appears

in the three-phase feature.

For immiscible three-phase flow, there are physical assumptions under which
singularities such as umbilic points and elliptic regions are a necessary consequence of
Buckley—Leverett behavior on each two-phase edge of the saturation phase space [67]. In
[18] the authors present a recent survey of aspects of the general theory of conservation
laws that bear on the construction of immiscible three-phase solutions in the petroleum
engineering literature. For several injection problems [18], solutions for Corey’s model are
very similar to those for Stone’s model, despite the presence of an elliptic region in the
latter; and they are very different from those for the Juanes—Patzek model [67], which
preserves strict hyperbolicity. In [18, 79], it is also addressed the question of the physical

existence of nonclassical waves in actual three-phase flows.

Dealing with hyperbolicity over the whole saturation domain, works [36, 37]
describe the construction of Total Differential (TD) three-phase data for the implementation
of the exact global pressure formulation for the modeling of three-phase compressible flow
in porous media. The difficulty in obtaining physically realistic TD three-phase relative
permeabilities and capillary pressures data [36, 37] has limited the use of the global
pressure in numerical simulation codes. Nevertheless, when such data is available, this
global formulation is preferred since it reduces the coupling between the pressure and
saturation equations, compared to phase or weighted formulations [18, 33]. In addition,
such total differential three phase permeabilities formulation also simplifies the numerical

analysis of the problem along with computational efficiency [36, 37].
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For a wave to be truly defined as a “shock wave”, a discontinuity must be
the zero-diffusion limit of traveling wave solutions. In such solutions, the diffusive effect
balances the convergence of waves caused by hyperbolic nonlinearity [79, 94]. With gravity,
the three-phase model yields elliptic regions for any combination of viscosities [21, 94], and
these regions occupy a significant fraction of the saturation space. Jackson and Blunt in
[64] demonstrate that, even when capillary forces are small relative to viscous forces, they
have a significant effect on solutions [94] for a realizable model of a porous medium. As a
consequence, the capillary pressure should be included explicitly in three-phase numerical
simulators to obtain stable solutions which reproduce the correct sequence of saturation

changes in the interior of the phase space.

4.2.1 Two-phase flow problems

Assume for simplicity that the one-dimensional domain €2 is made of only two

sets QL and QF separated by a Lipschitz continuous interface I'. For z € T', we denote by v,

the outward unit normal vector to I' with respect to §2,. Because of the rock discontinuity,

the physical quantities p,, S, and v, can a priori be discontinuous at the interface I'.

Two-phase flow with discontinuities on convective flux functions and diffusive capillary
functions can be modeled by the following equation with discontinuous coefficients:

o0

ot

+V- (vfg(sw) +06GE(Sy) — KON (Sy) (1 — f;‘(Sw))ag%") =0, zeQ.
(4.67)

The work [13] investigated the so-called vanishing capillary limit, by making
¢ — 0 on the system (for z € Q, and t € (0,7)),

(., 0S.
ol pr V- (vfg(Se) + 06Gy(Se) — eV - 9p*(Se)) =0,
) hnol, (VIE(S) + 0aGL(S) — eV - o"(S)) = h%l+ (VIS(Se) + 06GL(S.) — eV - ™(S0)) .
) (4.68)
S o
where o = L, R and ¢*(S) = J KXo (2)(1 — fg(z))aggodz is the Kirchoff transform
function. ’

This study is close to the one performed by E. Kaasschieter [68], but in
such work, the recent developments in the theory of the scalar conservation laws with
discontinuous-flux function are taken into account (see [14, 30] and references therein). It
was identified the correct interface coupling in the discontinuous-flux Buckley—Leverett
model in terms of the profiles of the flux functions and capillary pressure functions on two
sides from the interface. In particular, the conclusions of the work [68] were clarified by
proving that “optimal entropy solution” is not always the right notion of solution in the

Buckley— Leverett context.
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4.2.1.1 Extension to three-phase flow problems

There is an inherent difficulty on extending the ideas from [13]. There must be
an admissible continuous capillary pressure state (pyo, Pgo) at the interface, even if this is
hidden in a boundary layer, but the capillary pressure models proposed in [19] may be

non-physical to some extent [82].

The work [1] combines distinct methods for the resolution of different types of
equations that appears in the three-phase flow model. This is done despite the presence or
not of constitutive relationships of relative permeability, saturation and capillary pressure
which ensure hyperbolicity over the whole saturation domain [18, 36, 37, 79]. A fractional-
step time-marching method combines a conservative central scheme to handle a system
of nonlinear conservation laws with locally conservative mixed finite elements for the
associated parabolic and elliptic problems. It has been shown in [4, 71] that the operator
splitting technique can be effective in capturing the correct nonclassical fronts in one
spatial dimension as well as in multidimensional heterogeneous three-phase gravity-free
flows [3].

Similar ideas involving alternative fractional-step procedures as discussed in
this work have been presented in [69, 70, 72, 73]. The works [69, 70] are based in a
front tracking approach, relies heavily on a Riemann solver and the method of polygonal
approximations. In [72, 73] the authors have shown that using semidiscrete central-upwind
schemes may fail to converge to the unique entropy solution of nonconvex conservation
laws, and thus may fail to recover the Kruzhkov solution [13, 46]. Besides, the Strang
splitting [91] is not an alternative since the hyperbolic nature of the three-phase differential
flow system is not completely understood [18, 79]. The splitting approach proposed in
[34] is based on the solution of a parabolic problem via a discretization of the formula for
the exact kernel solution of a heat equation with constant coefficients as opposed to the

present work.

The numerical procedure developed in [1] is based on the before mentioned two-
stage operator-splitting method for decoupling the nonlinear three-phase flow equations
with mixed discretization methods, leading to purely hyperbolic, parabolic and elliptic
subproblems. For the convective flux, the numerical approach is based on the central
scheme [3, 71, 80] rather than a semidiscrete central upwind scheme formulation [72]. Such
scheme accommodates the discontinuous hyperbolic flux functions as well as the effects
of spatially variable porosity. No upwinding techniques were used in order to stabilize
the numerical solution of the hyperbolic subproblem. In addition, neither dimensional
splitting and Riemann solvers (exact or approximate) are necessary. The hybrid mixed
finite elements method is used for accurate velocity field computation for the elliptic

subproblem even in the presence of highly variable permeability fields [3, 47, 51].
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4.3 A Fully-Coupled Finite Volume/Hybrid Mixed Finite Elements
Approach for Multiphase Flow Problems

We now present our proposal of a coupled formulation between finite volume
methods approximating the convective operator and hybrid mixed finite element methods
approximating the diffusive operator. Such formulation has a reinterpretation of the
Robin coupling conditions presented before. This new coupling condition can also be seen
as a weak form of the Robin condition, and has a natural relation with the Rankine-
Hugoniot jump condition, traditionally associated with hyperbolic conservation laws.
Besides, this formulation, first presented for one-dimensional two-phase problems, can

readily be extended to three-phase flow problems and to multidimensional formulations.

4.3.1 Two-phase flow problem

We present the one-dimensional two-phase flow problem, where the capillary

diffusive term may have discontinuities

0 oF, OW
En (¢(2)Sw) + e Son (4.69)
with F,, and w,, being the convective and diffusive fluxes defined by:
6 wo
F, (Su,z) =vf, + Gy and wy, (Sy,z) = =K () [A\ (Sw) (1 = fu)] b (4.70)

or

The convective flux here has two components: f,, (the fractional flow) multiplied
by v (Darcy velocity from the pressure-velocity subproblem) and G.,, which incorporates

gravitational effects and can be defined by

0z

Gy (Sw, 7) = K(2)[A(1 = fu)Ppuwolg or

(4.71)

On the definition of the diffusive flux, there is a nonlinear gradient of the

capillary pressure function py, = Puwo (Sw, X).

Equation (4.69) needs an initial condition, which we here define as
Sw(z,0) = Sp(x) for xze, (4.72)
and boundary conditions
Sw(Qp,t) =SL,  Su(Qg,t)=Sg for t>0. (4.73)

where Q = [0, Q] < R is the spatial one-dimensional domain. One of the key differences
of our formulation from the previous hybrid mixed finite element is that we carry the
calculations of the finite elements along with the convective flux function. This operator

will be approximated by the conservative flux function of a finite volume method.
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4.3.1.1 Mixed formulation for the transport equation

We identify the gradient flux for the saturation, by applying the chain rule for
the capillary pressure in 4.3. Such derivation is possible since we are following the lines
from previous developments [1, 47] of hybrid mixed finite element methods for multiphase
flow problems, in which calculations are performed on an element level, where we suppose
permeability, porosity and capillary functions to be constant.

Opwo 05
0S or’

w(S,z)=—K () A\ (S) (1 = fu) (4.74)

OPwo

Defining B(S) = Ay, (S) (1 — fu) 29

into a mixed formulation for the pair (S, w):

it is possible to rewrite the equation

oS

W—l—K(:l:)B(S)a— =0
; 6Fx ; (4.75)
E(Gﬁ(%)s) %—6520

4.3.1.2 Weak form of the transport system

We put (4.75) in a weak global formulation by means of the spaces V' and W,

L*(Q) = {v

L o(2)2de < oo} Q) - {w e 12(Q) ‘ g

V={vel*(0)}, W ={we H Q)| wl,v=0}.

The global weak formulation of the diffusive system is given by finding (S, w) €
V' x W so that for every test functions ¢ € V and ¢ € W the following weak equations are
satisfied,

(K (z) B(S))*lw,w)Q + (Zi,w)g =0, VYypeW

0 oF ow
(575((?(55)5)7@)94‘ (&E’¢>Q_ (5%790)9 =0, Vpel.

where (f, g)q is the usual inner product by integration in €.

(4.76)

We localize the equations using the domain decomposition ideas. Let {2, j =

1,..., M} be a partition of the spatial domain € into intervals of size h
M
Q= Qj, Qj m Qk = @,j #* ]ﬂ, Qj = (.Z'j,l'jqu), (477)
j=1

with the domain interfaces

I'=00 = {1]0,.73]\/[}; Pj =I'n Qj = {ZEj,.Z‘j+1}, Pj,j—i—l = Fj-‘rl,j = 591 M 5Qj+1 = Tj41-
(4.78)



Chapter 4. Conservative Mixed Hybrid Finite Element and Finite Volume Methods with a New Coupling
Condition for Solving Multiphase Flow Problems 115

Consider, for 7 =1,..., M the local spaces

V,=V(), W;={weH"(Q;)|w-v=0o0nT;}.

The localized weak formulation of the diffusive system corresponding to the
domain decomposition is given by seeking S € V' and w € W such that (S;,w;) € V; x W;
for j =1,..., M satisfying

(K @ BS) Wiy, — (5 52) +SFuf—sfut =0, wiyew,
J Q.

J

6 5FJ 5Wj .
(5t (¢ () SJ)%)Qj + ( . ,%)Qj (8 p ,%)Q. =0, Vp;el;

J

(4.79)
where S = S;(z;) and S]' = Sj(x;11) are the saturation variables S; defined on the
interfaces I';. Note that, in this step, an integration by parts was performed on the first
equation. In order that the functions (S, w) extend to be solutions of (4.76), it is necessary

to require the following consistency conditions on the interfaces I'jj

Sj = Sk, for x € ij, (480)

W,V + Wi v =0, for = € I'j. (4.81)

where v is the outward normal unit vector in €2;.

4.3.1.3 Hybridized mixed finite element approximation

We allow discontinuities in each element interface I';;. If we try to impose the
consistency conditions, it could cause errors in the flux conservation. We introduce the
Lagrange multipliers on the edges I';;, allowing such discontinuities. Since we are here
considering the unidimensional case, the Lagrange multipliers \;; become real scalars,

defined only on x;;. The hybrid mixed finite element method is given by:
Find w; € W;, S € V; and ¢;; € R such that

((K () B(Sj))_le7¢j)gj - <Sj ?ﬁf) + U 0F — gt =0, VY, eW;
@y

6 8F] aWj .
(6t (¢ (x)5;) 7903‘)Qj + (8:}5’%)9]_ - <5ax7%’>ﬂj =0, VeV,

subject to the consistency conditions which we discuss in the following section.

(4.82)

4.3.1.4 Weakening of Robin coupling conditions

Another key aspect of our method is the reinterpretation of the Robin consis-

tency condition for coupling elements, in a manner that we weaken it to incorporate the
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effects of capillary diffusion without the derivative eliminating any additive term of its

definition, something the method presented in the previous section fails to capture [1].

Around an interface I';; between elements j and k, we set a strip of length e,
which we denote by I'.. On this strip, we multiply the Robin coupling condition by the
constant test function ¢; = 1 (we discuss the use of other test functions later) and perform
an integration step, so that we have a weakened version of the coupling condition. This

way, we must have,
J thdr + L x'whde = L 0 dx + J x'wit da. (4.83)

By defining |T'.| the integral of the characteristic function over the strip, and
since we assume the lagrange multipliers and the function S to be constant over the

elements, we have,

J

(0] + XLL whdr = (7 |0.] + XLL wit da. (4.84)

From the definition of the flux

OPwo
or

where v(S, ) = =K (z)A(1 — f), the integral of a flux must be,

opk
L L wo
Le W dr = Le v oy dz

w =0(S5, )

5 L&; (4.85)
L. L _ v L
= pwo‘are T, aS 6I_pwod$
ovt oSt
— —Ir St

We observe that the function v has a known derivative in S, since it is a
product of known mobility and fractional flow functions. With this weak version of a
flux, we transfer the derivative operator from the capillary pressure to its coefficient. The
spatial derivative of the function S must be approximated, and we discuss this later on.

Substituting equation (4.85) into the weakened Robin condition, we have,

(0] + XLL whdr = (% |0.] + XLL witda. (4.86)

For the purpose of developing an iterative procedure to solve the linear system,
we cannot weaken both fluxes in a same equation, since it would eliminate the flux variable

from the equation by substituting it with nonlinear functions of S. This way, we have
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some options in choosing which variables to weaken. By selecting the flux variables on the
adjacent elements to be weakened (i.e. the right hand side of the previous equation), the

new coupling conditions are obtained,

L _ pR L~ R L L

(4.87)

R _ gL __ _ RaL R R
Ej—EjH X Wi+ xow

1
where wft |, = —
S P

by equation (4.85).

1
R S L L .
w;'dx and Wy, = ). w;,dr are the weakened fluxes given
e €

4.3.1.5 Discrete equations and iterative procedure

Following the same ideas presented on the previous sections for the discretization

of equations (4.79), we obtain the system,

(h, 1 L
ho g R
§ 5Gw = 8 = L, (4.88)
Sj—=8; Fi-FF e 5 |
Now, substitute (4.87) into (4.88) and along the new coupling conditions, we
obtain ) o pR_pL
S; =5 — b e R L
o N . +g(wj_“’j)=0’
h -
(30430 )wh=RE=s,  REsbwl e,
[ R\ R R R._  R&L L (4.89)
L L Lo, L
R _ pR R R
kﬁj = R]- + x"wi
The substitution of the flux equations into the transport equation result in
h R L - g N R L RpR L pL
Sj: ¢jE+€(C +C ) ¢jS]E—(FJ —FJ)—&‘(C’ Rj -C R]) s (490)

h ! h !
where CT = (29 + XJL) and CF = (29 + xf) )

We note that the convective fluxes F¥ and F? are defined on the interfaces,
so that we can use any finite volume numerical scheme in a conservative form, with a

conservative flux function to approximate such values in each element.
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4.3.2 Numerical Experiments

In this section we present numerical experiments for the proposed coupled mixed
hybrid finite element and finite volume method with a new coupling condition for a variety
of problems. The numerical scheme for this section was written in C programming language
and the numerical experiments were performed in the same previously cited computer
configuration. We first start with the classical advection problem with a exponential pulse
traveling right and a small diffusive effect guided by the ¢ parameter. The advection

equation is given by

Up + AUy = EUgyy, T ER, T >0 (4.01)
u(z,0) = exp(—2?), zeR.

We must observe that the weakened flux deviate from the classical numerical
flux only by a stretching factor. By employing an ad-hoc correction factor, we are able to
recover the correct flux and obtain the correct solution of the problem. Figure 41 shows
the correct numerical solution of this problem and the fluxes w (classical), W (weakened),

and corrected w.

For the viscid Burger’s equation with a exponential pulse traveling right and a

small diffusive effect guided by the ¢ parameter, the equation is given by

Up + Uy = EUgy, TER,E>0
(4.92)
u(z,0) = exp(—2?), xeR.

Then again the weakened flux deviate from the classical numerical flux by a
stretching factor. We employ the ad-hoc correction factor, and we are able to recover the
correct flux and obtain the correct solution of the problem. Figure 42 shows the correct

numerical solution of this problem and the fluxes w (classical), W (weakened).

The same problem but with a sinusoid initial condition u(z,0) = sin presents
similar behavior. Figure 43 shows the correct numerical solution of this problem and the
fluxes w (classical), W (weakened). We must point out that the structure of the flux is

preserved by our method, differing by this stretching factor.

Finally, we present solutions to model problem (3.29) for the set of entry
pressures P = 0 and P® = 2.0, for z € Q, = QF U Q%

0Sy, P
€Z5ozW +V- <Vfw(Sw) 406G (Sw) — opK Ny (Sy)(1 — fw(Sw))g;"’> =0, (4.93)
with the following parameters: flow rate v = 0, gravity ¢ = —9.81, o = 1.0, absolute

permeabilities KX = 1072, K® = 5 x 1073, porosities ¢ = ¢® = 1.0, viscosities jt,, = 1072,
o = 3 x 1073, densities p,, = 0.87, p, = 1.0, diffusive coefficient op = 1.0 x 1073, and

capillary pressure function:
Do = P —log(1 —s). (4.94)
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Figure 41 — From top to bottom: first, second and third rows depicts the solutions of linear
advection problems (on the left column) with the usual (w), weakened (W)
and corrected weakened (W, ) fluxes (on the right column). We show on the
bottom row the solutions combined in order to explicit the difference of the
scales (we omit the corrected weakened for the sake of presentation).

The initial condition for this problem is the constant function n(z) = 0.5. We have only a
wave profile traveling left. Here, the stretching factor is different for each entry-pressure
region inducing discontinuity in the diffusive effect, but the structure of the flux profile is

also captured.



Chapter 4. Conservative Mixed Hybrid Finite Element and Finite Volume Methods with a New Coupling

Condition for Solving Multiphase Flow Problems 120
05 ! ! ! ! ! 04
u w
0.45 : . WA : 02
0.4 / .'. 0 \
0.35 1 \*.
03 7/ \ -0.2 i
> 025 / i z 04
02 / 1 0.6
0.15 / 4 08
0.1 4 ’
b -1
0.05
0 \ 12 v
3 2 1 0 1 2 3 3 2 1 0 1 2 3
X X
1 ! ! ! ! ! 1 "
u w_weal
0.9 i H H / ,\ H 05
0.8 / % \
0.7 1 0 \
\ 1
0.6 / . £ 05 \
s> 05 { H
/ ;' -1
0.4 t
0.3 // 15
02 {
0.1 A 2
0 A 25 :
3 2 1 0 1 2 3 -3 2 1 0 1 2 3
X X
05 . . . . . 0.4 »
: : : : ‘u w_correcte
0.45 H : : / \ H 0.2
0.4 / .'. 0 \
0.35 \ \
\ 3 w02 }
03 g
o
s 025 // £ 04
02 / 5 06
0.15 / 4 08
0.1 4 ’
b -1
0.05
0 \ 12 v
3 2 1 0 1 2 3 3 2 1 0 1 2 3
X X
1 ! ! ! ! ' 1 ‘
u w
0.9 3 : : N u_weak T 05 w_weak
0.8 —
0.7 ; 0 - / -
0.6 05 \: ],
5 05 = L,
-1 /-
0.4 \ v
03 % 15
02 4
0.1 3 2
0 L \ 2.5
-3 2 - 0 1 2 3 -3 2 - 0 1 2 3
X X

Figure 42 — From top to bottom: first, second and third rows depicts the solutions of
Burgers’ viscid equation solution with exponential pulse as initial condition
(on the left column) with the usual (w), weakened (W) and corrected weakened
(W) fluxes (on the right column). We show on the bottom row the solutions
combined in order to explicit the difference of the scales (we omit the corrected
weakened for the sake of presentation).
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Figure 43 — From top to bottom: first, second and third rows depicts the solutions of
Burgers’ viscid equation solution with sine wave as initial condition (on the left
column) with the usual (w), weakened (W) and corrected weakened (W) fluxes
(on the right column). We show on the bottom row the solutions combined in
order to explicit the difference of the scales (we omit the corrected weakened
for the sake of presentation).
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(W) fluxes.
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5 Concluding Remarks and Outlook for Fu-
ture Work

5.1 Preliminary advances and achievements

In this thesis we have achieved some progress in the formulation and develop-
ment of numerical methods for various classes of differential problems. We constructed
numerical schemes in local conservative form for solving nonlinear hyperbolic conservation
and balance law problems — both for the scalar case and for systems of equations — using
the novel Lagrangian-Eulerian approach. The framework is based on a reformulation
of the equation regarding an equivalent locally conservative space-time divergence form
problem. In this work we made use of piecewise linear reconstruction along with predictor-
corrector techniques for improvements of the computed numerical solutions, yielding a

robust numerical scheme.

We discussed qualitatively correct numerical solutions for classical and non-
classical problems such as the inviscid Burgers equation, two-phase and three-phase flow
problems in porous media and a variety of nonlinear shallow water equations examples,
including test cases with bottom friction. In particular, we were also able to reproduce
qualitatively correct approximations for the situation of balance laws with discontinuous
source terms. One of the key aspects of this framework is to be independent of a particular
structure of the flux function and the (possibly stiff) source term. We do not have a rigorous
mathematical analysis, but we presented new numerical evidence of the well-balanced

property within the framework, recovering the correct structure of equilibrium solutions.

We must point out that the Lagrangian-Eulerian framework allows a natural
a priori analysis of the underlying model to enforce mass conservation. In the current
thesis, we have deepened this discussion, for instance, for models with the null-velocity
terms. The resulting numerical scheme presented for such cases is naturally different, but
the Eulerian-Lagrangian framework remains the same. The balance of the steady state of
the equation seems to be respected, even if this balance is somewhat “hidden” into the
original system. After extensive numerical experiments, we observed that our numerical
scheme seems to simulate inside the integral tube both the information related to mass
conservation (possibly from a source term) and the computation of the correct velocity

(linked to the purely hyperbolic operator).

We discussed ideas on how to extend our Lagrangian-Eulerian numerical scheme
for higher dimensions. By using the concepts of Mean curvature and Gaussian curvature

associated with the underlying conservation law, we were able to propose a natural
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construction of a normal curvature and a geodesic curvature, by the projection onto the
local normal vector and the local tangent plane, at least from a theoretical viewpoint. The
uniqueness of the definition of this curve for each one of the points that appear at the
bottom of the integral tube circumvents a customary challenge on how to extend mass
conservation of the framework to higher dimensions. We also presented a usual approach,
based in writing the two-dimensional scalar conservation law in the form of a coupled
set of two balance laws along with initial data, so that our numerical scheme for systems
of balance laws could be readily used. Nontrivial test cases that can be found in recent

specialized literature we simulated with very good numerical results.

There was some further comprehension within this framework developed in the
current thesis, including a nonstaggered form of the numerical scheme that can be plugged
into the proofs of convergence by means of weak asymptotic solutions, by which there is
no need of convexity assumptions on the flux functions. This nonstaggered formulation
also provides another alternative way of extending the framework to two-dimensional
problems with good numerical results. There was an inherent difficulty on directly extending
the nonstaggered approach to higher dimensions since the projection coefficients of this
approach were nontrivially defined. Thus, we worked around this difficulty by evolving
the midpoints of the control volume and defining the evolved control volume. We were
again able to approximate problems with a variety of challenges without making intrusive

changes to our framework.

We also mention as an advance of the Lagrangian-Eulerian framework the
application to a specific convection-diffusion problem of multiphase flow in porous media
with discontinuous coefficients. We were able to correctly approximate its solution by means
of a numerical technique that encompasses a corrective step for the diffusive operator,
coupled with our Lagrangian-Eulerian numerical scheme. We also presented an alternative
formulation for this very hard problem, whose structure might sensitively depend on the
diffusive operator, by means of a hybrid mixed finite element method coupled with a
finite volume method. However, in such formulation, we proposed a reinterpretation of the
interface conditions between elements to accommodate the effects of heterogeneities in
the diffusive operator. The hybrid mixed finite element method with this novel interface
condition was coupled with finite volume methods in a conservative form for approximating
the convective transport. We performed numerical experiments for this new technique in

order to best analyze the effect of weakening Robin conditions.
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e Journal article entitled “A new finite volume approach for transport models and
related applications with balancing source terms” published in Mathematics and

Computers in Simulation, January, 2017 [6];

e Conference paper published in the Proceedings of the 6th International Conference
on Approzimation Methods and Numerical Modelling in Environment and Natural
Resources, 2016 [5];

e Conference paper published in the Proceeding Series of the Brazilian Society of
Computational and Applied Mathematicss titled “A Lagrangian-Eulerian algorithm

for solving hyperbolic conservation laws with applications”, 2017 [9];

e Talk given at the International Conference on Approximation Methods and Numerical
Modelling in Environment and Natural Resources MAMERN VI (2015), in Pau,

France;

e Talk given at the XXXVI Congresso Nacional de Matemdtica Aplicada e Computa-

cional in September 2016, Gramado, Brazil;

e Poster presentation at the 2nd IMPA-InterPore Conference on Porous Media: Con-
servation Laws, Numerics and Applications titled “A numerical scheme based in a
conservative formulation for solving hyperbolic conservation laws” and “An approxi-
mation to hyperbolic conservation laws using a Lagrangian-Eulerian approach” in
October 2016, Rio de Janeiro, Brazil.

5.2 Perspectives for future work and some final considerations

We finally explicit the main directions that may guide the development of
conservative numerical schemes both within the Lagrangian-Eulerian framework, also for
mixed hybrid finite element methods for convection-diffusion problems. Here are some

that deserve our special attention and that can be considered a continuation of this thesis.

e In the current work, one of the key aspects of the Lagrangian-Eulerian framework is

to define the following (local) nonlinear differential equations (from Section 2.2),

doj(t) _ H(u(oj(t),1))

J

d  u(o?(t),t)

J

for t" <t <",

with the initial condition o7 (") = 2. This equation cannot be directly solved for o

due to its dependence of the unknown function u and for that we used the simplest
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HU?! H(u
approximations f' = ( J ) ~ ( ), obtaining good numerical results in terms of
u

unr
J
qualitatively recovering the correct structure of several problems. In this direction, a

possible evolution of the numerical scheme could be to approximate solutions of this
system by means of specialized numerical methods for ordinary differential equations,

such as Runge-Kutta numerical schemes.

e In our numerical scheme [6] it is possible to propose a semidiscrete numerical
formulation. Such methods could benefit from the more precise information of the

local propagation speeds that central semidiscrete schemes provide.

e (Classical techniques to prove convergence to the entropic solution were successfully
applied in the work [84] for Lagrangian-Eulerian schemes. Modern techniques such
as the weak asymptotic solutions theory can also be used for this intent and such

direction is a front to be explored.

e We also cite as a possible future work to consider a Level Set numerical approach
for higher dimensional conservation law problems to approximate the proposed
formulation involving Mean and Gaussian curvature from Section 2.2 (see [62, 75]).
The Level Set Approach was first proposed in [81] to model evolving fronts with
curvature. In the level set approach, the front is modeled using a higher dimensional
smooth function ¢, where ¢ = 0 represents the front. This approach allows the
numerical evaluation of geometric quantities such as the normal direction and the
curvature by benefiting on the smoothness of the level set function. There is also a
natural connection between this approach and adaptive mesh refinement. Explicit
high order schemes for advancing this implicit representation of evolving interfaces
have been described in the specialized literature, but the computational cost of such
approaches are expensive. Thus, under this perspective, the development of fast,

effective and robust numerical schemes in this approach is of utter importance.

e The meticulous study of the alternative weak Robin condition presented in Section
4.3 also needs to be pursued on. Even though we obtained the qualitatively correct
structure of the flux variable for some of the presented problems after the correc-
tion factor, for problems with discontinuous coefficients the exact influence of this
weakening is not completely understood yet. This must be carefully done before the
extension to systems of convection-diffusion problems with spatial discontinuities
in the diffusive operator. It is a main goal of this approach to be extended in a
straightforward manner to case of systems, and the lack of theory for such problems

has always been a considerable source of difficulties.

When it comes to future developments on this thesis, there is a lot of contin-

uation that could be carried out. This work was mainly concerned with advances and
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enhancements within the Lagrangian-Eulerian framework for nontrivial problems and our

results helped to push the boundaries of this prosperous technique.
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Abstract. We construct a simple numerical scheme for solving nonlinear hy-
perbolic conservation laws problems by means of a Lagrangian-Eulerian ap-
proach. The new scheme is based on a reformulation of the hyperbolic conser-
vation law in terms of an equivalent locally conservative space-time in diver-
gence form. The reformulation is exact in the sense that it respect the same fun-
damental weak form principle for conservation laws as well as with a natural
interpretation linked to the classical finite volume framework. Our novel ap-
proach is applied to classical and nonclassical nonlinear hyperbolic — scalar
and systems — of conservation laws as such for two-phase and three-phase
Buckley-Leverett problems as well as to the classical inviscid Burgers equa-
tion and to the classical 2 by 2 system of nonlinear shallow water equations.
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1 Introduction

In this work we are interested in the construction and implementation of a
simple numerical scheme for solving nonlinear hyperbolic conservation laws
problems by means of a Lagrangian-Eulerian approach.

In the work [11] was identified the region in the space-time domain where
the mass conservation takes place, but linked to a scalar convection-dominated
nonlinear parabolic problem, which models the immiscible incompressible
two-phase flow in a porous medium. The key ingredient to finding this con-
servative region was the use of a Lagrangian-Eulerian framework. Later on,
in a sequel paper [5] — see also [6] and the references cited therein — the same
authors discussed a formal presentation without rigorous mathematical con-
vergence proofs — of a new type of Lagrangian formulation, named Forward
Integral Tube Tracking, to the case of purely linear hyperbolic radionuclide
transport problems, in which turn the space-time integral curves coincide with
characteristic equations. A similar, but distinct approach, can be found in
[7, 15].

On the other hand, more recently in [2, 1], such ideas were extend to nonlin-
ear purely hyperbolic conservation laws and balance laws — scalar and systems.
In particular, a convergence proof for the uniqueness of the entropy solution
was constructed with the aid of integral tubes by a Lagrangian-Eulerian pro-
cedure for hyperbolic conservation laws in one-space dimension to the case
of convex flux. Furthermore, convergence proofs for linear hyperbolic and
balance law problems were also performed in the context of the Lax equiva-
lence theorem for linear, inhomogeneous equations in ¢ spaces. This means
that such Lagrangian approach provides a alternative way to find very accu-
rate approximation for pure advection (hyperbolic) nonlinear problems and
balance law problems, both relevant class for applications [17, 13]; see also
[21,22, 16, 14,11, 19,8, 5, 6].

We will explore the above mentioned innovative ideas in order to give a
formal construction of high order Lagrangian-Eulerian schemes — in conserva-
tive form — to account the balance between the numerical approximations of
the hyperbolic flux function linked to nonlinear character of classical and non-
classical solutions with applications. Our new Lagrangian-Eulerian scheme is
aimed to be not dependent of a particular structure of the flux function nor
dependent of local Riemann problem solutions. Numerical experiments for
nonlinear hyperbolic problems — scalar and system — are presented and dis-
cussed in order to contribute to the presentation of the Lagrangian-Eulerian
approach as well as to the behavior and applicability to the underlying scheme
in a comparison with accurate approximate solutions or exact solutions when-
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ever possible.

The rest of the work is organized as follows. The Lagrangian-Eulerian
framework for solving purely nonlinear hyperbolic conservation laws is pre-
sented and discussed in Section 2. A set of representative numerical experi-
ment studies with applications are discussed in Section 3, along with our con-
cluding remarks in the final Section 4.

2 A Lagrangian-Eulerian constructive approximation scheme for
nonlinear hyperbolic conservation laws

We provide a formal development of the analogue Lagrangian-Eulerian
scheme [2, 1] — see also the works [11, 5, 6] — for solving numerically first-
order hyperbolic equations in divergence form for x € R, ¢ > 0:

ow n OH (w)
ot ox

=0, U(JZ,O) :77('7;) (D

In this work, our primary interest is to give a formal construction of the
new method, but without establishing a locally cell entropy inequality and thus
a rigorous convergence proof to the corresponding weak form of the entropy
inequality to the corresponding conservation law. We expect to address this
very relevant issue further later on. As in the Lagrangian-Eulerian schemes
[11, 5, 6, 2, 1], local conservation is obtained by integrating the conserva-
tion law over “integral tubes”, the region in the space-time domain where the
conservation of the mass flux takes place. Thus, we consider the Lagrangian-
Eulerian finite-volume cell centers D; = {(t,z) / t" < t < "1 o;(t) <
x < 0j41(t)} where 0j(t) is a parameterized curve such that o;(¢) is solution
of following system of ODEs, with given initial conditions o;;(t") = z7,

daét(t) = H{u) , under a CFL condition to be defined. 2)
U

Next, from (1) and the divergence theorem, and using the fact that the line

integrals over curves o7 () vanish, we get:

/ g u(z, " dx = / ™ u(x, t™)dx. 3)
x

We essentially mimic the procedures of the linear case [5, 6, 2, 1], but now no-

tice that the curves U?(t) are not straight lines, in general, but rather solutions

do'(t)  H(u)
dat

w

of the set of nonlinear (local) differential system of equations:
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for t" < ¢ < ¢"*!, with the initial condition (") = 7, assuming u # 0
(for the sake of presentation). The extension of construction follows naturally
from the finite volume formulation of the linear Lagrangian-Eulerian scheme
o N HU?
as building block to construct local approximations such as fj” = [(ﬂf ) ~
J

A1) with the initial condition o (¢") = 2. As in [20], we discuss a recon-

struction from a piecewise constant numerical data, a piecewise linear approx-
imation, through the use of MUSCL-type interpolants:

1

Li(x,t) = u;(t) + (x — x])A—xu; (Y
For the numerical derivative Aixu; we shall discuss a few examples of slope
limiters, which will retain the desired properties of consistency of the numeri-
cal flux function. There are several choices of slope limiters; in book [17] there
is a good compilation of many options; a priori choice of such slope limiters
is quite hard, but they are chosen upon the underlying model problem under

investigation. Here we make use of the following three options. The first is,

!

Uj = MM { D1, Auy s}, s)

where M M stands for the usual limiter [17, 20], with Auﬂ; = Uj41 — Uj,
2

MM{o,7} = MinMod{o, 7} = % [sgn(o) + sgn(7)]min{|o|, |7]}. (6)

We can also use the following choice, which allows steeper slopes near dis-
continuities and retain accuracy in smooth regions, given by,
} . (N

The range of the parameter « is typically guided by the CFL condition [20]. In
this work we also makes use of the following choice high order slope limiter,
namely, the UNO choice (where A2uj = Ujp1 — 2Uj + Uj—1),

Nl

1
UJ’. = MM {ozAujJr;, 5(Uj+1 — Uj—l);OéA’U,j,

U]/ = MM {Au] + 52(Uj71,Uj),AUj7% + 52(ujauj+1)} ) (8)

1
2
where 6%(uj,uj1) = $MM (A*uj, A%u;1). Preliminary experiments dis-
cussed in Section 3 have shown that the UNO option has resulted in more sat-
isfactory approximations for our test cases. The discrete version of equation
(3), using the piecewise linear approximation above, is

1 1

—n+1 o 1 1
] Bl TG
J

U7 = e b (U 4+ UR) + 1o (U7 V™). ©)
J

J



A LAGRANGIAN-EULERIAN ALGORITHM FOR SOLVING CONSERVATION 603

. L . +3
We also introduce a predictor-corrector approximation, by evaluating f]n 2,
instead of f7' using Taylor expansion and the conservation law, and it reads

ntl At 1 At
Uj % =ulwj,t+ =) =ui(t) = 5 1 Hj, (10)
nt1 H(U"JrQ) . : .
so that fj 2= T? Now, the solutions a}l(t) of the differential system
U.

equations are (local) straight lines, but they are not parallel as in the linear
case, but subject to a CFL stability condition of the form [2, 1]

TANAL 2
max Jiat < £ and k" = min At". (11)
J 2 n
1
The projection coefficients [2, 1] are as follows cg; = g + f *2 k™ and ci; =
h n+1i
2 = f

2k™, along with the resulting projection formula

1 — 1 —
1
Uit = hcon_1 + EclUj' (12)
Combining (12) with the discrete version of local conservation (9) reads
n+l _ Co Un 4 Un) + €0 Ul Um)
7 - 2hn+1 ( j—1 J 16hn+1 ( Jj—1 J
J J (13)
C1 n n
+ th-‘rl (U]n+ ]nJrl) 16hn+1 (UJI J/'+1 )
J

Notice, for each j € Z, K = E":} - ff’ﬂ =l + fﬁf k" — (2% +
1 1
fi +2k") h+ (fg+1 - f;l+2 )k™, and, also that: h;”' = coj+1+cy;. Thus

Coj = h?i_ll —Clj-1 and C1j = ottt — COj+15 with (14)
+3 +3 + +3
ety =S f R T o = L £ g T 2.
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Finally, plugging (14) into (13) reads, UJ*! =

U2 U Up U
4 32
ol LR LD AL o,
T T[U L+ U - T[Uj + Uj'4] a15s)
n+3 n+3
k" fjflz—’—fj 2 n n f 2+f+1 n n
+35 T[Uj{—l - Uj ]—T[U/ +Uj41"]
i-1 :

The analogue finite difference scheme (15) is a modified Lagrangian-Eulerian
scheme for the nonlinear problem (1). The scheme (15) can also be written in
a conservative form (this is a novelty for Lagrangian-Eulerian schemes),

n n kn n
Urtt =up — - [F(U;,U}'y) — F(U UM, (16)

with the Lagrangian-Eulerian numerical flux functions defined by

FU}, Uft) = GUS, Ujy) =

1 h n+ h h (17)
o (5o g (s ).
J
F( Jj— 1’Un)_G( Jj— I’Un)
1 nt1 h (h,, , (18)
o | (5 o) 2] (5@ +w)
where U = (U}', U}, ;), along with,
1|h n n h n+i n++ n
GU)=7 | (Uf - j+1)+W(fj+f+fj 2) (U +U7)| - (19)
J

We will show in what follows that the Lagrangian-Eulerian numerical flux
functions (17)-(18) satisfy a form of Lipschitz continuous consistency, which
in turn is a nice property for conservative numerical methods for nonlinear
conservation law problems. Indeed, to show that the Lagrangian-Eulerian nu-
merical flux satisfies a Lipschitz condition, we need (see [2]):

Theorem 2.1 The pair of numerical flux functions defined by (17)-(18) are
consistent with the differential equation (1).
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Proof. Immediate, i.e., F'(u,u) = H(u). Notice that for any choice of slope
limiters, we have from (6) that (17) and (18) both satisfy the consistency con-
dition, since M M (u,u) = 0. The Lipschitz condition can also be proved by
using the results in [2].

3 Numerical experiment studies with applications

We first present a mesh refinement study in order to give some numerical
evidence of convergence for the proposed scheme. Next, some computations
for scalar and nonlinear system with convex and non-convex flux functions are
presented and discussed, as those modeling the shallow water equations and
two-phase and three-phase flows in porous media for one-dimensional prob-
lems.

3.1 Convex and non-convex flux functions for conservation laws

For a first mesh refinement study we test our scheme with a non-convex
flux function to the scalar conservation law u; + fy(u) = 0, for f(u) =
0.5(e~25(v=0-5” 1 8(y—0.5)2), along with Riemann initial data (left) u(z, 0) =
n(x) = 0.8, z < 0 and u(z,0) = n(z) = 0.2, x > 0. In Figure 1 is shown
four different mesh grid cells (64, 128, 256 and 512) against a reference nu-
merical solution with 1024 mesh grid cells.

In Figure 2 it is shown numerical solutions for u; + (“;) = 0, along

with smooth initial data u(x,0) = 0.5 4+ sin(x) on the left. It is well-known
the solution of this problem develops a shock discontinuity at the critical time
T, = 1, and then it exhibits pre-shock (resp. post-shock) solution for 7, < 1
(resp. T, > 1); on the left it is shown the post-shock solution computed with
(16)-(18) at time simulation t = 2 for 256 cells. We have also conducted
similar numerical experiments to problem u; + (%) = 0 along with discon-
tinuous initial data u(z,0) = 1, z < 0 & u(z,0) = (i x > 0 (middle: shock)
and u(z,0) =0, z > 0 & u(z,0) = 0, x > 1 (right: rarefaction). On these
frames are shown snapshot graphs at time ¢ = 2.4 of simulation, with waves
moving from left to right. We get a very nice looking numerical approximate
solution with scheme (16)-(18), which in turn seems to be propagating at en-
tirely entropy-correct Rankine-Hugoniot speed (middle). Similar good results
are shown to the rarefaction case as well.

We now turn attention to the classical nonlinear one-dimensional Buckley-
Leverett two-phase problem [18, 17], which in turn is depicted in left picture
in Figure 3. Computed solutions with scheme (16)-(18) at time simulation
t = 2 are shown to the Riemann Problem (Initial Value Problem with non-
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Figure 1: Mesh refinement study for a non-convex flux function. The finest mesh in
this case is a solution with 1024 mesh grid cells.

convex flux function): u; + f(u) = 0, f(u) = u?/(u?) + a(l —u)?, a = 1,
along with Riemann initial data (left) u(z,0) = n(z) = 1.0,z < 0 and
u(z,0) = n(xz) = 0.0, z > 0. On physical ground, such initial data corre-
sponds to water flooding of an oil reservoir. The well known solution for this
model comprises a leading shock wave (an oil bank) followed by an attached
rarefaction wave. The weak solution satisfying the Oleinik entropy condi-
tion is in very good agreement along with the scheme (16)-(18) propagating at
entirely entropy-correct Rankine-Hugoniot speed and with the precisely post-
shock value. We have also considered another non-convex flux function (see
right picture in Figure 3) to the scalar conservation law u; + f,(u) = 0, with
fu) = 0.5(e~25(w=05)* L 8(y,—0.5)?2), along with Riemann initial data (left)
u(z,0) = n(z) = 0.8, x < 0 and u(z,0) = n(z) = 0.2, z > 0. Again,
the numerical solution is in agreement with Oleinik entropy condition, whose
approximate left and right shock waves are propagating with correct Rankine-
Hugoniot speed and entropy-correct post-shock values.
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CFL =0.71, T = 2.000376+00, 261 TIME STEPS, 256 CELLS CFL=0.67, T = 2404080400, 420 TIME STEPS, 256 CELLS

002420400, 152 TIME STEPS, 256 CELLS

Figure 2: Inviscid nonlinear Burgers’ problem: pre-shock and post-shock solutions
computed by scheme (16)-(18).
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Figure 3: Left: Classical one-dimensional Buckley-Leverett two-phase problem com-
puted by scheme (16)-(18). Right: A non-convex flux function.

3.2 Shallow water equations; Langseth, Tveito, and Winther [16]

It is well-known that solutions of the balance law (20), and likewise, so-
lutions of the counterpart hyperbolic conservation law, i.e, Eq. (20) with the
source term on the r.h.s equal to zero, can develop shock discontinuities in a
finite time, independent of whether the initial data is smooth or not (as we con-
sider here). Hence, the solutions of balance laws, or hyperbolic conservation
laws, must be viewed in the weak sense and in particular are well-defined as
long as the sources remains uniformly bounded.

In [16], it was considered a 2 x 2 nonlinear system of balance laws in the
form of (in dimensionless and scaled variables),

[ A hv 0 N
+ 1, | = 1+h , (20)
h :| 2 ~12 _ )

v 1y v h+2h tan(@)v

where h is the height of the free surface and v is the averaged horizontal ve-
locity, modeling the flow of water downing in a channel having a rectangular
cross section and inclined at a constant angle 6 to the horizontal. This is a pro-
totype model for shallow-water flow (see also [14, 17] and reference therein
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for more details) in an inclined channel with friction. Precisely, as in [16], the
friction coefficient C' is taken to be 0.1, while the inclination angle § = 7 /6.
On physical grounds, in model problem it was assumed the hydrostatic bal-
ance in the vertical direction and ignored surface tension. Further, the viscous
effects is approximately through the introduction of a friction force exerted
of the fluid by the solid boundaries of the channel (account as a source term
that appears on the RHS of (20)). Indeed, model (20) correspond to uniform
flow (vp=constant and hp=constant) with the frictional and gravitational forces
in perfect balance. In order to study the balance between convective/source in
the model (20), it is considered as initial conditions a perturbation of a uniform
flow, in which the gravitational and frictional forces balance as expected from
the model problem. As in [16], the initial velocity is taken to be vg = 1.699,
while the initial height of the free surface consists of a triangular perturbation
of the uniform flow level, ho(x) = z+1.5, —0.5 < x < 0, ho(x) = —x+ 1.5,
0 < z < 0.5, and 1 elsewhere. In Figure 4 it is shown the numerical ap-
proximations by means of the scheme (16)-(18) along with to the initial value
problem described just above.

As depicted in [16], in Figure 4 and in Figure 5 are shown numerical ap-
proximations to the shallow water equations (20) with gravity-friction source
terms (on the left columns) and the associated purely counterpart shallow water
equations with the source term on the r.h.s equal zero (on the right columns).
The balance law shallow water solutions (with 1024 grid cells) were computed
with the scheme discussed in [2, 1], while the purely hyperbolic shallow water
solutions (with 512 grid cells) were compute with our new scheme introduced
in this work in Section 2. In each picture displayed in Figure 4 (to the height
topography) and in Figure 5 (to the velocity) are shown, from top to bottom,
distinct numerical simulations, namely, at the initial time ¢ = 0, ¢ = 0.5,
t = 1.0 and ¢ = 1.5, and both problems subject to the same initial data pre-
viously described. As expected from the analysis [16] for both cases we have
two waves moving in opposite directions. To the purely hyperbolic shallow
water solutions (right pictures in Figures 4 and 5) we were able to capture this
correct qualitative behavior with a very good accuracy. On the other hand, the
introduction of friction not only damp down the velocity of these waves, but
also changes the shape. Observe the symmetric shape of the height topogra-
phy and the velocity waves (right columns in Figures 4 and 5) and the effect
of friction-gravity source term to the corresponding balance law shallow water
solutions of the left columns.
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Figure 4: It is shown numerical approximations to the shallow water equations (20)
with gravity-friction source terms (on the left columns) and the associated purely
counterpart shallow water equations with the source term on the r.h.s equal zero (on
the right columns). The numerical solutions to the height topography are shown from
top to bottom at simulation times t = 0,¢ = 0.5, ¢ = 1.0 and t = 1.5. As expected
from the analysis [16], we were able to compute the correct qualitative behavior with
a very good accuracy, along with our new method introduced in Section 2.
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Figure 5: It is shown the corresponding numerical approximations to the shallow water
equations with respect to those displayed in Figure (4), but with respect to the velocity
variable.
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3.3 Non-strictly hyperbolic three-phase system of conservation laws
in porous media applications

First, let us briefly review a immiscible incompressible three-phase formu-
lation for porous media [19, 3, 8, 22, 21]. In this formulation the governing
equations are written in terms of a pressure, expressing Darcy’s law of force,
coupled to two saturation equations that express the conservation of mass of
water, oil and gas (we refer the reader to [8] for the derivation of this for-
mulation). In one dimension the pressure equation implies that the total fluid
velocity is independent of position, so we take it to be constant. After nondi-
mensionalizing the time (we suppose the porosity to be a constant) and space
variables, fluid viscosities, and capillary pressures in the standard way, one
obtains the following system of partial differential equations [3, 4, 9]:

08y 0 B 0wy,
W + %fw(swvsg) = or 2D
0sg 0 _ Owy
ot + %fg(sw7sg) = 9z (22)
where 5 5
Wy = [311% + Bu%] , (23)
and 5 o
w s
wy = {321;7 + nga—;] . (24)

In the fluxes w,, and wy introduced above By1, Bi2, B2 and Byg are the
entries of the matrix

B(Swa Sg) = Q(Sun Sg>P/(3wa Sg)v (25)
where
ap’wo ap’wo
/\w(l - fw) _/\wfg (9Sw 889
Q= , P = . (26)
—Agfw  Ag(1—=fg) g0 Ipgo
0sy  0Osg

Here, )\; is the relative permeability, A = >, \; is the total mobility and
fi(sw,8g) = Xi/A are the fractional flow functions. Given the constraint
Sw + 8¢ + 8o = 1, any pair of saturations inside the triangle of saturations
A = {(8w,8g) 1 Sw;Sg > 0, sy + 54 < 1} can be chosen to describe the
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state of the fluid. In our model we chose, for convenience, to work with the
saturations of water and gas. The diffusive term is represented by the right-
hand side of the system (21)-(22) and it incorporates the capillary pressure
effects. We neglect the diffusive effect, by just taking w,, = 0 and wy, = 0 in
(21)-26, but we do know from [19, 3, 4] how is the correct structure of the so-
lutions of the non-classical three-phase model under consideration. However,
we point out that for a wave to be truly defined as a “shock wave”, a discon-
tinuity must be the zero-diffusion limit of traveling wave solutions. For such
solutions, diffusion balances the convergence of waves caused by hyperbolic
nonlinearity. Moreover, the set of non-classical wave solutions obtained in the
zero-diffusion (zero-capillarity) limit might depends sensitively on the form of
the diffusion matrix and not only on the hyperbolic structure of the equations;
see [19] and the references cited therein for further technical details.

3.3.1 Numerical Experiments

We present the results of numerical grid refinement studies for the simula-
tion of two Riemann problems, namely RP; and R P», given by:

sk =0.613 and s =0.05,

w w
RP, = 27
sk =0.387 and sf=0.15,
and
sk =0.721 and s% =0.05,

w w T

RP, = (28)

sy =0279 and sf=0.15.

We use the quadratic model by Corey-Pope [10, 12], which has been used
extensively for phase relative permeabilities,

2

wr

2

_ 2
o and kg=s

kw =5 ko =5 rL 29)
As is [19, 3, 4], we consider the following viscosity values p, = 1.0, p,, =
0.5, and p1g = 0.3. From the analysis discussed in [19], we remark that for the
choice of parameters described above, a transitional shock wave is present in
the solution of (28), which in turn is not present in the solution of (27).

Since the oil phase saturation can be directly obtained from the other two
phase saturations (i.e., s, = 1 — s, — S4), we display the oil saturation profile
in Figure 7, showing the effect of a grid refinement in the numerical solution of
(21)-(22) — wy = 0 and wy = 0 — with Riemann data (27) on the left and (28)

on the right. The computed saturation profiles are shown at dimensionless time
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2.50. In each frame we compare numerical solutions obtained on grids having
128, 256, 512 and 1024 cells against a reference numerical solution of 2048
cells. It is clear from the pictures in Figure 7, that as the grid is refined we have
some good evidence of numerical convergence of our scheme. We remark that
the numerical solutions presented here are in very good agreement with the
semi-analytic results reported in [19], yielding a numerical verification of our
computations.

CFL =0.42, T = 2.50085e+00, 1018 TIME STEPS WITH 512 CELLS CFL = 0.42, T = 2.50097e+00, 794 TIME STEPS WITH 512 CELLS
1

REFERENCI

REFERENCI

s, 1
0.8 - Sg 1 0.8 Sg
=-S5, -
0.7 b 0.7
0.6 b 0.6
> 05 4 w05

Figure 6: Oil, water and gas saturation profiles are shown as a function of distance.
RP; on the left and RP» on the right.

We now show numerical experiments concerning the three-phase flow prob-
lem (21)-(22) — wy = 0 and wy, = 0 and with Riemann data (27) on the left
and (28) on the right — in order to shown that our scheme is able to capture an-
alytical properties of the wave structures, as originally introduced in [19]; see
also [4, 3] and the references cited therein. For completeness we describe the
non-classical solution. Right picture in Figure 6: the slow wave group com-
prises a strong slow rarefaction fan from left (injection) state to the post-shock
value and an adjoining slow front wave from the post-shock value to the first
plateau. The fast wave group is a Buckley-Leverett front wave from the second
plateau. Between the slow and fast wave groups is a non-classical front wave.
For the classical solution, we have only the slow and fast wave groups (Left
picture in Figure 6). We point out that in both numerical solutions the plateau
are located in the correct heights, with respect to the semi-analytical solutions
presented in [19].
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Figure 7: Grid refinement study. Oil saturation profiles are shown as a function of
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4 Concluding Remarks

In the present work, we constructed an effective numerical scheme in local
conservative form for solving nonlinear hyperbolic conservation laws prob-
lems — scalar and systems — by means of a novel Lagrangian-Eulerian ap-
proach. This method is based on a reformulation of the conservation laws in
terms of an equivalent locally conservative space-time divergence form prob-
lem. We make use of piecewise linear reconstructions ideas along with a
predictor-corrector type approximations for improvements of the computed
numerical solutions. We presented and discussed classical and non-classical
qualitatively correct numerical solutions for nonlinear hyperbolic conservation
laws: the two-phase and three-phase Buckley-Leverett problems, the classical
inviscid Burgers equation and the 2 by 2 system of nonlinear shallow water
model problem. Our preliminary numerical experiments show a very good ev-
idence of computational convergence of our new Lagrangian-Eulerian scheme
in conservative form. We point out that our focus in this work was to give
a formal construction of the new method. However, we are aware of the im-
portance in establish a local cell entropy inequality, and thus a rigorous con-
vergence proof to the corresponding weak form of the entropy inequality with
respect to the conservation law under investigation, at least in the scalar case.

Finally, we expect to establish a componentwise extension of the scheme in
order to perform numerical experiments for multidimensional problems, which
in turn might lead to nonlinear problems along with discontinuous flux func-
tions associated to heterogeneous porous media systems. We expect to address
those very relevant issues further later on.

E. Abreu thanks for financial support through grants FAPESP No. 2014/03204-
9, FAPESP No. 2011/23628-0, CNPq No. 445758/2014-7 and UNICAMP
/FAEPEX No. 519.292-0280/2014. J. Perez and A. Santo thanks, respec-
tively, CAPES-IMECC/UNICAMP and CNPq-IMECC/UNICAMP for a grad-
uate fellowship.
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Introduction

In this work we are concerned with the construction and implementation of a Lagrangian-
Eulerian method for solving nonlinear hyperbolic conservation laws. We used innovative
ideas, first introduced in [5] (see also [1, 6]), to account the balance between numerical
approximations of the hyperbolic flux function linked to the underlying nonlinear solu-
tions. Such ideas were used for solving the shallow-water equations [2] and the three-
phase flow problem in porous media [3]. We observe that the present numerical solu-
tions are in good agreement with the analytical solutions obtained previously by other
researchers [2, 3]. Our Lagrangian-Eulerian scheme is aimed to be not dependent on
a particular structure of the flux function. The designed scheme is also independent of
Riemann problem solutions.

The Lagrangian-Eulerian Framework

Consider the initial value problem for single conservation laws as follows:

du , Of(u)

ot Ox

=0, z€R,t>0 )

o We consider finite-volume cell centers D; = {(t,z) / t" < t < "7 oj(t) < a <
0;+1(t)} where o;(t) is a parameterized curve such that o;(t) is solution of system of

ordinary differential equations % = % = ¢, with initial condition o;(t") = z7.
e We have from the divergence theorem, based on ideas from [5]:
u u
Vi dV=0 & -nds =0 2)
//D, ' {f(“)] aD,{f(“)]

o The parameterized curves o;(t) and 0;,(t) are the lateral zero-flux boundaries from
the control volume D;’, which we denote as the “Integral tube”. With that, the integrals
over curves () vanish.

e We discuss a reconstruction from the piecewise constant numerical data into a piece-
wise linear approximation, through the use of MUSCL-type interpolants, the numerical
derivative being approximated by slope limiters:

1
L@, t) = wi(®) + (o = 255 . ©)

e We now have some type of local conservation identity from ¢" to t"*!

7+l 11 11 n U
U = hn-1§h (U7 +U}) + ]er+11_6h U =U3") - )
J J

. . . . . o+l
e We also introduce a predictor-corrector approximation, by evaluating ¢; °, instead
of ¢/ using Taylor expansion and the conservation law:

( .t_‘_g)f (t)_lﬁ
Wt o) = T oAy

n+%
U=

£ s)

1
R
so that o;t _ I )

i

o We must finally broject these values onto our original grid:

Lih b\ L L(h b\
Uit =+ (5 -k ) Uity (5 + 0] %k ) U,. (6)

Numerical experiments

We present the following set of numerical experiments, each of them performed in the
order of seconds with MATLAB(©):

e In Figure 1, we show numerical solutions for u; + %)) = 0, along with smooth

initial data u(z,0) = 0.5 + sin(z), with discontinuous initial data wz,0)=1,2<0
& u(z,0) = 0, z > 0 (middle: shock) and u(z,0) = -1, 2 < 0 & u(x,0) =1, 2 > 0
(right: rarefaction). The transonic rarefaction (right frame) is well resolved. That is,
as the rarefaction wave is crossed, there is a sign change in the characteristic speed u
and thus there is one point at which u = 0, the sonic point. So, there is no spurious
anomalies around u = 0.

e In Figure 2, we present the classical nonlinear one-dimensional Buckley-Leverett
two-phase problem, depicted in left picture. u;+ f,(u) = 0, f(u) = u*/(v*+a(1—u)?),
a = 1, along with Riemann initial data (left) u(z, 0) = n(z) = 1.0, < 0and u(z,0) =
n(z) = 0.0, z > 0.

e We have also considered another non-convex flux function (right picture in Figure 2)
to the scalar conservation law u;+ f,(u) = 0, with f(u) = 0.5(e= 205 £ 8(1—0.5)2),
along with Riemann initial data (left) u(z,0) = n(z) = 0.8, 2 < 0 and u(z,0) =
n(z) =02,z > 0.

CFL=071,7=2000370+00, 291 TWE STEPS, 256 CELLS CFL=067, T= 2404080400, 420 TWE STEPS, 256 CELLS cr-oss,

002426400, 152 TWHE STEPS, 256 CELLS

Figure 1: Inviscid nonlinear Burgers’ problem: pre-shock and post-shock
solutions.

CFL =062, T = 1.00198¢+00, 281 TIME STEPS, 256 CELLS CFL =035, T = 1.00105¢+00, 783 TIME STEPS, 256 CELLS

=

REFERENCE
- OURMETHOD| ——
=
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Figure 2: Left: Classical one-dimensional Buckley-Leverett two-phase. Right: A
non-convex flux function.

For the systems case, we show a three-phase formulation for porous media [3]

0s, 0 _ Owy,
ot + %fu'(su'-, sg) - o ’ (7)
sy 0 _ Ow,
o + %fg(su'; 59) = EPs ®)

where w,, and w, are here the diffusive fluxes that incorporate cappillary effects and
fus fy are Buckley-Leverett-type fractional flow functions . We neglect the capillary
diffusive effect, by just taking w,, = 0 and w, = 0 in (7), but we do know from [3]
how is the correct structure of the solutions of the non-classical three-phase model under
consideration. We simulate two Riemann problems, namely RP, and RP», given by:

sk =00613and s =0.05, sk =0.721 and s =0.05,
RP;: )

sk=0279 and s =0.15.

RP; :

st=0387 and s/ =0.15,

g

Figure 3: Oil, water and gas saturation profiles are shown as a function of
distance. R P, on the left and RP, on the right.

Conclusions

We constructed an efficient numerical scheme in local conservative form for solving non-
linear hyperbolic conservation laws — both for the scalar case and for systems of equa-
tions — using a novel Lagrangian-Eulerian approach. The numerical scheme was able
to accurately reproduce numerical results from those reported in [3], including several
others. Further studies will follow to the case of multidimensional systems of equations.
Acknowledgements: E. Abreu thanks for financial support through grants FAPESP No. 2014/03204-9
and CNPq No. 445758/2014-7. J. Perez thanks CAPES for a pos-doc PNPD/CAPES fellowship and A.
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Abstract. We discuss a procedure for numerically solving nonlinear hyperbolic conserva-
tion law problems by means of a Lagrangian-Eulerian framework. The underlying hyperbolic
conservation law is written in a space-time divergence form, so that inherent conservation
properties of the problem are reflected in the numerical scheme. In order to enhance reso-
lution and accuracy of the approximations, we make use of polynomial reconstruction ideas
into the Lagrangian-Eulerian novel approach. Finally, numerical results are given to verify
the formal construction as well as to demonstrate its accuracy, efficiency, and versatility.
These results for the considered sample problems compare very well to analytical results.

Keywords. Conservation laws, Lagrangian-Eulerian, Finite Volume Methods

1 Introduction

In this work we present a numerical scheme for solving hyperbolic conservation laws
by means of a Lagrangian-Eulerian approach. This framework has been used for numeri-
cally solving partial differential equations of several types, such as hyperbolic conservation
laws [8,11], balance laws problems [3,6] and parabolic equations [4]. In the work [4], it was
identified the region in the space-time domain where the mass conservation takes place,
but linked to a scalar convection-dominated nonlinear parabolic problem, which models
the immiscible incompressible two-phase flow in a porous medium [1]. Some similar de-
velopments based on Lagrangian-Eulerian framework, with focus on increasing order and
accuracy of such schemes can be found in [6]. More recently in [2,11], such ideas were ex-
tended to a wide range of nonlinear purely hyperbolic conservation laws and balance laws
— scalar and systems. Our goal on the current work is to present the formal construction
of an accurate Lagrangian-Eulerian scheme for hyperbolic conservation laws. Preliminary
results showed qualitatively correct solutions with accurate resolution.
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2 Numerical Method

Consider the following hyperbolic conservation law for u = u(x,t)

ou  OH(u)
ot + ox
We provide a formal development of the analogue Lagrangian-Eulerian scheme [2—4, 11]
for numerically solving the initial value problem with = € R, ¢ > 0. As in the Lagrangian-
Eulerian schemes [3,4], local conservation is obtained by integrating the conservation law
over the region in the space-time domain where the conservation of the mass flux takes
place. Consider the Lagrangian-Eulerian finite-volume cell centers

Df ={(t,2) /" <t < oy (1) <@ <oy (D), 2)

=0, zeR t>0 u(z,0) =n(x), zeR. (1)

where 0" | (t) is the parameterized integral curve such that a;?_ (") =a"

1 1

) 2 J=

are the lateral boundaries of the domain D in (2) and we define "t = 0;7_ L (") and
2 2

. These curves

N[

;TJ;L:} = a?+1 (t"*1) as their endpoints in time ¢"*!. The numerical scheme is expected
3 3

to satisfy some type of mass conservation (due to the inherent nature of the conservation

law) from time ¢" in the space domain {m?f 1 ,x;.‘ 1 } to time ¢"*! in the space domain
2 2

-n+1 —-n+l
[”’j—%’%%
the integration of (1) and the divergence theorem, using the fact that the line integrals

over curves o7 (t) vanish, we get

] . With this, we must have the flux through curves U;Ll (t) to be zero. From
2

T L

/] 2u(:c,t"+1)d:c_/ 2w, t)da. (3)
“_”:ji L
2 172

The linear case from [3] is essentially imitated, but here the curves ol /Q(t) are not straight
lines in general, but rather solutions of the set of local nonlinear differential equations
[3,11]: Wi _ Hw g n <t <"1 with the initial condition o7 , ,(t") = 2"
’ dt [T — ’ j—1/2 j—1/2>
assuming u # 0 (for the sake of presentation).
The extension of this construction follows naturally from the finite volume formulation
of the linear Lagrangian-Eulerian scheme as building block to construct local approxima-

HU?T
tions such as fjn—1/2 = [(J;l:ig?) ~ Hz(tu) with the initial condition J;‘_I/Q(t") = x?_l/Q.

do™ |, (t
Indeed, distinct and high-order approximations are also acceptable for %/2() and can

be viewed as ingredients to improve accuracy of the new family of Lagrangian-Eulerian
methods; this will be addressed later. Equation 3 defines conservation of mass but in a

different mesh cell-centered in points 3_:;?+ 1. We will later address how to project these vol-
2
umes back to the original mesh. The piecewise constant numerical data is reconstructed

into a piecewise linear approximation (but high-order reconstructions are acceptable),
through the use of MUSCL-type interpolants:

Li(e,t) = u(t) + (x — xj)ﬁu;. (@)



For the numerical derivative ﬁug , there are several choices of slope limiters; in book [8]
there is a good compilation of many options; a priori choice of such slope limiters is quite
hard, but they are chosen upon the underlying model problem under investigation. One
possible for the slope limiter is

b 6

and this choice for slope limiter allows steeper slopes near discontinuities and retain accu-

racy in smooth regions. The range of the parameter « is typically guided by the CFL con-

dition [9]. Here, MM stands for the usual MinMod limiter [8,9], with Au; 1 = u;41 —uj,
2

(wj1 —uj—1), 0Au;

Uj{ = MM {aAu

N[

j+3 9

MM{o,7} = [sgn(0) + sgn(r)] min {|o}, |7} (©

The discrete version of equation (3), using the piecewise linear approximation above, is

U”+1 _ 1 f::f% n+1 dr = 1 x;l"'% " dr = h unr 7
7 - hn+1 i1 u(xvt ) €T = hn+1 " U,(.I,t ) T = hn+1 Jo ( )
J Y1 J Y- J
in which we use the approximations
—n+1 n
o 1 Ty 1 z" g
U?H = n—+1/ 72wz, " de,  and Ujr = —/ T () d
=3 )

Solutions O’;l_l /Q(t) of the differential system are obtained using the approximations

n n "

1 [* 1 T
U. 1 :/ ’ L(z,t)dx = — /J le(x,t)d:c—F/ ’ Lj(x,t)dx
J73 h 2z h Zm

n
' 1 x

- 5)

[N

1 1
= 5 Ujm1 +Uj) + g (U] = Uj_y).

The above approximation is not necessary in the linear case where H(u) = a(x,t) u. We
must notice that the approximation of fj[l /o May cause spurious oscillation in Riemann
problems, specially in shocks and discontinuity regions (see Figure 2 in Section 3). For
that, we use a polynomial reconstruction of second degree to smooth out the approxi-
mation. The numerical solutions have shown qualitatively correct behavior for nonlinear
hyperbolic conservation laws. The convergence order remains unchanged even with the re-
construction, being a first-order approximation. In the reconstruction we use the nonlinear
Lagrange polynomial in U;_1, U; and Uj41. So, equation (7) reads

—n+1 1 x;Jr%
U] = hn+1 PQ(m)d‘fI"J (9)
j vl



where Py(z) = Uj" y Lo1(z — x;) + Ul Lo(x — x;) + Uy Li(z — x5) and

Lir(e) = [(%i%fﬂ Loy =1- (7). (10)

Next, we obtain the resulting projection formula as follows
1 =13 =13 =13

where the projection coefficients are: C; = %fﬁl/Q At™(1 + sz’gn(fj’.llﬂ)) and C, =
3 \f;‘H/Q\ At"(1 — sign( ;:_1/2)). Here At™ is obtained under CFL-condition

w5 1) < &

which is taken by construction of method. We note that in the linear case, when a(z,t) =
a >0 (or a < 0), the numerical scheme (7)-(11) is a generalization of the Upwind scheme,
but our scheme can approximate solution in both cases ¢ > 0 and a < 0, the CFL-condition
in this case is |a At| < h as in the Upwind scheme.

3 Numerical Experiments

We present and discuss computations for scalar linear and nonlinear conservation laws
with convex and non-convex flux functions. In Figure 1, it is shown numerical solutions for
ug + (a(z,t)u), = 0 along with various a(x,t) functions. For instance on the left picture
we take a standard test case, called Shu’s linear test [6,7] with a(z,t) = 0.5 and 256 cells.
On the center picture we show a test of our scheme on the case with a(z,t) = sin(z) over
[0, 27], 128 cells and with the exact solution (see [6])

sin(2 arctan(e! tan(:r:/2)))'

u(@,t) = sin(z)

And on the right picture of Figure 1 as in [6], we test a case with a(z,t) = sin(¢) on
[0,2] and 256 cells, for which the exact solution is w(z,t) = up(z + 1 + cos(t)) where
ug(x) = 0.75 + 0.25sin(7 ) over [0,2] simulated at time ¢ = 4. Second and third cases
present different velocity signals in space (center case) and over time (right case), and
our method shows robustness by not needing any special treatment for that. In Figure
2, we present the solutions of the problem with Burgers’ flux function u; + (u?/2), = 0
along with discontinuous initial data u(x,0) = 1, x < 0 and u(z,0) = 0, z > 0 (left
picture), and u(z,0) = —1, x < 0 and u(z,0) = 1, > 0 (right picture), without the
reconstruction. The shock discontinuity on the left exhibits spurious oscillations. The
right picture is a transonic rarefaction wave. In Figure 3, it is shown again the numerical
solutions for u; + (u?/2), = 0 along with same discontinuous initial data u(x,0) = 1,
x < 0 and u(z,0) = 0, z > 0 (left picture), and u(x,0) = —1, x < 0 and u(z,0) = 1,



z > 0 (middle picture), now with polynomial reconstruction. On these frames are shown
snapshot graphs with waves moving from left to right. We get a very nice looking numerical
approximate solution with scheme (9)-(11), which in turn seems to be propagating at
entirely entropy-correct Rankine-Hugoniot speed and similar good results are shown to
the rarefaction case as well. Here, as the rarefaction wave is crossed, there is a sign change
in the characteristic speed u and thus there is one point at which u = 0, the sonic point.
However, our numerical scheme now shows no spurious anomalies around v = 0. The
classical nonlinear one-dimensional Buckley-Leverett case is depicted on the right picture
in Figure 3 at time ¢ = 1. These test cases here were simulated with 256 cells. Another
example with the Buckley-Leverett flux function is seen on Figure 4, where we set a square
wave as initial condition, u(z,0) =1, -1 < z < 1 and u(z,0) = 0, otherwise (left picture).
The solution profile starts as a rarefaction wave followed by a shock on the left side and
a rarefaction wave followed by a shock on the right side for small times (middle picture).
When the left shock meets the right rarefaction (see middle and right pictures in Figure
4), we observe the expected decaying pattern [10]; see also [5], Section 3.
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Figure 1: Left: Shu’s linear test. Middle: Test case with a(x,t) = sin(z), the velocity is
variable in space. Right: Test case with a(z,t) = sin(t), the velocity is variable in time.
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Figure 2: Nonlinear tests for Burgers’ flux function without reconstruction. Left: shock
wave, initial condition u(z,0) = 1,2 < 0 and u(x,0) = 0,2 > 0, end time ¢ = 0.5. Right:
rarefaction wave, u(x,0) = —1,2 < 0 and u(z,0) = 1,2 > 0, end time ¢ = 1.0.
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Figure 3: Nonlinear tests with reconstruction. Left: Burgers’ flux function, shock wave
solution with initial condition u(x,0) = 1,2 < 0 and u(z,0) = 0,2 > 0, end time ¢ = 0.5.
Middle: Burgers’ flux function, rarefaction wave with initial condition u(z,0) = —1,2 <0
and u(z,0) = 1,z > 0, end time ¢ = 1.0. Left: Buckley-Leverett flux function (H(u) =
u?/(u? 4 0.5(1 — u)?)) with initial condition u(z,0) = 1,2 < 0 and u(z,0) = 0,2 > 0.
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Figure 4: Buckley-Leverett flux function with initial condition u(z,0) =1,—-1 < 2 < 1
and u(z,0) = 0, otherwise. Snapshots at ¢t =0, t = 0.4 and t = 1, respectively.

4 Concluding Remarks

We presented the development of an effective numerical scheme for solving nonlinear
scalar hyperbolic conservation laws problems with the Lagrangian-Eulerian framework.
This method is based on a reformulation of the conservation laws in terms of an equiva-
lent locally conservative space-time problem in divergence form. We make use of piecewise
linear and parabolic reconstructions ideas for resolution and accuracy reasons and the re-
sulting method present qualitatively correct numerical approximations. Our method is
robust in a way that no special treatment is needed when the sign of velocity changes over
time. We expect to establish a componentwise extension of the scheme in order to perform
numerical experiments for systems of conservation and balance laws, as well as multidi-
mensional problems. Our numerical experiments show good evidence of computational
convergence.
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Abstract

We develop a new finite volume scheme for numerically solving transport models associated with hyperbolic
problems and balance laws. The numerical scheme is obtained via a Lagrangian-Eulerian approach that re-
tains the fundamental principle of conservation of the governing equations as it is linked to the classical finite
volume framework. As features of the novel algorithm we highlight: the new scheme is locally conservative in
balancing the flux and source term gradients and preserves a component-wise structure at a discrete level for
systems of equations. The novel approach is applied to several nontrivial examples to evidence that we are
calculating the correct qualitatively good solutions with accurate resolution of small perturbations around
the stationary solution. We discuss applications of the new method to classical and nonclassical nonlinear
hyperbolic conservation and balance laws such as the classical inviscid Burgers equation, two-phase and
three-phase flow problems in porous media as well as numerical experiments for nonlinear shallow water
equations with friction terms. In addition, we consider the case of the source term which is discontinuous
as a function of space x. We also extend the Lagrangian-Eulerian framework to the two-dimensional scalar
conservation law, along with pertinent numerical experiments to show the performance of the new method.

Keywords: Conservation laws, Balance laws, Flow in Porous Media, Shallow Water Equations,
Lagrangian-Eulerian Finite Volume, Classical and non-classical solutions of PDEs
2010 MSC: 35Q35, 65MO08, 68U20, 76E30

1. Introduction

Our aim is to develop a simple and efficient class of finite volume schemes based on a novel Lagrangian-
Eulerian framework to account the delicate nonlinear balance between the discretizations of the hyperbolic
flux and of the stiff source term at a discrete level. A rigorous mathematical demonstration of such approach
is beyond the scope of the present paper, and is to be attempted in future research. In the current stage of
this work, we describe the key ideas of our constructive algorithm and we present several nontrivial numerical
experiments in order to verify the desired well-balanced properties for one-dimensional and two-dimensional
problems involving conservation laws with source terms for transport models and related applications.

It is well known that many well-balanced schemes have been proposed since the milestone work (see [22])
of Greenberg and LeRoux (1996). The focus of many such works was to handle shallow water equations over
non-trivial topographies. The key issue is the construction of well-balanced nonlinear schemes that recover
the time-asymptotic behavior of the underlying nonlinear balance law. There are many relevant studies
for approximation methods and numerical analysis devoted to balance law and hyperbolic law problems.
Naturally, all methods exhibit advantages and disadvantages, since the underlying differential equations
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are very hard problems with a lack of general theory (see, e.g., [6, 7, 8, 9, 12, 13, 15, 19, 21, 22, 25,
27, 30, 33, 36]) See also [4, 17] for surveys on both analytical and numerical aspects of one-dimensional
hyperbolic balance laws and [18] for a good discussion of two-dimensional balance law problems along with
an up-to-date and comprehensive list of references. The work [18] also includes relevant theoretical aspects
of scalar conservation laws in several spatial dimensions in a more flexible Godunov framework to handle
local nonlinear wave patterns to account for the flux computations. These schemes evolved following the
natural understanding of fundamental concepts from the theory of nonlinear hyperbolic conservation laws
concerning the properties of the characteristic surfaces, such as existence, uniqueness, and solution of the
Riemann problems. Also, for a scalar balance law, the solution depends strongly on certain properties of
the source term (see, e.g., [5, 17, 19, 22, 24, 25]).

The situation of balance laws u; + f,(u) = g(u, x), with g(u, ) discontinuous in z is another challenging
problem encountered for such class of differential equations from both a theoretical and a numerical point
of view. A kinetic scheme, with convergence proof for the scalar related problem, was introduced in [7].
Essentially, they propose a kinetic interpretation of upwinding techniques, taking into account the source
terms to develop an equilibrium scheme as a result. Another approach was introduced in [36] (see also
[8]). This method does not use upwinding solvers; it uses the interface value rather than the cell averages
for the source terms that balance the nonlinear convection at the cell interface, allowing the numerical
capturing of the steady state with a formal high order accuracy. A successful alternative to accounting for
the balance between the nonlinear flux and the source terms with g(u, x) discontinuous in x is the use of a
central differencing scheme as discussed in [1] for gas dynamics Euler equations with stiff relaxation source
terms; see also [8]. A distinct numerical framework, based on Riemann solvers using local characteristic
decompositions, can be found in [15]. In paper [16], the authors were concerned with the Riemann problem
of the Burgers equation with a discontinuous source term, motivated by the study of propagation of singular
waves in radiation hydrodynamics. Moreover, they were able to construct the global entropy solution to the
related Riemann problem linked to this model. It turns out that the discontinuity of the source term has clear
influences on the shock or rarefaction waves generated by the initial Riemann data. It is worth mentioning
that other related problems were also described in the literature supported by numerical experiments. For
more details about this subject matter, the interested reader is referred to the papers [1, 4, 7, 8, 15, 16, 17, 36]
and papers cited therein.

In this work we are interested in the construction of a numerical scheme for solving nonlinear hyperbolic
conservation and balance law problems using a Lagrangian-Eulerian approach [5, 14, 24, 25]. In the work
[14], the authors identified the region in the space-time domain where the mass conservation takes place,
but linked to a scalar convection-dominated nonlinear parabolic problem, which models the immiscible
incompressible two-phase flow in a porous medium. The key ingredient to finding this conservative region
was the use of a Lagrangian-Eulerian framework; see [5] for related works with applications to radionuclide
transport problems. Recently in [33], such ideas were extended to nonlinear purely hyperbolic conservation
and balance laws — scalar case and systems of equations. In particular, a convergence proof for the unique
entropy solution was established for the case of a Lagrangian-Eulerian monotone finite difference scheme
related to a scalar hyperbolic conservation law.  We refer to [3] for other recent developments on this
subject.

We will explore the above mentioned innovative ideas to give a formal construction of accurate Lagrangian-
Eulerian schemes for transport models and related applications with balancing source terms. As features of
the novel algorithm, we highlight: we verified through numerical experiments that the new scheme seems
to be locally conservative in balancing the flux and source term gradients and preserves a component-wise
structure at the discrete level for systems of equations. Besides, we also discuss a set of numerical exper-
iments to nonlinear scalar two-dimensional problems with non-symmetric and nonconvex flux function for
systems of balance laws. This novel approach is applied to several nontrivial examples to show evidence
that we are calculating the correct qualitatively good solutions with the accurate resolution of small pertur-
bations around the stationary solution. We discuss applications of the new method to nonlinear hyperbolic
conservation and balance laws such as the classical inviscid Burgers equation, two-phase and three-phase
flow problems in porous media as well as numerical experiments for nonlinear shallow water equations with
friction terms.



Furthermore, our new Lagrangian-Eulerian framework is aimed to be independent of a particular struc-
ture of the flux function as well as of the source terms. We were able to reproduce several models indistinctly
within the same formalism, and this indicates that our method is general to some extent. It is also important
to notice that our scheme does not depend on exact or approximate solutions to Riemann problems.

The rest of the work is organized as follows: The Lagrangian-Eulerian framework for solving scalar
nonlinear hyperbolic conservation laws is discussed in Section 2. These ideas are extended to the case of
balance laws in Section 3. The case of systems is studied in Section 4, followed by the extension to two-
dimensional conservation laws in Section 5. We then discuss a set of representative numerical experiment
studies with applications in Section 6, along with our concluding remarks in the final Section 7.

2. A Lagrangian-Eulerian constructive approximation scheme for nonlinear hyperbolic con-
servation laws

We provide a formal development of the analogue Lagrangian-Eulerian scheme [33] — see also [5, 14] —
for solving numerically first-order scalar hyperbolic equations x € R, ¢t > 0, v : (R,RT) - R, H : R — R:

u n OH (u)
ot ox

=0, zeR,t>0 u(z,0) =n(x), xekR (1)

Although our primary interest is to give a formal construction of the new Lagrangian-Eulerian method,
we expect to work on the relevant issue of rigorous convergence proof to the corresponding weak entropy
solution further later on. As in the Lagrangian-Eulerian schemes [5, 14], local conservation is obtained by
integrating the conservation law over the region in the space-time domain where the conservation of the
mass flux takes place. For that, we consider the Lagrangian-Eulerian finite-volume cell centers

Di ={(t,x) /t" <t <t"Th, o (t) <@ <07y (1)}, (2)
where o7 (t) is the parameterized integral curve such that o} (") = 7. These curves are the lateral
boundaries of the domain D} in (2) and we define x;”l = 0] n(¢" 1) and a‘c?ii = O';l+1(tn+1) as their

2 2

endpoints in time "', Due to the inherent nature of conservation laws, the numerical scheme is expected

to satisfy some type of mass conservation from time ¢" in the space domain [z7, 2% ,] to time ¢"*! in the

n+1 n+1]

space domain [ij_ LT With this, we have to the flux through curves o7 (¢) must be zero.

From the integratlon of (1) and the divergence theorem, using the fact that the line integrals over curves
n

o (t) vanish, we get B
7J+ ) n+1 QT;L+1 n
u(z, t")de = u(z, t")dx. (3)
z" z7

I=3

We essentially mimic the procedures of the linear case [5], but now notice that the curves o7 (¢) are not
straight lines, in general, but rather solutions of the set of nonlinear (local) differential system of equations
[5, 33]:

do?(t)  H(u)

== for t" <t <"t (4)

with the initial condition o7} (") = z}, assuming u # 0 (for the sake of presentation).

Remark 1. For the sake of simplicity of presentation we shall suppose uw # 0 (this assumption can be sup-

pressed by introducing some extra notation in the analysis to define the endpoints [T ;”},_”H] by analytical

straight lines), when considering f; in the case of U; = 0. This means that for the resulting numerical
scheme, pertinent to the Lagrangian-FEulerian framework at hand, that the projection step is not necessary
anymore since the argument of the flux function (also for the numerical flux function) is now known along
the vertical curves associated for the integral tubes, that are defined at the cell centers (see eqs. (2)-(4) and
Figure 1).
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Figure 1: Illustration of the integral tubes. Notice that a first order approximation is performed to the construction of the
local Lagrangian-Eulerian space-time control-volume, linked to DJT.L in (4). Indeed, we notice that higher order approximations
are naturally permissible as well.

The extension of this construction follows naturally from the finite volume formulation of the linear
HU®) _ H(u)
U;J ~ Tu
with the initial condition o7 (") = z. Indeed, distinct and high-order approximations are also acceptable

dol? . . . . . .
for afit(t) and can be viewed as free ingredients to improve accuracy of the new family of Lagrangian-

Eulerian; this will be addressed later. Equation (3) defines conservation of mass but in a different mesh
cell-centered in points z;, 1. We will later address how to project these volumes back to the original mesh.

Lagrangian-Eulerian scheme as building block to construct local approximations such as fJ” =

For now (e.g., as in [1, 2, 28]) we discuss a reconstruction from a piecewise constant numerical data to a
piecewise linear approximation (but high-order reconstructions are acceptable), through the use of MUSCL-

type interpolants:
1
Lo, t) = wi(6) + (& — 2;) 5 (5)

For the numerical derivative A%Bu; we shall discuss a few examples of slope limiters, which will retain the
desired properties of consistency of the numerical flux function. There are several choices of slope limiters;
in book [28] there is a good compilation of many options; a priori choice of such slope limiters is quite
hard, but they are chosen upon the underlying model problem under investigation. Here we make use of
the following three options. The first is,

U = MM { Ay, Auyy ) (6)

where MM stands for the usual MinMod limiter [28], with Au;, 1 = uj11 — u;,

MM{o,7} = 5 [sgn(o) + sgn(r)] min {|o],Ir]}. 7)

b (5)

and this choice for slope limiter allows steeper slopes near discontinuities and retain accuracy in smooth
regions. The range of the parameter « is typically guided by the CFL condition (see, e.g., [28]). In
this work we also make use of the following high order slope limiter, namely, the UNO choice (where
AQuj = Ujy1 — 2uj + Ujfl),

A second choice for the slope limiter can be

N|=

1
UJ{ =MM {OzAujJr%, E(uj—H — Uj_l),OéAUj,

UJ/ = MM{A’LLJ_% +62(uj,1,uj),Auj_% +52(Uj,Uj+1)}, (9)
4



where 6% (uj, uj11) = $MM (A?u;, A%u;iq). Preliminary experiments discussed in Section 6 have shown
that the UNO option has resulted in more satisfactory approximations for our test cases.
The discrete version of equation (3), using the piecewise linear approximation above, is

—nt1 n
=nt+l 1 Tirl a1 1 Tit1 "
Uj — h?-}-l ‘/i +%2 u(x7t )d{E = h?_,’_l - u(x,t )d{E
-3 :
heo[1 [T 1 [
= W 7 An " u(x, t™)dz + EA ’ u(z, t")dx (10)

J ity

h 1, . n 1 1 n n
= oy (U +Uf) + o gph (U7 = Ui ),
J J

—n+1

. . — 1 1 Too1 1 a:;’+1
where, we use the approximations U?Jr = T / e u(z, t" ) dz and Uj = E/ u(w,t")dz.
hi™ Jars @}
1
Following [1, 2], we also introduce a predictor-corrector approximation by evaluating fjn +2, instead of
fJ” using Taylor expansion and the conservation law, and it reads,
n+l At 1 At ’
u, * =u(z;,t+ 7):uj(t)_§EHja (11)
n+l
n+i HWU, ?) . n . . . .
so that f; " * = —ZLr—. Now, the solutions o7/ () of the differential system equations are (local) straight
Utz

J
lines, but they are not parallel as in the linear case, but subject to a CFL stability condition of the form
(see Appendix A),

AN 2
max J; < £ and k" = min At". (12)
J 2 n
Next, we obtain the resulting projection formula as follows
N 1 1 h ontion b ol
UjH:Econfl—I—EclUj, where coj=§+fj 2k™ and 01j=§—fj k", (13)

Here cy; and c;; are the projection coefficients [33]. Combining (13) with the discrete version of local
conservation (10) reads,

n+1 _ Co n n €o ;7 n m
7 - [Zhjz+1 (Ujfl + UJ ) + 16h?7,+1 (Ujfl - UJ )
! ’ (14)
&1 C1 n n
+ opntl (UJn +an+1) + 1671 (UJI — Ui )
J J

1 1
Notice that for each j € Z, h?"’l = f":i —f;”fi = h—l—(fz:rl2 —f"T2)E" and, also that: h;”'l = Cojy1+cCiy-
2 2

J J J
Thus,
coj = h;’fll —cij—1 and ¢y = h;’“ —cojy1, with (15)



1 ntl n n . . .
crjor =B = fIER TR, g = S0 4 £ TR R 4 £ E k). Finally, plugging (15) into (14),

Upa+207 40U | U U

n+1__ J— J
Uit = 4 32
n+s n+3 nt+i n+3
kn f 2 +f 2 f 2 +f 2
+— | — U" + U" = - U+ U?
4 hni_ll [ 1 ] hT.H'l [ 7 j+1] (16)
n+ n+ n+ n+
kv fio + 02 n N n
t35 T[Uj{—l - Uj ]_T[Uj{ +Uj "]

The analogue finite difference scheme (16) is a Lagrangian-FEulerian scheme for the nonlinear problem (1).
The obtained scheme (16) can also be written in a conservative form (a novelty result for such schemes):

n n kn n n
Uptt = U} = = [F(U;, Up) = F(U-, U] (17)

with the Lagrangian-Eulerian numerical fluxz function defined by

n n 1 h n n h nT3 nTs n
F(U},Uj) = (k—n(Uj'— )+ (T D]+ U+
! (18)
h

4k

h

T U U+ g (7 10 - U’j+1)>.

Next, we will show in what follows that the Lagrangian-Eulerian numerical flux function (18) satisfy a form
of Lipschitz continuous consistency, which in turn is a nice property for conservative numerical methods for
nonlinear conservation law problems. Indeed, to show that the Lagrangian-Eulerian numerical flux satisfies
a Lipschitz condition, we need (see [33]):

Lemma 1. The numerical flux function defined by (18) is consistent with the differential equation (1).

Proof. Tmmediate, i.e., F(u,u) = H(w). Notice that for any choice of slope limiters, we have from (7) that
(18) satisty the consistency condition, the MinMod limiter in this case will be zero. The Lipschitz condition
can also be proved by a straightforward argument and it is omitted.

3. The Lagrangian-Eulerian scheme for hyperbolic balance laws

One may find, in a variety of physical problems, source terms that are balanced by internal forces
and this balance supports multiple steady-state solutions that are stable. We are interested in designing
well-balanced conceptually simple schemes, which have a well balanced property for static and moving
equilibrium, applicable to a wide class of systems with source terms. The well-balance property can be
formally enunciated as follows. Consider the system of balance laws as such,

ou  O(H(u))
= V) 1
o S G, (19)
we denote u¢ the stationary solution, which satisfies the equation,
O(H (u))
2 = G, (20)

A numerical scheme is said to be well-balanced, if it fully satisfies a discrete version of the equilibrium
equation (20). If a method is not well-balanced, the truncation error of solutions near of equilibrium state
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may be larger than u(x,t) — u®(x). Numerical experiments for solving balance laws have shown strong
numerical evidence that such well-balanced property is satisfied when we applied the Lagrangian-Eulerian
scheme for several models of balance laws [33].
Consider the scalar balance law problem,
ou  OH(u)

ot + Ox
under the assumption [}, G(u) dzdt < co.

=G(u), t>0, z€eR, u(z,0) =n(x) xR, (21)

Now, write (21) as follows,

Vta:'

)

{ Hl(tu) ] =Gu) t>0, zekR, u(z,0) =n(x) xe€R. (22)

Now, lets us write (22) over the local space-time “Integral tube” Dy,

/ . Via- [ H@(‘u) } do dt = / . G(u) da dt. (23)

Following the same arguments in Section 2, we apply first the divergence theorem in (23) and, by means of
the impervious boundaries given by o7 (¢), reads:

E::é n+1 $;L+1 n
u(z, t"" ) de = u(z, t")dx + G(u) dzdt. (24)
= zn D
j,% J K

This equation can be viewed as the local space-time Lagrangian-Eulerian conservation relation for the balance
law (24). Finally, we use (24) then to define,

—n+41

—n 1 Tirl 1 z3g
U]erl = — / ok u(z, t" ) dx = — l/ u(z, t")dx —|—/ G(u)dacdt] , (25)
W S AR D

and its associated projection step over the original mesh grid,

1] h L h L —

Uptt = < {(5 +5TRT (5 - f}””*zk)U?“] : (26)
The Lagrangian-Eulerian scheme for balance law is fully defined by combining equations (25) and (26). The
key point here is how to design a discretization in a manner that an accurate balance between the gradients
of the flux function and the source term is retained. Thus, let us now first extend the proposed scheme for
linear hyperbolic conservation laws designed in the previous section to the case of balance laws in order to
describe the features of the Lagrangian-Eulerian procedure.

Thus, combining equations (25)-(26) gives the Lagrangian-Eulerian scheme for nonlinear balance laws:

n+l U}:1+2U;L+U;L+1 Uy/'—ln_Uy/'Jrln
Uj B 41 1 + 32 1 1
ntg ntg nt3 nts
[ n ny_ fi "t g n
+ R [Uj—l + Uj ] — Ryt [Uj + Uj+1]
ntd  ontd ntd il
k™ fj71 +fj / n m fj +fj+1 m / n
+3z R [Ujfl - Uj - ol [Uj + Uj+1 ] (27)
J— J

PRI h?+1+f"+%k" / G(u(z, ))dadt
P | o 5 j Dy ulr, t))ax

1
n+1
h’j

+h;+ - ff*?k") ffD;, G(u(m,t))dxdt] .
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n+3 H(U"+2)

Here, we use the same approximations as before with respect to (27), namely, f; = —215— and
u; ®
HU™ . . hn+1 n+1
fir = [(ﬂg) ~ Hi“). Notice that the quantities + fn+2k") and — fn+2k" are not the
J

characteristic curves associated to the quasilinear form of the homogeneous counterpart of the balance law
but rather they are precisely an approximation of the conservative integral tubes that are naturally extracted
from the conservative integral form of the nonlinear balance law given by (21), which in turn dictates the
dynamics of the local space-time control volume D} and the position o7 (t) to any quadrature rule of the
source term G(u) of the RHS of (21). In addition, the balance problem is then solved by forward tracking
the boundary of grid cells along the so-called integral tubes. This is a distinct feature of the proposed
Lagrangian-FEulerian approach. The similar Eulerian-Lagrangian schemes in [24] are designed to handle
trace-back integration related to purely hyperbolic problems rather then balance laws. Several quadrature
rules can be used to such aim, based on the above framework [33]. We present a predictor-corrector type of
approximation, but midpoint and trapezoidal rules have also been studied in the work [33].

1
We make use of U Jn "2 as the known predictor value for u(z,t) at space-time point (z;,t"). Thus, write
the source term approximation as,

/ G(u(x,t))dxdm/ GUIT?) dwdt = U2 // dedt = GUIT) ADD),
D;’ D;‘ "

where
gl

:/t /::(t dxdt:/t" (07,1 (1) — o™ (1)) dt. (28)

(Sin;:e i (t) —of (t) = (¢ - tn)fjjlz + o, — (=t e e t")(fjjlz — I %)+ h, we recast
28) as

ADp) = k5 - 1 ]

Now, in view of the balance law u; + Hy(u) = G(u) we might write u; = G(u) — Hy(u) and thus reads,

2

k n n

H(G0) ~ ()| (29
Here again the quantity H,(u(w,t))] denotes the numerical derivative of function H(u) with respect to
space variable x evaluated at point (x;,t"), and a family of slope limiters can be used here. Finally, from
equations (28) and (29), we might write,

k™ n+1 k™ i n+i n
J[ i~ ic U"+7(G(U;’)—HI(U)j+2} [7(13:12 —fﬁ2>+hjf“] (30)
.

4. Extension to systems of hyperbolic conservation laws and balance laws

We now turn our attention to describing how to extend the scalar Lagrangian-Eulerian procedure to one-
dimensional systems of balance laws u; + f5(u) = G(u), where now u(x,t) can be viewed as the unknown
n—vector of the form u = (uy(z,t),uz(x,t), - u,(z,t))7, and f(u) is the flux vector function such that
fu) = (fi(u), f2(u), -+, fu(u))T. We will see that the analogue Lagrangian-Eulerian scheme in the case
of systems of balance laws is a straightforward application of the scalar framework and that retains all the
simplicities of the scalar case. For simplicity of presentation and with no loss of generality, let us consider
the following prototype 3 x 3 system of balance laws.

We consider the system of balance laws

Qi+ [F(Q)l. = G(Q), (31)
8



where F(Q) = [f1(Q), f2(Q), [3(Q)], Q@ = [u,v,w], u = u(x,t), v = v(z,t) and w = w(x,t), along with
G(Q) = [91(Q), 92(Q), g3(Q)]. System (31) can be written in open form as,

ue + [f1(u,v,w)]e = g1(u,v,w), v+ [fo(u, v, w)]e = ga(u, v,w),  wr + [f3(u,v,w)]e = g3(u,v,w). (32)

As before, we consider the space-time control finite volumes for each variable u, v, w as follows, (see Figure
2 for an illustration of the integral tubes and its approximations for systems),

DYy ={(t,x) /"<t <" oli(t) Sz <ol (b)), s=u, vw, (33)

where oy ;(t), oy ;(t) and oy, ;(t) are parametrized curves such that oy ;(t") = 27, oy ;(t") = z} and

oy, (") = a}. These curves oy ;(t), s = u,v,w define the “lateral boundaries” of integral tubes for each
primitive variable u, v, w, that w111 be used to design a balancing unbiased upwinding Riemann-solver-free
discretization between the numerical flux functions and the source terms by forward tracking the boundaries

along the so-called integral tubes (see left picture in the Figure 2). Formally, the divergence theorem can

Tt it g+l g+t
77
1(t)
RO
D"
u,j
D"
v, o (1)
n
w,) U:f.j+1(
" "
7 n 7 L
.’L‘_% ,+% wj+1 xj+% l‘,i)

Figure 2: On the left (resp. right) is shown an illustration of the continuous (resp. discrete) local space-time integral tube
domains D?J, for each s = u, v, w.

be used in the (33), the space-time finite volumes Dy ;, Dy ; and Dy .. By construction of the algorithm,
as before, this implies that curves oy ;(¢) and o ;. (t), for s = u,v,w are naturally zero-flux boundaries.
Similarly, from this fact the space-time D ;, s = u, v, w are then called as “Integral tubes” for ¢" <t < vt

As a consequence we get, for the normal vectors ng of each integral curve for each variable s = u, v, w,
(t) do™ (1)
1 =4
dt

vector [ fe(Q)], s = w,v,w; k = 1,2,3, respectively, over the parametrized curves oy ;(t) and oy ; (%),
s =u,v,w, j € Z. Therefore o ; (), s = u,v,w are solutions of the set of ODEs,

1Ing and |1 17“(15)} L ng since the slopes are one-to-one equal to the slope of the

)

dog (1) fr(u,v,w)
at s ’

e ") =2}, " <t< t"t for each s =u,v,w; k=1,2,3, (34)

where uw,v,w # 0. As a consequence of the divergence theorem and the above equations (33)-(34), the
integrals over curves o ; (t), s = u,v,w vanish and the line integral over the boundary of the region aDQ’J

leads to,
77L+1

it i
/ ? s(x, t" Y dx :/ s(x,t")dm—i—// gk (u, v, w)dxdt, (35)
@t % z3 <
where s = u,v,w; k = 1,2, 3, respectively, and we can define as before f:;i; = ogj(t"“) and T _";1_1 =
> 2 ’ >
t"t1). Equation (35) is called “locally conservative relation” to the system of balance laws (32).
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Thus, the approximations of the variables u, v, w for system are a rather component-wise extension of the
scalar framework given by (for S = U, V,W and s = u,v,w),

" Znt1
L [Ttk " —n+1 1 + n .
Sj = E/n 2 s(z,t")dx, and Sj = W[71112 s(x,t +1)d37 Jez, (36)
T 4 S
i—3 ]_5

respectively, and the initial condition is U (z9,t%) = U, V(29,1°) = V) and W (29,1°) = W) over the local

space-time cells [a:(;_l,x? 1), 7 € Z. Next, we use (36) into to “locally conservative relation” to get,
2 2
—n+1 1 7771-:; n+1 1 1:?+1 n
S h”“ /%+1 s(x, t" ) de = T /c” s(x, t") dx. + // i gk (u, v, w) drdt| . (37)
1 557 i 8,7
i=3

n (37) S = (U,V,W) and s = (u, v, w) denotes a representation of a component-wise extension of the scalar

case to systems of balance laws in compact form (31). Next, the local approximations §?+1, j € Z are
projected over the original grid and reads,

1 —n+1 —n+1
1
7t = 3 e S + eS| (38)
1 1

Here Cs.05 = (& —|— fn+2k) sy = h—cooj = (& — :+2k) and we use the approximation f:j_2 =
ntd ntd o ngl
SRR A

i ( e ) f"(“ v S =U,V,W, s =u,v,w and k = 1,2, 3, respectively. Notice that now the

S 2

;
curve o ;(t) is a simple straight line for f{'; (see right picture in Figure 2), along with k" = At" = il _gn,
Flnally, combination of equations (37) and (38) form the building-block for the new Lagrangian-Fulerian
scheme, which reads as a componentwise extension for equation 27 (S = U, V,W, s = u,v,w and k = 1,2, 3,
respectively):

gntl S7 14257 +57 + Si "8
j s 32 A
ntd ntd

71+ +
no [ feg it eyt o 2 tf
+k:T = h1"+1 [ ;L—l + S_;L] - = h7}+1lc o [Sn + j+1]>

n+2 n+2 n+2 n+%

N R Tog i
+l§_2 %[53/;1“ - Sj/n] TW[S;H + SJ/'+1n]> (39)

n 1 1 (h?—i_l +f +2 k‘") / G ( ( t))d dt
n+1 n+1 k,j E(S\T, X
W 2 -

j—1

n+1
e (B - "+k) Sl Gils )dxdt]

5. Two-dimensional hyperbolic conservation laws

We now turn our attention to introducing a new computational approach for the design of a new class
of approximate solutions for two-dimensional hyperbolic conservation laws. This novel scheme is based on
the same Lagrangian-Eulerian framework discussed for the one-dimensional scalar problem.

A natural first attempt would be a straightforward extension used in the one-dimensional case, but
now applied to three-dimensional variables (z, y and t) as DI, C R3, see Figure 3 (left), where i and j

i,j
refer to (z;,y;) and n refers to time level ¢”. The boundary of control volumes D7'; will be denoted by

oD} ; = R}, US;; U F:jl where the control volume R}'; = [z}

i—10

x?+l] X [y’?_l,y?:_l] in R? is the “inflow”

of the integral tube, Enjl in R? is the “outflow” of the integral tube, while S7 ;> In R3, is the lateral
(impervious) surface of the tube. As before, we consider the hyperbolic conservation law in two-dimensional
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tn—i—l

—n-+1
A A

/l t,n tn
Figure 3: Integral tube in 3D.
variables in divergence form,
ou_ 0f(w) | 0glu) _, oo | st | )
- = — - u =0.
ot Oz Oy by
g(u)
Again, the integration over the control volume and the application of the divergence theorem gives,

u u

-0 o / flw) | - d@Dy,) =0, (41)

aDF 1 g(u)

i 7 | 48

The normal vector with respect to R}; is, in usual convention, [~1 0 0]T and the vector normal in the

outflow E?;l is [1 0 0]. Then, the right side of (41) can be written as,
U U u
/ fw) | -[~100/% dA+/ f(w) | -ddS+ L RIORE 07 dA=0.  (42)
w2, | gu) sty | glu) R | glu)
We suppose there is not any flow through the surface S7'; (S7'; is impervious). So, the surface integral of
Si'; 1s zero and therefore,
_/ u(z,y,t") dA + /_ " u(z,y, ") dA = 0. (43)
. R}
or
/ u(z,y, ") dA = u(z,y,t") dA, (44)
EZTI R},
n+1
i.; can be defined from (44).

which we call conservation identity. The numerical approximations U;"; and U
The core issue of this approach is to define the normal vector 77 along with the unique definition of
the tangent vector v’ to the surface S'; in the point (xi,y;,t"), see right picture in Figure 3. Notice that

at this point there is a tangent plané, then the integral surfaces as well as integral curves coming from
[u f(u) g(u)]T - i = 0 seem to be at first glance not straightforward to construct. One possibility is to

define the concepts of Mean curvature and Gaussian curvature associated with the underlying conservation

11



law [23] (see also [26]). In this regard, one possibility is to construct naturally a normal curvature and
a geodesic curvature from equation (40). They are primarily given by the projection of ¥ onto the local
normal vector and the local tangent plane, respectively. Thus, it is possible to define a unique curve for
each one of the points that appear at the bottom of the integral tube, from time step " to t"*!, at least
from a theoretical viewpoint. For concreteness, one possible numerical approach is to consider the level set
approach introduced in [32] (see also [11]).

The construction of optimal methods based on the approach above needs a novel theory along with
feasible numerical algorithms to be pursued later on. On the other hand, we here propose a simple, fast, and
also elegant alternative approach. Our procedure is based in writing the two-dimensional scalar conservation
law (45) in the form of a coupled set of two balance laws along with initial data. The main idea behind our
approach is quite simple. First, consider the two-dimensional nonlinear hyperbolic conservation law with
initial data,

oUW b
ot Ox oy

U(z,y,t") =U".

(45)

The initial data at a time ¢" is given by the set U™ of discrete cell average values U;";, where ¢ denotes the

z-direction and j denotes the y-direction. Consider now the cell-centered finite-volume cells,

Dy ={(t,z,y)/t" <t <7, Yiy SUS Ui o (t) <z < ol (1)},
+ 3 1 +3 +3 +3 +3
D2 ={(tmy)tmtE <t <t 2l <<l 47 () <z < ()

1 1
where 07'(t) and v}'(t) are parameterized curves such that o' (t") = z and 'y;LJrQ (tmtz) = y;LJr?. Our
approach is based in writing (45) in the form of a coupled set of two balance laws along with initial data,

0,00 (W0

ot Ox Ay n (46a)
U(:C,y,tn) =Un,

R I

—_— _ = — D. .2

ot " oy ( oc ), " P (46D)

Uz,y,t"tz) = Unts,

where (%;”) ~and (%) ~are numerical approximations of derivatives respectively. Denote S, (t) and
j i
S, (t) as approximate solution operators for (46a) and (46b), respectively. Indeed, such approximate solution
1
operators can be given by scheme (27)-(30). but in both directions x or y. Thus, UZ;Z = S:(At/2)U}"; and

1
Uff;rl = Sy(At/Z)UZ;_Q, so that, the full scheme is given by,

UMt = 5, (At/2)S.(At/2)U} (47)

2,7

along with the CFL condition,

MEk/h < V3/2, (48)
with M = max{max;{f"(U};)}, maxj{f(%,’j;j)}, max;{g'(U};)}, maxj{g(%ﬁ;j)}}. The equations appearing in
(46a) and (46b) can be viewed as a set of local balance laws in the time step (¢7, 1], but coupled via the
source terms on the RHS of (46) and thus linked to the full problem (45). Then the procedure to solve (45)
is quite simple as follows: in the time step from ¢™ to t"+3 the information of the previous time, say, in the y
coordinate is accounted through the source term for the balance law in the z coordinate. Similarly, in time
step from 3 to t"+1 the information in the x coordinate is also accounted through of the source term
for the balance law in the y coordinate. This formulation has allowed us to correctly approximate solutions
of two-dimensional hyperbolic conservation law problems from paper [18] as we show in Section 6.
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6. Numerical experiment studies with applications

We first present a mesh refinement study in order to give some numerical evidence of convergence for
the proposed scheme. Next, computations for scalar conservation laws with convex and non-convex flux
functions are presented and discussed. A problem modeling three-phase flow in porous media for one-
dimensional problems is presented, illustrating an example of system of conservation laws. We then present
two examples of two-dimensional conservation laws. Next, we show examples for scalar balance laws, the
numerical well-balancedness property and systems of balance laws modeling shallow water equations.

6.1. Convex and non-convex fluz functions for conservation laws

For a first mesh refinement study we test our scheme with a non-convex flux function to the scalar
conservation law us + fy(u) = 0, for f(u) = 0.5(6*25(“’0'5)2 + 8(u — 0.5)?), along with Riemann initial data
u(z,0) = n(z) = 0.8, x < 0 and u(x,0) = n(x) = 0.2, z > 0. In Figure 4 is shown three different mesh grid
cells (128, 256 and 512) against a reference numerical solution with 1024 mesh grid cells at dimensionless
time t = 2.0.

0.8 0.8

08 T _— T T T ] T T
N 128 CELLS . + 256 CELLS *  512CELLS
- 1024 CELLS .. + 1024 CELLS - 1024 CELLS

07 n 07 . J 07

06 - 06 1 o6 :

_os ‘\\ _o0s \ 1,08 \
04 04 B 1 o4 :

03 : : 03 {1 o3

02 —_— 02 —_— 0.2

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
position position position

Figure 4: Mesh refinement study for a non-convex flux function. The finest mesh in this case is a solution with 1024 grid cells.

In Figure 5 it is shown numerical solutions for u; + (“;) =0, along with smooth initial data u(z,0) =

0.5+ sin(x). It is well-known that the solution of this problefn develops a shock discontinuity at the critical
time T, = 1, and then it exhibits pre-shock (resp. post-shock) solution for T, < 1 (resp. T, > 1); on the left
it is shown the post-shock solution computed with (17)-(18) at time simulation ¢ = 2 for 256 cells. We have
also conducted similar numerical experiments to problem u; + (“72) = 0 along with discontinuous initial
data u(z,0) =1, z < 0 & u(z,0) = 0, z > 0 (middle: shock) and u(a:cc,O) =-lLz<0&u(z,0)=1,2>0
(right: rarefaction). On these frames are shown snapshot graphs at time ¢ = 2.4 of simulation, with waves
moving from left to right. We get a very nice looking numerical approximate solution with scheme (17)-(18),
which in turn seems to be propagating at entirely entropy-correct Rankine-Hugoniot speed (middle). Similar
good results are shown to the rarefaction case as well. Indeed, in the terminology of gas dynamics to the
rarefaction cases for the inviscid Burgers equation we see that the transonic rarefaction (right frame) is well
resolved. That is, as the rarefaction wave is crossed, there is a sign change in the characteristic speed u and
thus there is one point at which v = 0, the sonic point. So, there is no spurious anomalies around u = 0.
We now turn attention to the classical nonlinear one-dimensional Buckley-Leverett two-phase problem
(28, 29], which in turn is depicted in left picture in Figure 6. Computed solutions with scheme (17)-(18)
at time simulation ¢t = 2 are shown to the Riemann Problem (Initial Value Problem with non-convex flux
function): uy + fo(u) = 0, f(u) = u?/(u® + a(1 — u)?), a = 1, along with Riemann initial data (left)
u(z,0) = n(z) = 1.0,z < 0 and u(x,0) = n(x) = 0.0,z > 0. On physical ground, such initial data
corresponds to water flooding of an oil reservoir. The well known solution for this model comprises a leading
shock wave (an oil bank) followed by an attached rarefaction wave. The weak solution satisfying the Oleinik
entropy condition is in very good agreement along with the scheme (17)-(18) propagating at entirely entropy-
correct Rankine-Hugoniot speed and with the precisely post-shock value. We have also considered another
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non-convex flux function (see right picture in Figure 6) to the scalar conservation law u; + f,(u) = 0, with
f(u) = 0.5(e=25(=05)° 4 8(1,—0.5)2), along with Riemann initial data (left) u(z,0) = n(z) = 0.8, 2 < 0 and
u(z,0) = n(z) = 0.2, z > 0. Again, the numerical solution is in agreement with Oleinik entropy condition,
whose approximate left and right shock waves are propagating with correct Rankine-Hugoniot speed and
entropy-correct post-shock values.
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Figure 5: Inviscid nonlinear Burgers’ problem: post-shock solution for smooth initial data (left), Riemann problem with shock
wave (middle), Riemann problem with rarefaction fan (right).
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Figure 6: Left: Classical one-dimensional Buckley-Leverett two-phase problem computed by scheme (17)-(18). Right: A

non-convex flux function.

0.2. Non-strictly hyperbolic three-phase system of conservation laws in porous media applications

First, let us briefly review a immiscible incompressible three-phase formulation for porous media [2, 31].
In this formulation the governing equations are written in terms of a pressure, expressing Darcy’s law of
force, coupled to two saturation equations that express the conservation of mass of water, oil and gas. In one
dimension the pressure equation implies that the total fluid velocity is independent of position, so we take
it to be constant. After nondimensionalizing the time (we suppose the porosity to be a constant) and space
variables, fluid viscosities, and capillary pressures in the standard way, one obtains the following system of
partial differential equations [31, 2]:

08y 0

0wy,

B pel et = ()
OJsg 0 ~ Owy
ot + a_xfg(swvsg) - ox ) (50)
where ) Opys O B Opys\ O
- o Pwo Pgo Sw . Pwo Pgo Sg
Ww = (/\w(l Fu) 0S4 Awfg asw> Oz * (Aw(l fu) Dsyg Awfg Dsg ) ox’ (51)
and
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(. OPwo o \Opgo\ Osw | ([ Pwo 1\ Opgo Osg
wg—< Ao fu DS g1 = Jo) &Sw) Ox +< Aafu Dsg (1= 1o) dsg ) Oz~ (52)

Here, ); is the relative mobility, \; = LLSQ) , k; is the relative permeability, j; is the fluid viscosity,

A=), \; is the total mobility and f;(s.,sq) = Ai/A are the fractional flow functions. Here, the constraint
Sw + 84 + 8o = 1 is imposed. In our model we choose, for convenience, to work with the saturations of
water and gas. The diffusive term is represented by the right-hand side of the system (49)-(50) and it
incorporates the capillary pressure effects. We neglect the capillary diffusive effect, by just taking w,, = 0
and wy, = 0 in (49)-(52), but we do know from [2, 31] how the correct structure of the solutions of the
non-classical three-phase model under consideration is. However, we point out that for a wave to be truly
defined as a “shock wave”, a discontinuity must be the zero-diffusion limit of traveling wave solutions. For
such solutions, diffusion balances the convergence of waves caused by hyperbolic nonlinearity. Moreover,
the set of non-classical wave solutions obtained in the zero-diffusion (zero-capillarity) limit might depends
sensitively on the form of the diffusion matrix and not only on the hyperbolic structure of the equations;
see [31, 2] and the references cited therein for further technical details.

We present the results of numerical grid refinement studies for the simulation of two Riemann problems,
namely RP; and RP», given by:

sL =0.613 and sZ =0.05, sL =0.721 and sf =0.05,
RP; : RPs : (53)
sé = 0.387 and s_ff =0.15, sgL =0.279 and s_ff =0.15.

We use the quadratic model by Corey-Pope, extensively used for phase relative permeabilities,
ky =52, k,=s2 and k,= sg. (54)

As in [2, 31], we consider the following viscosity values p, = 1.0, p,, = 0.5, and p, = 0.3. From the analysis
discussed in [31], we remark that for the choice of parameters described above, a transitional shock wave is
present in the solution of RP», which in turn is not present in the solution of RP;.

Since the oil phase saturation can be directly obtained from the other two phase saturations (i.e., s, =
1 — sy — 84), we display the oil saturation profile in Figure 8, showing the effect of a grid refinement in the
numerical solution of (49)-(50) — w,, = 0 and wy = 0 — with Riemann data RP; on the left and RP, on the
right. The computed saturation profiles are shown at dimensionless time 2.50. In each frame we compare
numerical solutions obtained on grids having 256, 512 and 1024 cells against a reference numerical solution
of 2048 cells. It is clear from the pictures in Figure 8, that as the grid is refined we have some good evidence
of numerical convergence of our scheme. We remark that the numerical solutions presented here are in
very good agreement with the semi-analytic results reported in [31], yielding a numerical verification of our
computations. We now show numerical experiments concerning the three-phase flow problem (49)-(50) —
wy = 0 and wg = 0 and with Riemann data RP; on top and RP, on the bottom — in order to shown that
our scheme is able to capture analytical properties of the wave structures, as originally introduced in [31];
see also [2] and the references cited therein. For completeness we describe the non-classical solution. Right
picture in Figure 7: the slow wave group comprises a strong slow rarefaction fan from left (injection) state
to the post-shock value and an adjoining slow front wave from the post-shock value to the first plateau. The
fast wave group is a Buckley-Leverett front wave from the second plateau. Between the slow and fast wave
groups is a non-classical front wave. For the classical solution, we have only the slow and fast wave groups
(Left picture in Figure 7). We point out that in both numerical solutions the plateau are located in the
correct heights, with respect to the semi-analytical solutions presented in [31].

0.3. Two-dimensional simulations of nonlinear scalar hyperbolic conservation laws
The first example is taken from [18]. The test consists in considering the simple flux functions
u

flu) =g(u) = m,

with the Gaussian initial data ug(z,y) = exp(—10((z + 0.25)% + (y + 0.25)?)), z, y € (—1,1).
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Figure 7: Oil, water and gas saturation profiles are shown as
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Figure 8: Mesh refinement study for mesh values 256, 512 and 1024 against a reference solution of 2048 mesh points. Oil
saturations are shown as a function of distance. RP; on the top and RPs on the bottom.
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Numerical solutions with 512 cells and end time ¢ = 1.5 of simulation are shown in Figure 9, left picture
is the approximation with our proposed scheme given by (27)-(30) and (46)-(48), middle picture with a
Strang splitting approximation along with the well-known high-resolution, non-oscillatory, second order
Nessyahu-Tadmor central scheme (see elsewhere, e.g., [28]), used here as reference solution, and finally in
right picture it is shown the absolute error between both solutions. The next test is called “fingering test”

in [18]. In this test, it is used two different flux functions f(u) = “2—2 and g(u) = %, along with the initial

0.5 0.5 0.5

-05 03 05

Figure 9: Numerical solutions Buckley-Leveret.

condition u(z,y,0) = 1 in the circle {(x,y)/(x + 0.5)? + (y + 0.5)% < 0.16}, u(x,y,0) = —1 in the circle
{(z,y)/(x—0.5)2+ (y—0.5)? < 0.16} and zero in otherwise, when (z,y) € [~1,1]%. The accurate numerical
solutions displayed in Figure 10 is arranged as above for Figure 9, but for an end time ¢ = 2 of simulation.
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Figure 10: Numerical solutions “fingering test”.

6.4. Source terms g(x,u) = a/(x)u with function discontinuous in space and non-trivial topography

We discuss the hard case of a balance law u; + f(u) = g(x, u) with g discontinuous in xz, along with our
method as developed in Section 3. In other words, we have not made any special treatment for approximation
of the discontinuous source term. In particular, our results (see Figure 11) are in very good agreement with
the numerical experiment reported in [36]. This means that our novel approach is able to capture the delicate
nonlinear local interaction between the flux and the source within the control volume of the Lagrangian-
Eulerian framework. In addition, we mention that the discontinuity of the source term might lead to
significant influences on the shock or rarefaction waves generated by the initial Riemann data, and produces
some new and interesting phenomena such as the appearance of weak discontinuities and the appearance
and absorption of new shocks (see [16] for details). In [36], Shi Jin considered the model,

ur + (f(u)), = g(x, u) (55)

with flux function f(u) = “2—2 and source term g(x,u) = z’'(x)u with z(z) = cos(mz), 4.5 < 2 < 5.5 and 0

otherwise with 0 < 2 < 10. Note that z’(x) is then a discontinuous function, so that g(x,u) is a discontinuous
source term in z. Figure 11 shows approximations with initial data u(x,0) = 0, > 0 and «(0,¢) =2, ¢t > 0.
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In the bottom pictures of Figure 11 it is shown solutions of u 4+ z = 2 compared with the exact solution
(solid line) at steady state for a continuous topography in a mesh refinement study; from left to right we
have numerical solutions (dashed lines): 128, 256 and 512 cells. In the top pictures of Figure 11 it is shown
solutions at finite time the steady state counterpart solutions for the same situation. The numerical scheme
gives clearly qualitatively correct approximations at ¢ = 10 even in numerical coarse grids. A study of the
numerical error for the balance law problem with discontinuous source term is shown in Figure 12, along
with the observed first-order behavior of accuracy in the computed solutions in several discrete norms.

EXACT
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EXACT ——— ExacT
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Figure 11: Numerical solutions with discontinuous source term g(z,u).

log-log plot of errors vs. h log-log plot of errors vs. h log-log plot of errors vs. h
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Figure 12: On the top we have log-log plots for norms L' (left), L? (middle) and L (right) of the error versus the cell sizes,
for the situation with a source term g(z,u) discontinuous in z; we can see first-order behavior of accuracy in the numerical
solutions. On the bottom, we have corresponding errors between the numerical approximations (U) and exact solutions (u).

We now discuss the shallow water equations over non-trivial topography g(z,u) of the seminal work of
Greenberg and LeRoux [22] (see also [21]) given by

with flux function f(u) =

2
% and source term G

(e
w4 (£
t 2 .
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otherwise. Figure 13 shows a non-stationary shock wave connecting two states that correspond to steady
solutions for which u + a = 1.3 on the left and w + a = 1 on the right. In this numerical test, the initial
data is u(z,0) = 1 — a(x), > 0.2 and u(x,0) = 1.3 — a(z), < 0.2. The scheme produces a qualitatively
correct monotone curve as the mesh grid is refined keeping the total height v+ a at ¢t = 1.5.

a(x) a(x)
1.4 . * a+u 14 . B . . . * a+u

0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
X X

Figure 13: Numerical solutions with source term g(z, ). 512 cells (left), 1024 cells (right).

6.5. A scalar balance law: a hard test case with exponential growth of the source term

The main goal of this example is, as in [17], to emphasize the qualitative difference between time-
splitting, (or fractional step methods) and well-balanced numerical schemes when it comes to computing
the entropy solution of a simple scalar, yet non-resonant, balance law Oyu + 0,(f(u)) = k(z)g(u), 0 <
k € L' N C°R), f is genuinely non-linear and g € C*(R), see [17] for more details. In this particular
problem it is considered f(u) = u?/2, k(z) = 0.2 and g(u) = u with initial data ug(z) = Y (), Y the
Heaviside function. This results in the classical “one-half”order of convergence in L', which is known to
be optimal for Godunov type [34, 37], denoting the entropy solution u and its numerical approximation
by u”t; see [37] that states: V¢ € [0,7], [[u®(t,.) — u(t,.)||r @) < CVAt. The analysis discussed in
[38] reveals that the “constant C” is actually an exponential in time, which results in the more rigorous
statement: V¢ € [0,7], [[u®t(t,.) — u(t, )|l ®) < Cexp(max[g’(u)]t)V/At. This estimate is disastrous
from a computational standpoint, because in order to keep the absolute error below a given tolerance, the
computational grid’s parameters are meant to decrease exponentially with time (except if ¢’ < 0, for which
TV (u)(t,.) decays exponentially too). Figure 14 shows numerical approximations with 256 and 512 cells.

8 8
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OUR METHOD * OUR METHOD
6 - INITIAL 6t = INITIAL

S 4 S4rF

d

0 10 20 30 0 10 20 30
position position

Figure 14: Numerical approximations of the scalar balance law. The solution is shown with 256 cells (left) and 512 cells (right).

0.6. Zero velocity and steady-state solutions

One particular case occurs when fJ” = 0. The integral curves now are vertical lines, so the original grid
does not change in time and we obtain the steady-state solution of the simulated problem. To illustrate
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such situation, we present in this section an example from [22]:

ou o)
ot Ox
u(z,0)+ Z(z) =1,

(56)

where Z(z) = 0.9 (cos(w (%;1)))30 if 0 < 2 < 2 and zero otherwise. With f(u) = u?/2 the steady-state
solution of this problem is u+ Z(z) = 1. Note that the steady-state solution is achieved when the following
identity is satisfied:
2
0%
ot Oz

—uZy(zx)=—-u(u+2),. (57)

The control volume is
D} ={(t,x) /t" <t <t"T' 2 <w <z}

where the integrals curves are the vertical lines = 27 i.e the original grid does not change in time. Hence,
the projection step is not necessary anymore. This is the geometrical interpretation of the tracing forward
of the cell dual grid being identical to the original grid. Integrating (57) over D;-’ gives:

tn+1 tn+1

/. / | 4] o= / / e Oyt = [ / Wt 2),) dedt. (58)

By the application of the divergence theorem on the left side of (58), we get

for L0 o=,

Since the integrals curves z = 7

tn+1

/ b w(u+ Z),) dedt. (59)

are impervious, the flux is vertical from t" to t"*!. Dividing by h, we get

1 $}L+1 1 $}L+1 tn+1

— / u(z, t" ) de — = / u(x (u+ 2),,) dxdt. (60)

h an h an n
Thus

g1
U;::l % = / / (u+ 2),,)dxdt. (61)
With this, the numerical scheme can be written as follows
1 e el
UL =00, + o / / uu+2),)dedt ~ U,y — EUJ’;% (w+2)7);11 /tn /gc dxdt.

(62)

Notice that we approximate the derivative (u + Z), with the previously discussed slope limiters. We
show in Figure 15 the steady-state solution approximated by this numerical scheme. This example exhibits
a numerical version of a well-balancedness property for our framework, see Figure 15 (left). We also show
an example from [6], see Figure 15 (right), with Z(x) = 0.4e(*"(®)=1) and the steady-state solution of the
simulated problem given by u + Z = 0.5.

6.7. Systems of balance laws: The shallow-water problem
Here we consider a numerical approximation of the well known system of balance laws modeling the
shallow-water problem. The model under consideration is as follows:

oh N O(hu)
ot Ox

= 0,
(63)
d(hu) N 0 (hu? + £h?)
ot Ox
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Figure 15: Steady-state solution for the problem modeled by equation 56 with different topographies. The solution for both
cases is approximated with 200 mesh grid cells at time ¢t = 100.

which we rewrite as

oh . O(hu)
ot Ox

=0,
(64)

ot oxr Oz 9o

where h > 0 denotes the water height, u € R is the water velocity in the = direction, and g > 0 stands for
the gravity constant. The function Z denotes the smooth topography.
Applying the Lagrangian-Eulerian method to each equation, we get

oh  d(hu) B
[ (2 g

d(hu) O (hu?) B oh 0Z
/,’;< o + o dA__g/r“h 8_x+8x dA.

The integrals on the left side in (65) were previously discussed. We will focus on how to approximate the
integral on the right side. We have

d(hu) . d(h?) 9 (ghz) 0z

(65)

"t ol 1(t)
I;;j:/ h(ah az) dA / / - h+Z)d dt. (66)
: n 0 "
m,j (t)
Therefore from (66) we get,
t7L+1
g~ [ (a0 + 2 0) = (e} (0.0 + Z( (1) (67

The last integral can be approximated using Taylor series expansion of order one, where we use a slope
limiter to approximate the derivatives (H,),; and (Z,);, and the trapezoidal rule for the integral on time.
The final approximation gives

Ly ~H} (Hiy + Zysr — (H + Z5))

FO5HP(A02 (s (Ho s + Fy(Za)r — (), — fynZopn). @

The next three test cases come from [20] (see [6, 12, 35] and references therein). The topography is
flat with a bump for x € [8,12], as follows: Z(x) = 0.2 — 0.05(z — 10)?. The transcritical flow without
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shock, transcritical flow with shock and subcritical flow test cases are performed according to the initial and
boundary conditions given by [12, 20, 35]. The first test models the transcritical flow without shock [35].
For this case, the initial water height is 0.33 m. A unit discharge of 1.53 m? /s is imposed at the upstream
boundary, and open boundary conditions ( % =0, Z—;‘ = 0) are applied at the downstream side. The
numerical solutions for water height and discharge can be seen in Figure 16 after the steady state has been
reached (which happens at time 41.5 sec.). We show in Figure 16 the numerically evaluated water height
and discharge with the corresponding analytical solutions, with three levels of refinement (200, 600 and 1000
mesh points). At the end of the bump a constant level is again reached. Discharge shows an underestimation
near the bump, reduced on refinement. The second test models the transcritical flow with a shock. The
initial water height is also 0.33 m. A unit discharge of 0.18 m? /s is imposed on the upstream boundary and
a depth of 0.33 m is imposed on the downstream boundary. The steady state here is reached at 175.5 sec.
We show in Figure 17 the analytical and numerical solution for water surface profile and discharge, with
three levels of refinement (200, 600 and 1000 mesh points). A local peak in numerical solution for discharge
is observed on the jump after the bump (for more details on this behavior see [35] and references therein).
The third test models the subcritical flow over a bump without a shock. Subcritical flow conditions are
maintained in the same channel as taken in the above two cases. A unit discharge of 4.42 m?/s is imposed
on the upstream boundary and a depth of 2.0 m is imposed on the downstream boundary. The steady state
is reached at time 85.5 sec. Figure 18 shows the solutions for this case after reaching the steady state, with
three levels of refinement (200, 600 and 1000 mesh points). For all the three cases, the Lagrangian-Eulerian
scheme produced qualitatively correct results compared to analytical solutions with 200 mesh grid cells.

h+2z
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0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
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Figure 16: Transcritical without shock test case. The steady-state has been already reached (exhibited time is t = 600 sec.).
Top: h + Z solutions with 200, 600 and 1000 mesh grid points. Bottom: discharge M with 200, 600 and 1000 mesh grid points

22



03

0.2

=015

0.1

Figure 17: Transcritical with shock test case. The steady-state has been already reached (exhibited time is t = 600 sec.). Top:

position

=015

10 15
position

10 15 20 25
position
—
10 15 20 25

position

=015

10 15 20 25
position
A
——
10 15 20 25
position

h + Z solutions with 200, 600 and 1000 mesh grid points. Bottom: discharge M with 200, 600 and 1000 mesh grid points

10 15
position

10 15
position

Figure 18: Subcritical test
solutions with 200, 600 and 1000 mesh grid points. Bottom: discharge M with 200, 600 and 1000 mesh grid points

case. The steady-state has been already reached (exhibited time is ¢ = 600 sec.). Top: h + Z

10 15 20 25
position

10 15 20 25
position

23

10

position

10

position

15 20 25



The following results are reproductions of the test cases presented in [10] - Small perturbation of steady
flow over a slanted surface. We consider the modified system for shallow water equations presented in the
cited paper, with water source term R(z, ) (which for the test cases is identically zero) and a bottom friction
term with the classical Manning formulation. In one spatial dimension the equation is reduced to:

Oh  J(hu)
z” — t
ot T on R
(69)
a(hu) 0 (hu2 + %hQ) n?
— —ghZs — gulul,
ot + Ox ghZ. gh§ ulul
We consider the initial data
_ 0.2hg, 1<z <1.25, -
h(x70) - hO + { 07 OtherWiSe q(a:?O) - qO (70)

The first test is a supercritical case, with hg = 0.09564, go = 0.1, n = 0.02 and the (constant) slope of
topography Z, = —0.01. We show on Figure 19 the initial state, a snapshot at time ¢t = 1.0 sec., where the
perturbation propagates to the right and the steady state at time ¢t = 100 sec. Next, the subcritical case is
presented with hg = 0.02402, ¢o = 0.002, n = 0.1 and the slope of topography again as —0.01. Here, the
shape of the propagated solution is different from the previous case. We show on Figure 20 the initial state,
a snapshot at time ¢ = 0.5 sec. and the steady state solution at time ¢ = 100 sec. Then, the last case on
Figure 21 shows a magnitude of topography slope larger than the other cases, Z, = % In this case, the
perturbation propagates faster than in previous tests, but the numerical steady state is achieved at large
times. These tests are evaluated with 200 grid cells.
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Figure 19: Supercritical test case at initial time (left), ¢ = 1.0 sec. (middle), and steady state at ¢ = 100 sec. (right).
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Figure 20: Subcritical test case at initial time (left), t = 0.5 sec. (middle), and steady state at ¢ = 100 sec. (right).
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Figure 21: Larger slope topography test case at initial time (left), ¢ = 0.05 sec. (middle), and steady state at ¢ = 100 sec.

(right).

0.8. Error analysis

We present an error analysis study performed for the linear conservation law u; 4+ au, = 0, with a = 1.0
and a smooth initial condition. We observe from information below that our method presents first-order

accuracy behavior.

log-log plot of errors vs. h
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Figure 22: On the top we have log-log plots for norms L' (left), L? (middle) and L°° (right) of the error versus the cell sizes, for

2
the the linear problem u¢ +uz = 0 at time 7' = 1.0 with smooth initial condition u(z,0) = e~*"; we can see first-order behavior
of accuracy in the numerical solutions. On the bottom, we have corresponding errors between the numerical approximations
(U) and exact solutions (u)

7. Concluding Remarks

In the present work, we constructed an efficient numerical scheme in local conservative form for solving
nonlinear hyperbolic conservation and balance law problems — both for the scalar case and for systems of
equations — using a novel Lagrangian-Eulerian approach. This method is based on a reformulation of the
equation regarding an equivalent locally conservative space-time divergence form problem. We make use of
piecewise linear reconstruction ideas along with predictor-corrector type approximations for improvements
of the computed numerical solutions. A rigorous mathematical demonstration of such approach is beyond
the scope of the present paper, and is to be attempted in future research. We discussed qualitatively correct
numerical solutions for problems such as the classical inviscid Burgers equation, two-phase and three-phase
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flow problems in porous media and nonlinear shallow water equations, including test cases with bottom
friction. In particular we were also able to reproduce qualitatively correct approximations for the situation
of balance laws u; + fy(u) = g(u,x), with g(u,z) discontinuous in z. This framework is aimed to be
independent of a particular structure of the flux function and the stiff source term. Moreover, we also
discussed ideas on how to extend the Lagrangian-Eulerian framework for higher dimensions. Indeed, we
have also discussed another simple, fast and elegant alternative for extending the novel approach to more
than one dimension along with a two-dimensional concrete example. Our procedure is based on writing the
two-dimensional scalar conservation law in the form of a coupled set of two balance laws along with initial
data. We also discuss the extension of our novel framework to the case of systems of balance laws and for
nontrivial test cases that can be found in the recent specialized literature. As announced, a convergence
proof is not ready to the moment, but its numerical aspects and their applications were covered in the
current work by a very large and representative set of numerical experiments to give convincing evidence
that we were able to compute qualitatively correct approximations for several transport models and related
applications.
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Appendix A. A CFL constrain to the linear advection model u; + au, =0, a € R

We perform a preliminary stability analysis for the numerical scheme, without reconstruction and
predictor-corrector ideas. The simplified scheme with constant time step for linear conservation laws is,

1 ak

+1_ s
Up Tt =1 Uy + 207 + U] = o (U7 = U] - (A1)
By means of the Fourier analysis every one-step scheme can be recast in a recurrence relation, given by

(from the Fourier inversion formula):
Ut = ()0, with U™ = (g(h€)"0°", (A.2)

where U ™ is the Fourier transform of a grid function U", defined at grid points z; = j h for j =0, £1,+2,---
and all crucial information about a scheme is embedded in its amplification factor or characteristic function
g(h¢&) for the scheme at wave number £. Therefore, replacing Ul by g"e’" and plugging this into the
Lagrangian-Eulerian scheme (A.1) and matching coefficients reads (with w = h £ for convenience of notation):

o) H e = 9(2})" (eisu—l)h n Qeisjh+eif<j+1)h) _ % (eif(j+1)h _ eié(j—l)h> . (A.3)

From (A.3) one easily find that,

g(w) _ Z (efzﬁh ) e’bﬁh) _ CL_ (ezgh o e*tfh) _

o7 (1+ cos(&h)) — visin(Eh), (A.4)

1
2
where v = akh ™! is the Courant number. Thus, the analogue Lagrangian-Eulerian finite difference scheme is
stable if there is a positive constant K (independent of &, h, k, but h, k are in the stability region) such that,
lg(w, k,h)| <1+ K k. If amplification factor does not depend of h and k, then g(w, k, h) can be replaced
with the restricted stability condition |g(w)| < 1. Thus, the amplification factor of the Lagrangian-Eulerian
scheme (A.1) is given by,

(14 cos(€h))? + v sin?(€h). (A.5)
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Notice the restriction [g(w)| < 1 is also true if v? < 1, and then we get,

[v] < (A.6)

1
5"
This now gives a support to what was used in [5]. Additionally, a more detailed analysis of the amplification

factor (A.4) shows that the bound in the equation (A.6) can be greater. We consider now the function from

(A.5),

tw,v) = gw)|* = i (1 + cos(w))? + v? sin®(w). (A7)

Differentiation of ¢(w,v) with respect to w and setting ¢, (w,v) = 0 reads,

N[=

from which we get the following constraint for v # %:

1
2

2 _ 1
2v 3

<1 (A.9)

Therefore 0 < v < % or @ < v. Indeed, this function ¢(w,v) has no critical points on the interval

i<v< g, but ¢, (w,v) = 0 in this interval is zero. This implies that function ¢(w,v) is constant there,

but the function is still limited by one for v €]3, \/75[ Now, notice that the function t(w,v) (A.9) associated
to the analogue linear Lagrangian-Eulerian scheme (A.1) is continuous, even smooth with respect to the
variable v. Therefore, stability condition for the linear Lagrangian-Eulerian scheme (A.1) is,

2 k
|v|§§, vz%, a€R, hk>0. (A.10)
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Abstract

We present a simple numerical method based on a Lagrangian-Eulerian framework for ap-
proximate solutions of nonlinear balance law problems. This framework has been used for
numerically solving partial differential equations of several types, such as hyperbolic conser-
vation laws [3, 8], balance laws problems [4]. As in [3,5] the mass conservation takes place

in the space-time volume D7, and this region in the form of [3] is used to define naturally

a balance law. This balance law is the central idea to build a efficient numerical method to
approximate solution to balance law problems. Verification of the technique is also made by
comparison with analytical solutions when they are available.

Keywords. hyperbolic balance laws, Lagrangian-Eulerian, Finite Volume Methods

1 Introduction

We propose a first order high-resolution three point numerical scheme based on a
Lagrangian-Eulerian framework for numerically solving nonlinear balance law problems.
The Lagrangian-Eulerian approach is a promising tool for numerically solving partial dif-
ferential equations of several types. Recently, in [2,3,8] such ideas were extended to a wide
range of nonlinear purely hyperbolic conservation laws and balance laws scalar and sys-
tems. Here, we make use of polynomial reconstruction ideas into the Lagrangian-Eulerian
novel approach, but keeping the scheme simple, fast and without any strong restriction
over the source term other than integrability on the finite volume. As in [2,3,8] the hyper-
bolic part of balance law is written in a space time divergence form so that the inherent
conservation properties of the hyperbolic operator are used efficiently to build a numerical
method to hyperbolic balance law problems [5]. Such framework presents an interesting
property of being rather independent of a particular structure of the source terms. Our
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goal on the current work is two-fold: 1) to present the novel high-resolution Lagrangian-
Eulerian three point numerical scheme for general balance laws, and 2) the application
of the new scheme to a wide range of nonlinear balance laws that appear in transport
in porous media problems as well as to the shallow water equations with discontinuous
source term. For such problems, we present evidences that we are calculating qualita-
tively correct approximations with accurate resolution of small perturbations around the
stationary solution. Our work shows accurate results computed efficiently with the simple
high-resolution Lagrangian-Eulerian numerical scheme for general balance laws.

2 Numerical Method

We consider a novel Lagrangian-Eulerian formulation that can be viewed as an exten-
sion of previous works [2,3,8] for practical construction of numerical solutions for balance
law problems, but following innovative recent ideas introduced in [1] to construct weak
asymptotic methods for scalar equations and systems of conservation law equations. For
simplicity, we consider the particular scalar equation with u = u(z,t)

% + W =g(x,u), xR, t>0; u(z,0) =ug(x) € L=(T), =zeR, (1)
with f Lipschitz, with Lipschitz coefficient bounded on bounded sets and source term
g(z,u) integrable over the finite volume D?. We provide a formal development of the ana-
logue Lagrangian-Eulerian scheme [4,5,8] for numerically solving the initial value problem
(1). As in the Lagrangian-Eulerian schemes [3-5], a local mass balance equation is ob-
tained by integrating the hyperbolic balance law (1) over the region in the space-time
domain. Here we consider the Lagrangian-Eulerian finite-volume cell centers

(t) <z <o,

]Jr%(t)}v (2)

1
Dj ={(t,z) / t" <t <", ;1
where U;?_ ; (t) is the parameterized integral curve such that 0?_ L(th) = x? ;. These curves
2 2 2
are the lateral boundaries of the domain D7 in (2) and we define i";‘ji = 0?_ L (t") and
2 2

7" = 0" | (t"F1) as their endpoints in time t"*!. The numerical scheme is expected to
2

=o"
satisfy some type of local mass balance (due to the inherent nature of the problem) from

time t™ in the space domain [x;l_ 1 x;l 1 } to time t"*! in the space domain [azyﬂ , 9:;‘:4 )
2 2 -2 2

With this, we must have the flux through curves 0’;1 , (t) to be zero. From the integration
2

of (1) and the divergence theorem applied on the hyperbolic operator, left side of equation

(1), and using the fact that the line integrals over curves o7/ (t) vanish, we get the local

balance mass equation

—n—+1 2

/_ it3 u(x,tn+1)d$ — / ity u(z, t")dx + // g9(z, u) dzdt. (3)

n
i-%



As in [3], the curves o7, ,(f) are not straight lines in general, but rather solutions of the

local nonlinear differential equations [2,4,8]: doj- 1/ 2(0) _ ufu(“) = f(u), for t" <t < "
with initial condition o7 , (") =af_, /2 assummg u # 0 (for the sake of presentation).
The extension of thls construction follows naturally from the finite volume formulation

of the linear Lagrangian-Eulerian scheme, as in [2,3, 8], building block to construct local
approx1matlons such as fI' ;5 = f(U;il/z) A f(u(xj_%,t”)) with the initial condition
] 1 /2( = ] 1/2° Indeed distinct and high-order approximations are also acceptable

d
for ﬂ = f(u). Asin [3], the piecewise constant numerical data is reconstructed into

a piecew1se linear approximation (but high-order reconstructions are acceptable), through
the use of MUSCL type interpolants L;(z,t) = u;(t) + (v — xj)ALu’ For the numerical
derivative A— , there are several choices of slope limiters. A priori choice of such slope
limiters is qu1te hard, but they are chosen upon the underlying model problem under
investigation. A possible slope limiter is

3 (@)

and this choice allows steeper slopes near discontinuities and retain accuracy in smooth
regions. The range of the parameter « is typically guided by the CFL condition. Equation
(3) defines a local mass balance between space intervals at time ¢ and at time t"T!. We
will later address how to project these volumes back to the original mesh. Defining

=

1
U]’- =MM {aAujJr%, §(u]-+1 —uj_1), OéAU]-,

n+

=+l 1 i+ 1 1 (%51
U, = s /n+12 w(z, t")dr, and Ul := 7 /n * u(x, t")d,
7y “i-%

then, equation (3) can be rewritten into

. 1
Uj+1 = o (hU}I —i—//ng(:v,u) dxdt) : (5)
J j

Solutions ¢ T /2( ) of the differential system are obtained using the approximations

1
LUy
(6)
The above approximation is not necessary in the linear case where u f(u) = a(x,t) u. We
must notice that the approximation of f]”_l /o MAY cause spurious oscillation in Riemann
problems, specially in shocks and discontinuity regions. For that, we use a polynomial
reconstruction of second degree to smooth out the approximation and also slope lim-
iters approximation of the form (4). The numerical solutions have shown qualitatively
correct behavior for nonlinear hyperbolic conservation laws. Convergence order remains
unchanged even with the reconstruction, being first-order. In the reconstruction we use
the nonlinear Lagrange polynomial in U;_;, U; and Uj4;. Equation (5) reads,

Uj_%

a” 1
= <f£2Lj 1xtdx+fn .’Et)dl‘>—§(Uj_1+Uj)+

j—1 v,l
2

—n 1 Tl
U = [ Pawds, 7)



L_y(x — ;) +UJ' Lo(x — ;) + Ufyy Ln(z — x5), Lo(z ):1—(£)2 and

i1
Liq(z)= % [(% + %)2 4} Next, we obtain the resulting projection formula as follows

ntl _ el opay —nt1 et
ot =T S (£ T - 6T + 1, T, ®)
where fJr = f+(U” ) f;r% = f_(UjT:L%) and |f;| = fjJr_%—i-fj:L% . Here At™ is obtained

under CFL condltlon

l\DID

+ - n
mfx{fj_;’fj+;}At

which is taken by construction of method. We note that in the linear case, when a(zx,t) =
a > 0 (or a < 0), the numerical scheme (5)-(8) is a extension of the Upwind scheme to
linear balance law, but our scheme can approximate solution in both cases a > 0 and
a < 0, the CFL-condition in this case is |a At| < h as in the Upwind scheme.

3 Numerical Experiments

We present and discuss approximate computations for scalar balance laws and systems
of balance laws. The scalar calculations were performed in less that one second with
Matlab on a standard laptop with 2.60 GHz Intel Core i7-4510U CPU and 8.0 GB of
RAM memory.

The first test is an example of linear advection with a smooth (polynomial) source:

ug + 2u, = 2 4 6ta’, u(x,0) = 0.

The initial data here is zero, but the exact solution of this differential equation is u(x,t) =
tz3. In = 0 we have a sonic point accurately captured by our simulations. Figure 1
presents numerical solutions at times ¢t = 0, ¢ = 1.5 and ¢ = 3.0 for a 256 cells mesh. For
this case we have a natural and robust generalization for the upwind method for balance
laws. The observed convergence rate was studied at time ¢ = 3.0 with 32, 64, 128, 256, 512
and 1024 mesh grid cells and second-order convergence was observed (see Figure 2). Here
we used the midpoint rule for the source term quadrature, but the linear advection hyper-

bolic operator is being exactly calculated due to exact CFL condition.

o 1 2 3 4 s

Figure 1: Numerical solutions with smooth source term g(x,t) = 2% + 6t22.
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Figure 2: Convergence of error in L', L? and L® norms with uniform mesh refinement for
the smooth source term test. Second-order convergence is observed in this example.

For the second test, proposed by Shi Jin in [9], the source term is of the discontinuous
form g(x,u) = 2'(z)u.
ug + (u f(u)), = g(x,u)

with flux function uf(u) = % and z(x) = cos(rx), 4.5 < z < 5.5 and 0 otherwise with
0 < & < 10. Note that z/(z) is a discontinuous function, so that g(x,u) is a discontinuous
source term in x. Figure 3 involves approximations with initial data u(xz,0) = 0, z > 0
and u(0,t) = 2, t > 0. The steady state solution of this problem is u+ z = 2. The pictures
in Figure 3 show approximations with 128 cells (left), 256 (middle) and 512 cells (right)
for u (top pictures) and for steady state u + z (bottom pictures). The numerical results
present clearly qualitatively correct approximations at ¢ = 1.

——EXACTA ——EXACTA ——EXACTA
3 | —— APPROXIMATION 3 | ——APPROXIMATION 3 |—— APPROXIMATION

Figure 3: Numerical solutions with discontinuous source term g(x, u).

We also consider, as in [7], a 2 x 2 nonlinear system of balance laws modeling the flow
of water downing in a channel having a rectangular cross section and inclined at a constant
angle 0 to the horizontal. This is a prototype model for shallow-water flow (see [8]) in an



inclined channel with friction the system may be written as (in dimensionless variables)

oh  O(hu)
ot - or 0
(9)
d(hu) N O (hu® +3h*)  1+h
ot ox N tan(&)v ’

where h is the height of the free surface and v is the averaged horizontal velocity. Precisely,
as in [7], the friction coefficient C' is taken to be 0.1, while the inclination angle § = %.
On physical grounds, in this model problem it was assumed the hydrostatic balance in
the vertical direction and ignored any surface tension. Here, the initial velocity is taken
to be vop = 1.699, while the initial height of the free surface consists of a triangular
perturbation of the uniform flow level, ho(z) =z + 1.5, —0.5 < x <0, ho(X) = —x + 1.5,
0 <z < 0.5, and 1 elsewhere. Numerical approximations are shown in Figure 4 with a

clearly qualitatively correct approximations at t = 1.
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Figure 4: Numerical solutions to shallow water system (9) with 128, 256 and 512 cells (left
to right), h (height) in top and v (velocity) bottom .

4 Concluding Remarks

We presented the development of a simple and effective numerical scheme for solving
nonlinear scalar balance laws problems with the Lagrangian-Eulerian framework. This
method is based on a reformulation of the conservation laws in terms of an equivalent lo-
cally conservative space-time problem in divergence form. We make use of piecewise linear
and parabolic reconstructions ideas for resolution and accuracy reasons and the resulting
method present qualitatively correct numerical approximations. Our method is robust in



a way that no special treatment is needed when the sign of velocity changes over time. We
expect to establish a componentwise extension of the scheme in order to perform numeri-
cal experiments for systems of conservation and balance laws, as well as multidimensional
problems. Our numerical experiments show good evidence of computational convergence
and preservation of the well-balanced property of balance laws.
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Abstract

We propose a simple and fast numerical method based on a Lagrangian-FEulerian framework
for numerically solving nonlinear balance law problems. As in [1,2,5] the hyperbolic part
of balance law is written in a space-time divergence form (see [4,5]) so that the inherent
conservation properties of the hyperbolic operator are used efficiently to build a numerical
method to hyperbolic balance law problems. Such framework presents an interesting property
of being rather independent of a particular structure of the flux function as well as of the source
terms. Without any strong restriction over the source term other than integrability on the finite
volume, the above procedure leads to a first-order three-point numerical scheme. To enhance
resolution and accuracy of the approximations, we make use of polynomial reconstruction
ideas into the Lagrangian-Eulerian novel approach. Besides, we use the novel technique to a
wide range of nonlinear balance laws that appear in transport in porous media problems as
well as to the shallow water equations with discontinuous source term. In such problems, we
present evidences that we are calculating qualitatively correct approximations with accurate
resolution of small perturbations around the stationary solution. Verification of the technique
is also made by comparison with analytical solutions when they are available.
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