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Resumé

Cette these porte sur 'approximation numérique des équations de Saint-Venant et
de quelques problemes qui leur sont reliés.

Dans la premiere partie, nous analysons les propriétés mathématiques et les ap-
plications des schémas numériques sur grilles décalées. La robustesse de ces schémas
est prouvée sur des applications telles que les équations de Saint-Venant dans un
domaine en rotation, en vue des écoulements géostrophiques, ainsi que ’extension
de ces équations au cas visqueux.

Dans la seconde partie, nous présentons des modeles basés sur les équations de
Saint-Venant. Nous commencons par étudier le couplage avec ’équation d’Exner,
qui porte sur le transport des sédiments. Nous observons des propriétés de conver-
gence numérique vers la solution exacte dans un cas de solution analytique, et nous
constatons un bon accord avec des données expérimentales dans le cas de la rupture
de barrage avec fond érodable. Nous continuons par 1’étude d’un schéma numérique,
basé sur une méthode de volumes finis colocalisés (HLLC) pour I'approximation du
modele de Richard-Gavrilyuk. Ce modele étend les équations de Saint-Venant au
cas des écoulements avec cisaillement. Des tests numériques montrent la validité du
schéma.

Mots-clé : équation de Saint-Venant avec topographie, frottement, volumes finis,

grilles décalées, bilan d’entropie, équation d’Exner, modéle de Richard-Gavrilyuk.
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Abstract

This thesis is devoted to the numerical approximation of the shallow water equations
and of some related models.

In the first part, we analyze the mathematical properties and the applications
of the staggered grid scheme. The robustness of this scheme is validated on various
applications such as the rotating shallow water equations for geostrophic flows model
and viscous shallow water equations.

In the second part, we consider some related models. Firstly focusing on the
coupling between the Exner equation and the shallow water equations, modelling
bedload sediment transport, we observe in a particular case the numerical con-
vergence of the scheme to the exact solution, as well as a good agreement with
the experimental data in the dam-break with erodible bottom test. Secondly, we
present a numerical scheme based on the finite volume collocated scheme (HLLC)
in order to approximate the Richard-Gavrilyuk model. This model is an extension
of the shallow water model, fit for modelling the shear shallow water flows. Some
numerical tests provide a validation of the scheme.

Keywords: shallow water equations with topography, friction, finite volumes,

staggered grids, entropy balance, Exner equation, Richard-Gavrilyuk model.
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Abstrak

Tujuan dari tesis ini adalah untuk mempelajari skema numerik untuk shallow water
equations (persamaan air dangkal) dan model terkait.

Bagian pertama, kita mempelajari analisis dari properti matematika skema stag-
gered grid beserta aplikasinya. Beberapa standar tes numerik menunjukkan kehan-
dalan (robustness) dari skema tersebut. Sebagai tambahan, skema staggerd juga
ditunjukkan sebagai skema yang simpel dan mudah untuk beberapa aplikasi seperti
rotating shallow water equations untuk model geostrophic flows dan viscous shallow
water equations.

Pada bagian kedua, kita tinjau pemodelan terkait terhadap standard shallow wa-
ter equations. Pertama kita fokuskan terhadap model gabung persamaan Exner dan
shallow water, yang merupakan model untuk bedload sediment transport. Laju dari
konvergensi skema numerik terhadap solusi eksak diperlihatkan sangat terpenuhi.
Dan selain itu, perbandingan hasil skema numerik terhadap data eksperimen pada
tes dam-break dengan dasar bergerak menunjukkan hasil yang sangat baik. Ke-
dua, disini kita mencoba membangun sebuah skema numerik berdasarkan collocated
grid volume berhingga dengan menggunakan HLLC (Harten-Lax-van Leer-Contact)
solver untuk menghampiri model Richard-Gavrilyuk. Model ini merupakan pengem-
bangan dari shallow water flow dengan beberapa tambahan variabel. Model ini san-
gat tepat untuk memodelkan aliran shear shallow water. Beberapa tes numerik di-
tunjukkan untuk memvalidasi kekuatan dari skema numerik.

Kata kunci: persamaan air dangkal beserta topograpi, friksi, volume hingga,

staggered grids, entropy balance, persamaan Ezner, model Richard-Gavrilyuk.
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General introduction

In this introductory chapter, we present motivation, purpose, outline and contribu-

tions.

0.1 Motivation

The shallow water equations (also called Saint-Venant’s equations) are the usual
model to describe fluid flow in the rivers, channels, estuaries or coastal areas. Apart
from the application in shallow water areas, they are also used to describe oceanic
or atmospheric circulation or debris flows. In oceanic phenomena this model is com-
monly adopted for simulating tsunami.

The main assumption of the shallow water model is that the horizontal length
scale is much greater than the depth scale. Thus, one can get rid of the vertical
dimension by averaging the mass and momentum conservation equations over the

depth. In one dimension of space, the shallow water equations read

Oh + 0z (hu) = 0, (1)
O (hu) + 0, (hu2 + 1/2gh2> + ghd,z =0, (2)

where h is the water height, u is the velocity, ¢ is the gravitational constant, and z
is the topography of the bottom (see Figure 1).

The shallow water equations (1-2) are a nonlinear hyperbolic system of con-
servation laws (with a source term due to the topography). For such a problem,
where shocks can form in the solution, finite volume methods have proved to be
very effective. In this method, two approaches are classically available. Generally in
the collocated approach, all the unknowns of the system are approximated on the
same mesh and the numerical fluxes are computed with an approximate Riemann
solver (see [3, 7, 45, 30| for description this method). However, this method is not
straightforward and not easy to implement. For instance, the computation of the

solution with data vacuum is still difficult. The problem occurs when two values
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h + z sealevel elevation

Figure 1: One-dimensional shallow water model.

which are zero and nonzero are given, then the timestep tends to 0 restricted by the
Courant-Friedrichs-Levy (CFL) condition (see F. Bouchut [7] for more detail). In
order to cure this defect, F. Bouchut [7] proposed a numerical flux which is called
Suliciu relaxation adapted to vacuum. This numerical flux has a property which is
proved a positive entropy satisfying approximate Riemann solver for shallow water
equation that handle the vacuum. But again, we can say that the property is not
easy to get and is complicated. Moreover, as recorded in [41], the extension to 3D
model for collocated method is not simple at all.

In contrast to the collocated method, staggered finite volume discretizations for
solving nonlinear hyperbolic system of conservation laws have been investigated in
the past few years [1, 41, 42, 35]. Here, the staggered approach the different un-
knowns of the system are approximated on staggered meshes. The numerical fluxes
can then be computed in a simpler way, avoiding the use of an approximate Rie-
mann solver. Note that staggered discretizations have been used for a long time for
systems of partial differential equations such as the Maxwell equations, the Navier-
Stokes equations or the nonconservative shallow water equations [1]. Seemingly, the
staggered finite volume method is similar to finite difference method. However as
recorded in [35], the staggered scheme approximates the conservation equation in
discrete form on a fixed cell (control volume), meanwhile in finite difference methods,
the derivatives at a point are approximated by truncated Taylor series.

Generally, a robust and well-balanced scheme for shallow water equations should
satisfy some mathematical properties such as preserve the nonnegativity of water

height h, well-balanced, i.e. it preserves the discrete steady state, consistent with the

Xiv



GENERAL INTRODUCTION

shallow water equations and satisfy a discrete entropy inequality. A complete sta-
bility and convergence analysis of a finite volume scheme for a nonlinear hyperbolic
system is out of reach. However, a number of properties of the scheme related to the
stability and the convergence can be studied: preservation of invariant domains, en-
tropy inequalities, preservation of some particular steady states (well-balanced prop-
erty). Unfortunately, the literatures to study the staggered finite volume method for
shallow water equations satisfy those properties are limited. Particularly, the study
of staggered finite volume method in entropy satisfying is not available. Therefore
through this thesis, we will try to investigate, design and analyze such properties of

a staggered finite volume scheme for the shallow water equations with topography.

0.2 Purpose
The aims of this thesis are:

1. to design and analyze a staggered finite volume scheme for the shallow water

equations with topography,

2. to show and simulate the applicability of staggered finite volume scheme to

various flow phenomena in one and two dimensions,

3. to elaborate and study the staggered or collocated finite volume scheme for the
related models of shallow water equations, the coupled system Exner-shallow

water equations and the Richard-Gavrilyuk model.

In the first aim, we design one and two dimensional staggered finite volume dis-
cretizations on first and second-order accuracy in space and time. In one dimensional
case, we study a number of properties of the staggered scheme related to the stability
and the convergence such as, the positivity of water height h, well-balanced prop-
erty, and satisfying entropy inequality. Our goal here that we prove the staggered
scheme satisfy certain entropy inequality to obtain the stability and convergence to-
wards correct solution. In this case, the relevant entropy refers to the accumulation
energy of solution [46]. Here, first we establish an entropy balance for a semi-discrete
version of the staggered scheme. It appears that the entropy decreases with time.
Then, we establish an entropy balance for the fully discrete scheme. The explicit

time discretization introduces some entropy production terms in the balance so that
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the entropy does not necessarily decreases at each time step. However, by passing
to the limit in the discrete entropy balance, we are able to prove that the scheme is
consistent with the global entropy inequality. The proof of mathematical properties
of the staggered scheme for shallow water equations above are analogous to those
for the barotropic Euler equations, as recorded in [26, 32]. The only difference is
the presence of topography terms in the discrete momentum equation and the dis-
crete entropy balance. Moreover, the robustness and the accuracy of the scheme will
also be assessed through various test-cases: dam break on a wet bed, oscillations
in a parabola, transcritical flow with shock, dam break on a dry bed with friction,

vacuum occurrence over a discontinuous topography.

Due to robustness of the staggered finite volume scheme in first aim, in the
second aim we study the two-dimensional staggered scheme for rotating shallow
water equations on geostrophic flows and the one-dimensional staggered scheme for
viscous shallow water or Saint-Venant equations (SVE) derived by Gerbeau and
Perthame [23]. The resulting scheme is implemented for simulating various rotating
phenomena, such as, Rossby wave, oscillation in a paraboloid, coastal and equatorial
Kelvin waves. In viscous shallow water equations, some comparison results from
other schemes are elaborated in dam-break problem. They show a good agreement

with results calculated using kinetic scheme and direct Navier-Stokes approach.

In the third aim, we study the staggered and collocated numerical scheme for
related models of shallow water equations. The first related model is a coupled
system of the Exner - shallow water equations for bedload sediment modelling by
[4, 11]. Here, we design and implement the staggered grid scheme for this coupled
system. Some numerical tests show good convergence properties to an analytical
solution and match pretty well experimental data in the case of dam break with
erodible bottom. The cases of subcritical steady flow over a bump and transcritical
flow over a bump are presented, showing the robustness of the scheme. The second
related model is the Richard-Gavrilyuk model for studying the shear shallow water
modelling which has been proposed recently by G. Richard and S. Gavrilyuk [38,
37]. The shear shallow water model provides a more realistic description of some flow
phenomena, such as the classical hydraulic jump or the roll waves. Formally, this
model is similar to the full gas dynamics system. But, this model can be considered
as an extension of the standard shallow water model, involving some additional

unknowns, the roller enstrophy ®, and two additional parameters, the wall enstrophy
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¢o and the roller drag coefficient C,.. For Richard-Gavrilyuk model, we implement the
collocated method, since staggered scheme is not straightforward. Here we propose
the collocated scheme with HLLC (Harten-Lax-van Leer-Contact) solver by [7]. And
we present various numerical simulations of Richard-Gavrilyuk model together with
those calculated using standard shallow water equations model. For the case of dam-

break, the Richard-Gavrilyuk model show more relevant results physically.

0.3 Outline and contributions

The contents of this thesis are organized into two parts and five chapters. Some of

the chapters are based on articles which are published or submitted:

1. Chapter 1: It has been published in proceeding as: D. Doyen and P. H. Gu-
nawan. "An Fxplicit Staggered Finite Volume Scheme for the Shallow Wa-
ter Equations'. In: Finite Volumes for Complex Applications VII-Methods
and Theoretical Aspects. Springer, 2014, pp. 227-235. doi: 10.1007/978-3-319-
05684-5_ 21.

2. Chapter 2: It has been submitted as: P. H. Gunawan and S. R. Pudjaprasetya.
"Staggered conservative scheme for rotating shallow water equations on geostrophic
flows", 2014.

3. Chapter 3: It has been published as: Putu Harry Gunawan. "Numerical study of
staggered scheme for viscous Saint-Venant equations”. In: Applied Mathemati-
cal Sciences, Vol. 8, 2014, no. 108, 5349-5359, http://dx.doi.org/10.12988 /ams.
2014.47580.

4. Chapter 4: It has been submitted as: P. H. Gunawan, R. Eymard and S. R.
Pudjaprasetya. "Fxplicit staggered grid scheme for the Exner - shallow water
equations’, 2014.

Part I is about the explicit staggered grid finite volume scheme for shallow water
equations. This part consists of three chapters discussing analysis and application
aspects of the scheme in one- and two-dimensional cases.

In Chapter 1, the design and analysis of the explicit staggered finite volume

scheme for shallow water equations with topography are introduced. A number of
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properties of the scheme related to the stability and the convergence have been
studied: preservation of invariant domains, entropy inequalities, preservation of some
particular steady states (well-balanced property). Moreover, the robustness and the
accuracy of the scheme will also be assessed through various test-cases: dam break

with non-flat topography, lake oscillations, etc.

In Chapter 2, the application for rotating shallow water equations on geostrophic
flows are given. The two-dimensional full model of shallow water equations including
Coriolis force as the source term are considered. Formulation in conservative forms

are as follows

Oth + 0y (hu) + 0, (hv) = 0, (3)
O(hu) + 0, (hu2 + ;ghQ) + 0y (huv) + gh0y,z — fhv =0, (4)
O (hv) + 0, (huv) + 0, (th + ;ghQ) + ghdyz + fhu =0, (5)

where u, v are the fluid particle velocities in x— and y—directions, respectively and
f the Coriolis parameter. Approximation of the momentum balances are calculated
by means of splitting, meaning that first we solve the equations without Coriolis
terms. Then, the next step is correction to account for the Coriolis terms. Here, the

Coriolis terms is calculated using the Crank-Nicolson method.

In Chapter 3, the staggered grid scheme for viscous Saint-Venant equations is

presented. The equations of one-dimensional viscous SVE are given as
Oth + O, (hu) =
( e gh2) - ghByz = — ke (h)u + 40, (hOyu) (7)

(8)

"ivsv<h) wh?
1+3 EP
where the constants x and p are the friction and viscosity coefficients respectively.
Some comparison results with other schemes are elaborated in dam-break test case.
They show a good agreement with results from kinetic scheme and direct Navier-

Stokes approach.

Part II discusses the related models of shallow water equations, such as the

coupled system Exner-shallow water equations and the Richard-Gavrilyuk model.
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In Chapter 4, the staggered numerical scheme is shown to be directly applicable
and simple for approximating the Exner - shallow water equations, for bedload
sediment modelling. The coupled shallow water — Exner equations are given in the

one dimensional case by

Oh + 0, (hu) = 0, (9)
Oh(ht) + 0, (mﬂ + ;ghQ) 4 ghdy (= — H) + ghS; = 0, (10)
atz + faa:Qs = O, (11)

where z is the bed elevation, Q) the sediment discharge (or bedload) and H the
depth of fixed bedrock layer to the reference level (see Figure 2). The coefficient &
is computed by £ = (1 — ¢)~!, where ¢ is the bed sediment porosity. Moreover, the

source term Sy, which is a friction term, depends on the type of flow.

Reference level

Fixed bedrock layer

Figure 2: The one-dimensional sketch of shallow water with a sediment layer.

Numerical tests show good convergence properties to the analytical solution and
match pretty well experimental data in the case of dam break with erodible bottom.
The cases of subcritical steady flow over a bump and transcritical flow over a bump

are presented, showing the robustness of the scheme.
Chapter 5 provides the Richard-Gavrilyuk model which is an extension of the
standard shallow water model, involving an additional unknown, the roller enstro-

phy, and two additional parameters, the wall enstrophy and the roller drag coeffi-
cient. This model read as
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Oih + 9, (hu) = 0, (12)
Oy(hu) + 0, (hu2 + p) = —gh0,z — Crulu|, (13)
O(h(u?/2+ €)) + 0, ((h(u?/2 + €) + p)u) = (—gh@xz - (Cf + %i q)cr> u!u\) u,
(14)

where
p= S0l + (60 + B, (15)
e = ;gh+;(¢o+®)h2. (16)

This model is suitable to describe shear flow phenomena. Hence, the numerical
scheme to approximate the model is constructed and some applications are also

presented. In the end of this thesis, the conclusion and perspectives are drawn.

XX
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CHAPTER 1

An explicit staggered finite

volume scheme for the shallow

water equatioms1

We propose an explicit finite volume scheme for the shallow water equations. The
different unknowns of the system are approximated on staggered meshes. The nu-
merical fluxes are computed with upwind and centered discretizations. We prove a
number of properties of the scheme: positivity preserving, well-balanced, consistent
with the global entropy inequality. We compare it with collocated schemes, using

approximate Riemann solvers, on various problems.

1.1 Introduction

The shallow water equations, or Saint-Venant’s equations, are a usual model to de-
scribe fluid flow in rivers, channels, estuaries or coastal areas. The main assumption
of the shallow water model is that the horizontal length scale is much greater than
the depth scale. Thus, one can get rid of the vertical dimension by averaging the
mass and momentum conservation equations over the depth. In the one-dimensional

case, they read

O + 0, (hu) = 0, (1.1)

O(hu) + 0, (hu2 + ;gh2> + gh0,z =0, (1.2)

!This chapter has been published in proceeding as: D. Doyen and P. H. Gunawan. “An Explicit
Staggered Finite Volume Scheme for the Shallow Water Equations”. In: Finite Volumes for Complex
Applications VII-Methods and Theoretical Aspects. Springer, 2014, pp. 227-235. doi: 10.1007/978-
3-319-05684-5_ 21.
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where t denotes the time variable, x denotes the space variable, h is the water
height, u is the velocity, ¢ is the gravitational constant, and z is the topography of
the bottom.

The shallow water equations are a nonlinear hyperbolic system of conservation
laws (with a source term due to the topography). For such a problem, where shocks
can form in the solution, finite volume methods have proved to be very effective.
Generally, all the unknowns of the system are approximated on the same mesh and
the numerical fluxes are computed with an approximate Riemann solver. We refer
to the monographs of F. Bouchut [7] and E. F. Toro [45] for a thorough description
and analysis of this approach. Staggered finite volume discretizations for solving
nonlinear hyperbolic system of conservation laws have been investigated more re-
cently (see, e.g., [25, 26, 41]). In contrast to the collocated discretization described
above, the different unknowns of the system are approximated on staggered meshes.
The numerical fluxes can then be computed simply componentwise, using upwind

or centered approximations.

In the present chapter, we propose an explicit staggered finite volume scheme
for the shallow water equations. The scheme is identical to the one in [26] when the
topography is flat. We prove a number of properties of the scheme: preservation of
the water height positivity, preservation of some particular discrete steady states
(well-balanced property), consistency with the entropy inequality. The preservation
of the water height positivity is physically relevant and is crucial for the stability,
the occurrence of negative quantities leading rapidly to the computation failure.
We obtain this positivity for the staggered scheme under a CFL-like condition.
The steady states of the shallow water equations are the states (h,u) such that
hu = cst and %u2 + g(h + 2z) = cst. In particular, the steady states at rest, that is
the steady states such that u = 0, satisfy h+z = cst. The preservation of these steady
states at rest at the discrete level is important since many practical problems are
perturbations of such states. With approximate Riemann solvers, this preservation
is quite involved [7], whereas it is straightforward in the staggered framework (on
uniform grids). The entropy 7 for the shallow water equations is the sum of the

kinetic energy, the potential energy and a term stemming from the topography:
Lo 1
n(h, hu, z) == ihu + igh + ghz. (1.3)

4
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The entropy inequality reads
om(h, hu, z) + 0,G(h, hu, z) < 0, (1.4)
where the entropy flux G is defined by
G(h,hu,z) = (;hUQ + gh* + ghz) u (1.5)

Note that the entropy inequality (1.4) holds for smooth and non-smooth solu-
tions. However to accommodate the discontinuous solutions of h or u, the derivatives
involved in the entropy inequality are considered in the weak sense. The staggered
scheme does not satisfy a discrete entropy inequality. However, we prove that it is
consistent with the global entropy inequalitiy, which guarantees that the disconti-
nuities computed by the scheme are admissible discontinuities.

Finally, we test the staggered scheme on various problems: accuracy test, dam
break on a wet bed, oscillations in a parabola, transcritical flow with shock, dam
break on a dry bed with friction, vacuum occurrence over a discontinuous topogra-
phy, oscillations in a paraboloid.

The chapter is organized as follows. Section 1.2 describes the staggered scheme
and its first properties. Section 1.3 presents the entropy consistency theorem and
Section 4 the numerical tests. A brief comparison between the staggered and collo-

cated schemes is made in conclusion.

1.2 Description of the upwind staggered scheme

1.2.1 One-dimensional scheme

We consider the one-dimensional shallow water equations (1.1)-(1.2) on the the space
domain € := (0, L) and the time interval (0,7"). Periodic boundary conditions are
prescribed. The time interval is divided into IV; time steps of length At and, for all
n € {0,..., N}, t" := nAt. The domain € is divided into N, cells of length Ax.
The left end, the center and the right end of the ¢-th cell are denoted by Ti L, T
and z; +1 respectively. The water height A and the topography z are discretized at
the center of the cells, whereas the velocity u is discretized at the interfaces between

the cells. The approximation of h at point x; and at time ¢" is denoted by h!'. The

5
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approximation of z at point z; is denoted by z;. The approximation of u at point z; +1
and at time ¢" is denoted by u” ;. The space indices of the objects and quantities

, or hy = hy, ). This

+1
defined above must be understood modulo N, (e.g. u1 =u?

Ng+3
space discretization is represented in Figure 1.1. Let We set /\/l ={1,...,N,}.
Zi—1 Zi Zi+1
hi—1 () hi Uiyl hiti
@ | @ u @
Ti-1 Zi1 Ti Tigd Tit1

Figure 1.1: One-dimensional staggered grid.

The mass conservation equation is discretized with an explicit upwind scheme.
For all 1 € M,

At
n+l _ pn = _n —_
where
. S - h? if uﬁr >0
iy = hipiui, hivs = ’ (1.7)

hi it ul 1<0

The momentum balance equation is discretized with explicit upwind fluxes for the
convection term and implicit centered fluxes for the pressure term and topography
term. For all i € M,

nt1,,m n At wom 1 . .
h; ':_*1 +21 h1+1uz+é + Ax qz+1uz+1 q; u; + 59 [(hz_jll) (hl +1)2}

2

+ gh?_:rél(ziﬂ - Zz):| =0, (1.8)

where

ul it g <0
2
The computation of the discrete unknowns at each time step is completely explicit.

First the discrete water heights {h?™'} are computed with (1.6), then the discrete

velocities {u]1} are computed with (1.8) (if A"/ = 0, by convention, u!'f7 is set
2 2 2
to zero). We see immediately that this scheme conserves the mass and, for a flat

6
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topography, the total momentum. It is easy to verify that the water height remains

nonnegative at time "1 under the CFL-like condition

Az
At < , Vie M, 1.9
RGN AN -

1
2

where, for any a € R, (@)™ := max(a,0). At each time step, the Courant number is

defined by

At Zf—% + qz‘n—%
= —2 2 h? . 1.10
VT Az iem ( 2h7 Vg (1.10)
The numerical simulations show that the staggered scheme is stable under the CFL

condition v < 1.

Lemma 1 (Steady states at rest). Consider the discretization of shallow water
equation using the explicit staggered numerical scheme (1.6-1.8). If uﬁr% =0 and
h + z; = cst for alli € {0,...,N}, then u"jj 0 and bt + z; = cst. Thus, the
numerical scheme (1.6-1.8) is a well-balanced scheme i.e. preserves the steady states

of a lake at rest.

Proof. Let first look at in the discretization of mass balance (1.6). If !, , = 0 for
all i € {0,..., N} we have,

it =nr  Vie{0,...,N}. (1.11)
The topography z; is not depend on time, and if h' 4+ z; = ¢st, thus
Rt 4z =ht 4z =cst Vi€ {0,...,N}. (1.12)

Next, we look into the discretization of momentum balance (1.8). With uf, , =0
2
for all i € {0,..., N}, we get

it + S [ = 00 + gh G — 2] =0,
At hi} it
bt + (o e - ey PR g - ) <o

thanks to the definition of water height at the interface between the cells h:l:ll =
2
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(R + hIH1) /2, then we have

R R g 9N T

n+1 n+1
9 Uil ™AL 5 hiy =B ™) + (2 — z,)) =0,
“z++%1 AT ((hijll +zie1) — (BT + Zi)) =0
Since we have At +2; = cst for alli € {0,..., N} from (1.12), thus we get u:ff =
2
Therefore the proof is done. O]

Remark 1.2.1. [t is essential to make an implicit discretization of the pressure term
in (1.8). With an explicit discretization ({(h?H)Q — (h?)ﬂ instead of {(h?jllf — (h?“)z]),
the scheme would not be consistent with the entropy inequality. As a consequence,

non-entropic shocks might occur in the numerical simulations (see Figure 1.6).

1.2.2 Two-dimensional scheme

The two-dimensional shallow water equations read

Oh + 0, (hu) + 0y (hv) = 0, (1.13)
O¢(hu) + 0, (hu2 + ;gh2> + 0y (huv) + gh0,z = 0, (1.14)
0t (hv) + 0, (huv) + 0, (hv2 + ;gh2> + gh0yz = 0, (1.15)

where ¢ denotes the time variable, x and y denote the two Cartesian space coordi-
nates, h is the water height, u is the velocity in the x-direction, v is the velocity
in the y-direction, ¢ is the gravitational constant, and z is the topography of the
bottom.

We consider the two-dimensional shallow water equations on the rectangular
space domain € := (0, L,) x (0, L,) and the time interval (0, 7). Periodic boundary
conditions are prescribed. The domain is meshed with a rectilinear grid of N, x N,
cells. Weset M :={1,..., N, } x{1,..., N, }. The cell of coordinates (i, j) is denoted
by K; ;. The center of the cell K ; is denoted by z; ;. The center of the bottom edge,
top edge, left edge and right edge are denoted by Tijoly Tijil, Tl and Tiyljs
respectively. The water height h and the topography z are discretized at the center
of the cells. The velocity in the z-direction is discretized at the center of the edges

normal to the z-direction, while the velocity in the y-direction is discretized at the

8
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center of the edges normal to the y-direction. The approximation of h at point z; ;
and at time ¢" is denoted by Aj;. The approximation of z at point z;; is denoted

by z;;. The approximation of u at point z; 1 and time {" is denoted by u7, , i
9, 5’
i+ and at time ¢" is denoted by AR The
9. s §
space indices of the objects and quantities defined above must be understood modulo

while the approximation of v at point x

N, for the first index and modulo N, for the second index (e.g. u't i = u'y; 41,00
2 z T
hio = hi Ny). The staggered grid is represented in Figure 1.2.
—o—90 o 9o o9
j+1e e 600 o ¢
, i Mass
Jt4—e—9——¢ ®
. h, z
j e e y U )
Momentum-x
. — ® ®
v
¢ o o o ¢ o o
Momentum-y

ity i1

Figure 1.2: Two-dimensional (Arakawa C-grid). The white cell is represented the
control volume of mass conservation, while the pink and the blue cells are represented
the control volume of momentum balance in x and y-direction respectively.

Let us now describe the scheme at time ¢"™!. The mass conservation equation

(1.13) is discretized with an explicit upwind scheme. For all (i,7) € M,

At At
ntl n e n n n _
e Ag Pitdi — pi_%ﬂ-} + Ay {qid-‘r% - qijj_%} =0, (1.16)
where
s ifu®, . >0
n _in n ™n o 1,] i+1 =
Pirgg = Mgtk Moedd =00 T (1.17)
i+ MU 1, <
h?. ifo™ >0
n _7n n rn %] i,j+s —
Gigry = MigetVigey Migey = pn i ’ 0 (1.18)
ijt1 WY1 <

The momentum balance equation in the z-direction (1.14) is discretized with explicit

upwind fluxes for the convective terms and implicit centered fluxes for the pressure
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term and topography term. For all (i, j) € M,

hn n+1 —hl' .o At [ a; q 1 (U 1]
Z+27.7 ,LJFQJ i+ 7] Z+27j Ay Z+27]+7 Z+27]+7 Z+§7]_§ Z+§7]_§

At . T )

N 5

A
A ghz+ j(zzﬂ,] zi;) =0, (1.19)

where
n hn + hz+1j
Wy =~ (1.20)
pn o pz"' J +pl_*‘7 an L ui*%:j if p?:] Z 0 (1 21)
i T — ij - ) .
n ._ ql+l’3+1 i q’]+2 An — ui+%7j if q"" i+3 =0 1.22
Girdg+s = 9 S - (122)

Uipdgar 500 <0

The momentum balance equation in the y-direction (1.15) is discretized according

to similar principles. For all (i, j) € M,

Pl ol — At[ VO s = P a0 ]
ij+1 Y+l ij+3 w+2 Az Piy L jriVirl it itg. g iH1/2,5-1/2

At mn AT 1 n n
+ Iy (Qi,j+1vi,j+1 CI” z,g) + 9((@;31) - (hz;rl)z)]
A
A gh1]+l(zz,]+l zij) =0, (1.23)
where o
n 7 1
W= % (1.24)
g 1+ q v, 1, ifg. >0
gy == 9 SE =g oot (1.25)

10
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+ . >
n — pz+ ]+1 p2+27j n — /UZJJ’_% lfp + +1 0 (1 26)
Pipd i 5 v Vil " 0 :
Vit15+3 1 pz’—i—%,j—&—% <

NI

As the one-dimensional scheme, the two-dimensional scheme is conservative, well-
balanced, positivity-preserving under a CFL-like condition, and at most first-order
accurate. Here, this condition is
Ax
At < : (1.27)

(_u?_;j)Jr + (u?+%7j)+ + ( nj_7)+ + ( z]_,_ )+

At each time step, the Courant number is defined by

At 1J+1+qﬁ2 Pi1 J+p1**
= : gh; 2 el (1.28
v Ax ,])%)ji/l ( 2h?,j 4,39 2h?,j t/9 1,] ( )

Remark 1.2.2. This two-dimensional staggered grid is also known as the Marker-
And-Cell (MAC) grid or the Arakawa C-grid.

Remark 1.2.3. Staggered on unstructured meshes [25, 26, 29, 18, 6, 19]. How-
ever, the use of staggered schemes on unstructured meshes increases significantly

the number of discrete unknowns.

1.2.3 Second-order accurate schemes

The staggered schemes can be modified in a very simple way in order to achieve
second-order accuracy in space and time. For sake of brevity, we only describe the
modifications for the one-dimensional scheme (1.6)-(1.8). The two-dimensional case
can be treated along the same principles.

We first correct the upwind fluxes with a linear reconstruction and slope-limiter
to avoid oscillations. For instance, with the minmod limiter, the new definitions of

hn

SN
i+l and 4 are

—hT RP—hT
R hl + A2 5. minmod ( et ) ifu? , >0
n — T x _|_2
hips = Ao wi (1.29)
2 n T z+2_ i+1 i+l ' 3 n
1 — 5 minmod ( . v ) if U1 < 0

11
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u™ —u" u

w4+ A% minmod [ FE T =i =i if g >0
i-1 2 Ax ’ Az 4% =
DL
a) = . wn e (1.30)
n _ Az - 5 3 373 ieon
Uiy 5~ minmod —, = it g <0
where
min(z,y) ifz,y >0,
minmod(,y) := { max(z,y) if z,y <0,

0 otherwise.

Then we replace the Euler-like time discretization by a two-stage time discretiza-
tion. In order to describe this discretization, let us define the operator ® such that

the equation

() = () o e (O 1) )

is equivalent to (1.6)-(1.8) with the corrections (1.29)-(1.30). The second-order ac-

curate scheme is thus defined as

At
n+l , n+l — (pn — mout A
<hi ’ui+§)ie/\/t B (hi’uH%)ieM + 2 ¢ <(hi’ui+§’ i)i€M>
At ~
) hn—i—l ~ﬁ+1 hn-‘rl) )
+ 2 <( ’ 7u1+%7 ! iem/

where
Tntl ~n+l N n n n n In+1
(hi ’ui+§>ie/\/t B <hi ’UH%)Z‘EM A ((hz Uit i )ieM> .

1.2.4 Friction term

Source terms are often added to the momentum equation to model friction phe-

nomena. For instance the momentum equation with Darcy-Weisbach friction reads

1
Or(hu) + 0, <hu2 + 29h2) + gh0,z + ‘gu\u| =0, (1.31)

where f is a friction coefficient. With Manning friction, it reads
1
B,(hut) + 0, (mﬂ + 29h2) + ghd,z + Culu| /13 = 0, (1.32)

12
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where C' is a given coefficient.
The numerical treatment of the above friction term is straightforward in the

staggered framework.

n n n At n N nan 1 n n
h, :1 lel hif sy + 5 (Gt — 6+ 59 [(hz—:—ll) (hi“)z}
b i — =)+ At i =0, (133)
2 *3
At

1
n+1 n 1 n n o aAn nan n+1 n+1\2
hiy i J;: hz+1ul+1 + Ag | i1t = 4t + 29 [(hzjl) — (hi™) }

+ gl (i - )]+At0u”+1|u /Y =0, (1.34)

1.3 Consistency with the entropy inequality

In this section, we study the entropy balance of the one-dimensional first-order
staggered scheme. First, we establish an entropy balance for a semi-discrete version
of the staggered scheme. It appears that the entropy decreases with time. Then,
we establish an entropy balance for the fully discrete scheme. The explicit time
discretization introduces some entropy production terms in the balance so that the
entropy does not necessarily decreases at each time step. However, by passing to
the limit in the discrete entropy balance, we are able to prove that the scheme is
consistent with the global entropy inequality.

For any a € R, we set a~ := min(a,0) and a™ := max(a, 0).

1.3.1 Entropy

The entropy n for the shallow water equations is the sum of the kinetic energy, the

potential energy and a term stemming from the topography:

1 1
n(h, hu) = §hu2 + §gh2 + ghz. (1.35)

The entropy inequality reads

om(h, hu) + 0,G(h, hu) <0, (1.36)

13
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where the entropy flux G is defined by

1
G(h, hu) = (2hu2 + gh?® + ghz> u (1.37)

1.3.2 Semi-discrete entropy balance

Consider the semi-discrete version (continuous in time) of the scheme (1.6)-(1.8):

1
dihi+ 57 (4 = 0i-y) =0, (1.38)
1 N N
di(hip1ui 1) + Ax (Git1ti1 — qitl; (1.39)
1
+59 ((his1)? = (1) + ghipy zisa — ) ) =0
where
T T P (1.40)

hi+1 if UH_% <0

1
hi—i—% = 5 (hz + hi+1) s (141)

u;, 1 ifg >0

1 . i
gi=5 (G 1 +au1), = 2 . (1.42)
2 : ? w1 if g <0
+5 ?

In this Section, we will prove that semi-discrete staggered scheme (1.38)-(1.42)
satisfies the semi-discrete entropy balance 1.36. Here, we gives two propositions
they are related to difference components of energy (kinetic and elastic potential).
The kinetic and elastic potential energy balances are given in Proposition 1 and

Proposition 2 respectively.

Proposition 1. The solution of the semi-discrete scheme (1.38)-(1.42) satisfies, for
alli € M and all t € [0,T], the balance

1 1 N N
§A$ dy {hH%(UH%)ﬂ + 2 [Qz‘+1(ui+1)2 - Qi(ui>2}
1
T3 {(hi+1)2 - (hiﬂ Uipt + ghip v 1 (zip —z) <0 (1.43)

14
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Proof. From (1.38), we derive immediately

1
dthi—f—% + Az (¢i+1 — @) = 0. (1.44)

Multiplying (1.39) by Azu;, 1 and (1.44) by —Az (u;,1)% then adding these two

equations, we find

0 (B 0y ) =580 () (i) (e (s = vy) = (3= )
+ ;gui-i-é ((hi+1)2 - (hi)2> + ghi+%ui+%(zi+1 —2;) =0. (1.45)

Elementary algebraic manipulations yield

qi+1 (ﬁiﬂ - Ui+%) Ui+% = §Qi+1 ((ﬁiﬂ)z - (UH%)Z) - ;Qi+1 (ﬁiﬂ - Ui+%>2

B ;qi-i-l ((ﬁi+1)2 - (ui+l)2) B

2

1 _ 2
§(Qi+1> (UHg - Ui+%> )
(1.46)

and, similarly,

qi (ﬁz — Uﬁ%) Uyl = ;q@' (('&1)2 - (UH%)z) — ;(qi)+ (ui_% — ui+%>2. (1.47)

Inserting the relations (1.46) and (1.47) in (1.45), then recalling (1.44), we deduce
the balance (1.43). O

Proposition 2. The solution of the semi-discrete scheme (1.38)-(1.42) satisfies, for
alli € M and all t € [0,T], the balance

1 1 . 1 -
Az dy [29(hz‘)2] + [29(h1+;)2ui+; - ig(hi—

Proof. Multiplying (1.38) by gh;, we find

1
Az dy(59(hi)?) + ghi (401 = qi1) =0. (1.49)

15
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A straightforward algebraic manipulation yields

and, similarly,

1
ghig;_y = 59 (b ) (1.51)

Inserting the relations (1.50) and (1.51) in (1.49), we deduce the balance (1.48). [

1.3.3 Discrete balances

In order to see the ability of the scheme to satisfy the global discrete entropy balance,
here we establish the discrete balance. Propositions 3 and 4 are given for the discrete

kinetic and potential energy balance respectively.

Proposition 3. The discrete solution of the scheme (1.6)-(1.8) satisfies, for all
i€ M and alln € {0,..., N}, the balance

1 AI n n n n 1 n AN n/an
3 ar (PP =By )*) + g () = i )?)
1 n n n n TL n
+ 59 (W07 = (2wt o+ ghf bz — ) = —REfT (152)
with

1 Az 21 2 2
n+1 .__ n+1 n+1 n — n n n\-+ n
Ri+5 T oAt hz+ (ui—l— Uiy > 5 ((q“rl) (UH% B u”%) —(47) (ul 3 Uit ) >

— (@)™ (s —ulia) = ()" (wrs =ity )] (u;:ig - u;;;) (1.53)

Proof. From (1.6), we derive immediately
hz'-:_l thré + Axr (qz—i-l Qz> = 0. (154)
We multiply (1.8) by Az/At u”Jrl and (1.54) by Az /At u"Jrl uf 1, then we substract
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these two equations, which yields

Az
n+1, n+1 n+1 n n N n n (~n n n+1
ittt (g =ty )+ (i (00— g) - (& = tig)) i
1
n+1 n+1\2 n+1\2 n+1, n+1 o
+ 9 IUiv1 ((hi+1) — (B{™) ) + th%UH%(ZiH —z)=0. (L55)
Using the identities

= t] t] oy —
2At 3 it3 *3

Az Az Ax
n+1, n+1 n+1 n n+1 n+1\2 n 2
Ehi+%ui+% (uzur; - “z‘+§> h ((u )" — (uiy1) )+2At i+l (U

1 2
n+tl _ n
i+l T Wil ) ’

(1.56)

n AN n n 1 n An n n _ n n 2
e (800 = ) i) = i (@07 = (1)) + 5(a8) ™ (g — iy
+(qf1)” (uﬁrg - U?Jr%) (u"H —u ) (1.57)

iy 1
i+3

1 2

(ANt n ___ .n

(0" (uiy —lyy)
PN (o n+l . n

+ (a1 (uf s —uly) (uH% %;) (1.58)

in (1.55) we find

Ax n n n 1 n AN n 1 n AN n
T () = () + gt (@00 = (i y)?) = 5ar (@) = (i y)?)

2 2 t
1

n—+1\2 n+1\2 n+1 n+1, n+1 _ n+1

where R:ff is defined by (1.53). Finally we deduce de desired equation (1.52) using

(hzjél - hz‘+§) (ui%)z + Ar (qi+1 - Qi) (ujy1)* =0.

(1.60)
which is simply (1.54) times (u, 1)

[]

Proposition 4. The discrete solution of the scheme (1.6)-(1.8) satisfies, for all
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i€ M and alln € {0,..., N}, the balance

Az n+1 1 n\2 1 n 2. n 1 rn 2, n
A7 (Gonrety = Sg?) + (3ol uty — soti )

1
+ Sg(hp)? (ury — u é) = —R"! (1.61)

g7\ Tty s
with
Rn-H — ;gi‘: (hn—i-l )
(=) () — 5 (=) ) g (e nE) (g — )
(1.62)

Proof. Multiplying (1.6) by gh?™, we find

PO () e gh () g () (ay — ) =

Using the identity

A Ax Az

Sraht (e =) = S (S0 = So00?) + o (=),

and relations similar to (1.50) and (1.51), we turn into the balance (1.61). O

As recorded in [32, 26], R”+11 can be proved as non-negative under the CFL
condition. The other hand, unfortunately, we can not able to prove that R >0
in any case, therefore a discrete counterpart of the global entropy estimate (1.36) is
not satisfied. However, by passing to the limit in the discrete entropy balance (see
Chapter 1.3.4), we are able to prove that the scheme is consistent with the global
entropy inequality.

1.3.4 Consistency theorem

Let Qr := (0,T) x Q. We consider a sequence of discretizations indexed by & € N. In
the k-th discretization, the domain € is divided in N{¥) intervals of length Az® and
the time interval [0, 7] in N steps of length At®). We assume that the meshsize
Az®) and the time step At tend to zero when k tend to infinity. We define the
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approximate solutions A* : Qr — R and «® : Q7 — R such that

AR (¢ ) =Rt if t e [t "),z € [, 1, 2;.1)
ub) (t, ) = upy ifte [t ") @ € [24, wi41)
AR (¢ ) = AL if t e (17 1Y, 2 € [, 1,7,41)
a®) (t,x) = u:fg if t € (t",t""), 2 € [z, i11)

Let us define the discrete norms

NN

IR sy, = > >0 AtV — by (1.63)

n=0 =1

NP1 NP

1 gy == > > Aa®|mptt — by (1.64)

n=0 =1

Assumption 1. There exist constants C', independant of the discretization, such
that

0<hr® <, u®| < C, (1.65)
and

1K1k, v., + [l [lx, v, < C. (1.66)

Assumption 2. There exist a constant C, independant of the discretization, such
that

1B ™| v, < C. (1.67)

Assumption 3. The sequence (Ax®) | At*F)) oy is such that

At
li

Koo AR

= 0. (1.68)
Theorem 1. If the sequence (W™ u®™ h®) a®)) and = € CY Q) satisfies the
estimates of Assumptions 1, 2 and 3, and converges in LP(Qr) X LP(Qr), with
p € [1,+00), then its limit (h,u) satisfy

/ <77(h, hu)Op + G(h, hu)&gp) dadt +/Q ghud,zp dxdt > 0, (1.69)
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with n(h, hu) = thu® + $gh*, G(h, hu) = (%huz + gh2> u, and for all nonnegative
test functions p € C°(Qr).

Proof. The proof consists in passing to the limit in the discrete mass equation,
the discrete momentum equation, and the discrete entropy balance (see Appendix
(B.2)). The only difference with the proof of [26, 32] is the presence of topography

terms in the discrete momentum equation and the discrete entropy balance. O

1.4 Standard numerical tests

We test the staggered scheme on various problems involving shocks, non-flat topog-
raphy, dry-wet transition, friction, steady state at rest or discontinuous topography.
All the problems are one-dimensional, except the last one, which is two-dimensional.

In most of the problems, the numerical results of the staggered scheme are com-
pared to a reference solution (the exact solution or an approximation of the exact
solution) in order to assess the accuracy of the staggered scheme. The error between
the numerical solutions and the reference solution is computed and a convergence
rate is deduced. The error is measured in L'-norm at the final time of the simula-
tion. Let T be the final time of the simulation. Let (h, @) be the piecewise continuous
reconstruction on the space-time domain of a numerical solution and (hyef, Uref) be

the reference solution, then the error is

1Errllse) = [ [R(T.2) = (T, 2)| dot [ BT, 2)(T, ) = huee(T. @)t (T ) do
(1.70)

where, in practice, the integrals are computed using suitable quadrature formulas.

The numerical convergence rate 75 between two different number of cells is com-

puted by

o Jog(lErrs|loye/ I Errlleye)
2 log(cells; /cellsy)

(1.71)

where, ||Erri||p1q) and ||Errs||iq) are the L'-norm error of cells; and cellsy re-
spectively.

The numerical results of the staggered scheme are also compared in some cases
with those of two reference collocated schemes. These two reference schemes are the

Suliciu scheme (also called HLLC scheme) and the kinetic scheme. They are based
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on approximate Riemann solvers. We refer to [7] for a thorough description.
All the simulations are performed at the limit CFL condition (the CFL condition

for the Suliciu and kinetic schemes is stated in [7]).

1.4.1 Accuracy test

This first problem, taken from [7], is designed to assess the accuracy of the scheme

with a non-flat topography. The domain is = [0, 40] and the topography is

2
0.48(1— 220 ) if |z — 20| < 4,
2(z) = ( ! ) | |
0 otherwise.

The initial water height is hi,;(x) = 4 and the initial velocity is u,;(z) = 10/4. The
final time of simulation is 7" = 1. There is no analytical solution to this problem,
therefore a reference solution is computed with the Suliciu scheme on a very fine
grid.

Figure 1.3 shows the water height and the velocity profile each schemes with 50
points grid.

4.4 T T T 3 T T
435 - v I XY -t
43 A Kinetic - 28 Kinetic -
405 | [ 4 Staggered e | 27 | Staggered
42t S 26 | Fooe A ; 1
4.15 b Y- J N— e st
41 F 24 7
4.05 + 23 F

4 22 F
3.95 21
39 L ] o}
3.85 . — — : 19 . s s : : : .

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Figure 1.3: Accuracy test. Water level (left) and velocity (right) at final time. The
number of cells is 50.

Table 1.1 shows the comparison of first order L!'-norm error between staggered
and collocated schemes. We can see clearly that in Table 1.1 all schemes are have a
good convergence rate 7 (is computed by (1.71)) in various grids number where it
tends to 1 since computed in first order. In this numerical test, the discrete L'-norm
errors of Suliciu scheme are shown smaller that the other schemes. Indeed, here

we use a reference solution is computed with second order Suliciu scheme in space
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Cells Staggered Suliciu Kinetic
||E7’7’HL1(Q) T HErrHLl(Q) T HETTHLl(Q) T
100 2.112E-0 / 2.003E-0 / 2.705E-0 /
200 1.174E-0  0.85 | 1.085E-0 0.88 | 1.522E-0 0.83
400 6.432E-1 0.87 | 5.744E-1 0.92 | 8.346E-1 0.86
800 3.493E-1  0.88 | 3.017E-1 093 | 4.553E-1 0.87

Table 1.1: Accuracy test. Error and convergence rate of first-order scheme.

Cells Staggered Suliciu Kinetic
||E7’T’HL1(Q) T HErrHLl(Q) T HETTHLl(Q) T
100 9.582E-1 / 1.250E-0 / 1.240E-0 /
200 3.708E-1  1.37| 4.790E-1 138 | 4.950E-1 1.32
400 1.515E-1  1.30 | 1.900E-1 1.33 | 2.000E-1 1.31
800 5.581E-2 144 | 7.330E-2 137 | 8.400E-2 1.25

Table 1.2: Accuracy test. Error and convergence rate of second-order minmod.

and time. However, the error and the convergence rate are satisfied for all schemes.
Here, we can observe also that, the staggered grid scheme is as accurate as the
collocated schemes. Additionally, Table 1.2 shows the second order L!-norm error
for all schemes. Moreover, in Table 1.2, staggered scheme shows as well as a nice
convergence rate in second order accuracy. It has increasing accuracy number which
is greater than 1 associate with the increasing number of points. In this simulation,
we used the CFL number is equal to 1 for first order computations and equal to half

of the one for second order computation.

1.4.2 Dam break on a wet bed

The domain is © = [0, 1] and the topography is flat. The initial velocity is zero and

the initial water height is

1 if © <0.5,
hini(l“) =
0.2 otherwise.

The solution of this problem consists of a shock and a rarefaction wave. Its
analytical expression can be found in [15] or in Appendix A.1.1 for instance. The
numerical solution obtained with the staggered scheme is in very good agreement

with the exact solution (see Figure 1.4 and 1.5). The staggered scheme yields a
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sharper shock than the kinetic and Suliciu schemes. However, a small overshoot in
the water height and the velocity can be observed upstream from the shock for the
staggered scheme. This overshoot does not occur in the kinetic and Suliciu schemes.
Table 1.3 collects the L!-error between the analytical solution and the numerical
solutions at time ¢ = 0.1 for various meshsizes (keeping a CFL equal to 1). The
numerical convergence rate of the staggered scheme in L!'-norm is slightly less than
0.8 for h and about 0.8 for u. These convergence rates are comparable to those

obtained with the kinetic and Suliciu schemes.

The staggered scheme with an explicit pressure, discussed in Remark 1.2.1, has
also been tested on the dam break problem. The non-entropic character of this
variant is confirmed by the simulations; see the occurrence of a non-entropic shock

at the left end of the rarefaction wave in Figure 1.6.

1 v ______ ' Ahalytic'al 2r Analyti'cal
2 Suliciu -~~~ 1 Suliciu ~=e- e 5
5 Kinetic --x---- Kinetic - ¥
08 | Staggered 15| Staggered = ?
L #
o N 1t 3
.
04 | 5;
05 H
02 | <,
N A —
o 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Figure 1.4: Dam break on a wet bed. Water height (left) and velocity (right) at
time ¢ = 0.1. The number of cells is 100.

0.55

Analy'/tical 2 ' ' AnaI'yticaI
0.5 e - Suliciu ~-e-- .- Suliciu ~-e--
R, Kinetic - TR Kinetic -

0.45 RV Staggered = E 15} g Staggered =
04t

. .
035 | kN 1L
03 i

X L]
0.25 | 1 0.5
0.2 * * .

- X 2
015 1 1 1 0 1 1 1
0.7 0.75 0.8 0.85 0.9 0.7 0.75 0.8 0.85 0.9

Figure 1.5: Dam break on a wet bed. Water height (left) and velocity (right) around
the shock at time ¢ = 0.1. The number of cells is 100.
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Figure 1.6: Dam break on a wet bed. Water height (left) and velocity (right) at time
t = 0.1. The number of cells is 100.

Cells Staggered Suliciu Kinetic
|Errlley 7 | |1Err|loe 7 | ||Errllpg 7
100 2.209E-2 / 5.476E-2 / 5.693E-2 /
200 1.316E-2  0.75 | 3.152E-2 0.79 | 3.290E-2  0.79
400 7.244E-3 0.86 1.828E-2 0.78 1.927E-2 0.77
800 4.274E-3  0.76 | 1.059E-2 0.78 | 1.123E-2  0.78

Table 1.3: Dam break on a wet bed. Error and convergence rate.

1.4.3 Transcritical flow

This problem simulates a flow over a bump. The domain is Q@ = [0,25] and the
topography is
0.2 —0.05(x — 10)* if 8 <z <12,
() =
0 otherwise.

The initial conditions are h;,; = 0.33—z(x) and u;,; = 0.18/0.33. At the upstream
end of the domain, the discharge is enforced (hu(z = 0,t) = 0.18), while, at the
downstream end, the water height is prescribed (u(25,t) = 0.33). After a time
long enough (¢ > 100), the flow reaches a steady state. Upstream from the top of
the bump, the flow is subcritical; downstream, it becomes supercritical, then, after
a hydraulic jump, it is subcritical again. The staggered scheme reproduces quite
accurately the final steady state and captures well the location of the shock. (see
Figure 1.7). The kinetic and Suliciu schemes seem to yield a slightly better shock
profile than the staggered scheme. The numerical convergence rate of the staggered
scheme in L'-norm is close to 1 for both h and w, which is comparable to the kinetic

and Suliciu schemes (see Table 1.4).
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Figure 1.7: Transcritical flow with shock. Water level h 4 z at time t = 200. The
right figure is a zoom of the left figure. The number of cells is 200.

Cells Staggered Suliciu Kinetic
HETTHLl(Q) T HETTHLI(Q) T HETTHLl(Q) T
100 1.476E-1 / 0.922E-1 / 0.797E-1

200 7.440E-2  0.98 | 4.997E-2 0.88 | 4.047E-2  0.97
400 3.758E-2 098 | 2.572E-2 095 | 2.038E-2 0.98
800 1.899E-2 0.98 | 1.322E-2 0.95| 1.019E-2 0.99

Table 1.4: Transcritical with shock. Error and convergence rate.

1.4.4 Oscillations in a parabola

To study the ability of our scheme to compute vacuum or dry bed, here we elaborate
the oscillation of fluid in a parabola introduced in [44, 14] or in Appendix A.1.2.
The domain of this simulation is = [—2,2] and the topography is a parabola

z(xz) = 0.5 (22 — 1). The initial velocity is zero and the initial water height is

o (1) —z(x+0.5) if —1.5<z<0.5,
ini\T) =
0 otherwise.

The solution is periodic in time: the water oscillates in the parabola, the surface
remaining planar. The analytical expression of the solution can be found in [14]. The
numerical simulations show that the staggered scheme is able to treat accurately
dry-wet transitions (see Figure 1.8). For this problem, the staggered scheme is even
more accurate than the collocated schemes. The numerical convergence rate of the
staggered scheme in L'-norm is very close to 1 for both h and hu and seems slightly
better than the kinetic and Suliciu schemes (see Table 1.5). The CFL number is

used is 1 in this simulation.
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Figure 1.8: Oscillations in a parabola. Water level h 4 z at time ¢ = 2.7. The right
figure is a zoom of the left figure. The number of cells is 200.

Cells Staggered Suliciu Kinetic
HETTHLl(Q) T HETTHLI(Q) T HETTHLl(Q) T
100 1.303E-1 / 3.699E-1 / 4.989E-1 /
200 7.133E-2  0.87 | 2.108E-1 0.81 | 3.244E-1 0.62
400 3.753E-2 0.92 | 1.138E-1 0.89 | 1.967E-1 0.72
800 1.914E-2 097 | 5982E-2 0.92| 1.116E-1 0.81

Table 1.5: Oscillations in a parabola. Error and convergence rate.

1.4.5 Dam break on dry bed with friction

This problem simulates a dam break with friction (more precisely Darcy-Weisbach
friction). The domain is € = [0,2000]. The initial velocity is zero and the water
height is
6 ifzx<L/2,
hini(x) = .
0 otherwise.
The friction coefficient is f = 8¢g/40?. Various analytical approximations of the exact
solution can be computed for this problem. The reference solution considered herein
is the Dressler approximation (described in [15]). The results of this test are shown
in the Figure 1.9 at final time ¢ = 40. This approximation locates accurately the
dry-wet transition but does not reproduce perfectly the profile of the wave tip. Here,

we used the CFL number is equal to 1.
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Figure 1.9: Dam break on dry bed with friction. Water height (left) and velocity
(right) at time ¢ = 40. The number of cells is 100.

1.4.6 Vacuum occurrence over a discontinuous topography

This test, taken from Gallouét et al.,[22], involves a discontinuous topography. The

domain is = [0, 25] and the topography is

1 if25/3 <z < 12.5,
z(x) =
0 otherwise.

The initial water height is hiyi(x) = 10 — z(x) and the initial velocity is such that

—350 if z < 50/3,
hUini(JT) =
350  if x> 50/3.

Neumann boundary conditions are prescribed at each boundaries and the CFL num-
ber is used is 1. Results from collocated and staggered scheme are shown in Fig-
ure 1.10. They show similar configuration at final time ¢ = 0.25. Moreover, we can
see that the schemes produce the wave over the jumps of topography which allocates
with the results in [22, 7].

1.4.7 The steady state at rest

This test is taken from Perthame and Simeoni [33] concerning the steady state at
rest, in order to show the steady state is preserved thus satisfy the well-balanced
property. Here two numerical tests are given on a parabolic bump and a discontin-

uous step topography. The domain of this test is Q@ = [—10 : 10]. First, the initial
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Figure 1.10: Vacuum occurrence over a discontinuous topography. Water level h + z
at time £ = 0.25. The number of cells is 100.

condition of a bump topography is given as
Zini(z) = max(0, 0.2 — 0.0527),

moreover the initial conditions for velocity and water level are wu;,;(z) = 0 and
(h + 2)imi(z) = 1 respectively. The results using a parabolic bump topography are
shown in Figure 1.11. We can see here clearly that, the water level is constant (equal
to 1) for a long time simulation and the velocity also remains zero. Therefore, the

steady state at rest is satisfied.

Pt h+z Staggered = | o4l ' U Staggered ~ ©
15| 1 0.2
1 0
0.2
0.5
04
0L ] 1 1 1
-10 -5 0 5 10 -10 -5 0 5 10

Figure 1.11: The steady state at rest over a bump. Water level (left) and velocity
(right) at final time. The number of cells is 300.

Although using a discontinuous step of topography, the steady state at rest is

also preserved. The results in water level and velocity profile are shown in Figure
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1.12. The discontinuous step is given as

0, for x <0,

Zini(l") =
0.3 for z > 0.
5| ' h+z Staggere('i 8 | 04 | ' t'JStaggerea a
1.5 | g 0.2
1 0
-0.2 |
0.5
-04
0L L L L
-10 -5 0 5 10 -10 -5 0 5 10

Figure 1.12: The steady state at rest over a discontinuous step. Water level (left)
and velocity (right) at final time. The number of cells is 300.

Here, we used the number of cells is 300, the final time step is 7" = 100 and the
Courant number is 1 for both simulations. These numerical tests, confirm that our

scheme is well-balanced scheme i.e. preserves the steady state of a lake at rest.

1.4.8 Oscillations in a paraboloid

To asses our scheme into higher dimensional case, here we present a two-dimensional
version of the oscillations in a parabola [14]. The domain is Q = [0, L] x [0, L], and
the topography is given as the shape of a paraboloid:

(= L2+ L/2>2> Cweyen

2(2,y) = —hy (1 -

a

where hg is the water depth at central point and a is the distance from the central

point to the zero elevation of the shoreline. The analytical periodic solutions of this
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test are given by,

h(z,y,t) = max (0, 77;;0 (2 <x — g) cos(wt) + 2 (y - g) sin(wt) — 77) — 2(z, y)) )
u(z,y,t) = —nw sin(wt),

U('Ta Y, t) = nw COS(Wt),

where the frequency w is defined as w = v/2ghg/a.

0.15
0.1
0.05

-0.05
-0.1

z,h+z

Figure 1.13: Oscillations in a paraboloid. Water level h + z at time ¢ = 3%”. The
number of cells is 100 x 100.

In this simulation, we used ¢ = 0 at the analytical solutions as the initial condi-
tions. The other parameters are given as a = 1, hg = 0.1, n = 0.5 and L = 4. The
result of water level can be seen in Figure 1.13. This simulation can be imagined
as the rotation of water inside a glass. Table 1.6 shows the first order of L'-norm
error in some various grids at final time ¢t = 3%”. It shows a good numerical con-
vergence rate of the scheme by the increasing of accuracy numbers less than one.
From Table 1.6, we also can conclude that staggered scheme is a robust scheme in
two-dimensional as well as in one-dimensional case. The CFL number is used is 1 in

this simulation.
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Cells Staggered
||E7’7’HL1(Q) T
10 x 10 | 4.067E-1 /
20 x 20 | 1.943E-1  0.53
40 x 40 | 6.866E-2  0.75
80 x 80 | 2.444E-2  0.75

Table 1.6: Oscillations in paraboloid. Error and convergence rate.

1.5 Conclusion

The staggered scheme is an alternative to the collocated schemes for solving the shal-
low water equations. The numerical tests demonstrate that the staggered scheme is
as accurate and robust as the collocated schemes. The staggered scheme presents
the same mathematical guarantees as the collocated schemes. In particular, the stag-
gered scheme is consistent with the entropy inequality. The componentwise compu-
tation of numerical fluxes is simpler than the approximate Riemann solvers and the

well-balanced discretization of the topography source term is straightforward.
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Staggered conservative scheme for

rotating shallow water equations

on geostrophic flows?

This chapter is devoted to the description of a staggered conservative scheme for
the rotating shallow water equations in one and two-dimension. The shallow wa-
ter equations is approximated using the momentum conservative scheme, and the
Coriolis terms is calculated using the Crank-Nicolson method. The resulting scheme
is implemented for simulating various rotating phenomena, such as, Rossby wave,
oscillation in a paraboloid, coastal and equatorial Kelvin waves. Comparison with
exact solution or other conservative method give good agreement. Moreover, our
numerical experiments satisfy entropy stability. Except from adjustment for the ini-
tial and boundary conditions, no special treatment are required for all simulations

above. And these indicate the robustness of our staggered conservative scheme.

2.1 Introduction

We all live on a rotating earth. Motions of wind and currents we observe in daily life
are motions on a rotating earth. Naturally, governing equations of geophysical fluid
motion are written in a rotating frame of reference. A frame that rotates according to
earth rotation. Basically, if the equations are written in this rotating frame, there are
additional terms from the Coriolis force, which is a fictitious force. Due to Coriolis
effect, wind moves spiral to the right (clockwise) in the Northern Hemisphere, and
spiral to the left (anti-clockwise) in the Southern part, see Figure 2.1. And in the

equator area there is no Coriolis effect. Most oceanic and atmospheric phenomena

2This chapter has been submitted as: P. H. Gunawan and S. R. Pudjaprasetya. "Staggered
conservative scheme for rotating shallow water equations on geostrophic flows", 2014
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occur over length scales much larger than vertical depth, and therefore shallow water
description is adequate. The shallow water equations (SWE) with additional Coriolis
terms is called rotating shallow water equations. These Coriolis terms are important
effects for motions occurring over large distances and long periods of time, such as

large-scale movement of air in the atmosphere or water in the ocean.

Figure 2.1: Illustration of the Coriolis force.

Commonly, in finite volume methods applied to shallow water equations, all un-
knowns are approximated on the same mesh (collocated grid) and the numerical
fluxes are computed using an approximate Riemann solver. For the description and
analysis of this approach, see for instance [7]; [30] and [45]. Different from the col-
located finite volume, here we implement the staggered finite volume method to
approximate the rotating shallow water equations (2.1) - (2.3). This scheme is cho-
sen because it is efficient, relatively simple, and robust, see [16, 41, 34] for thorough
discussions about this method. Moreover, thorough study in [16] has shown the
staggered scheme produce nicely comparable results with the collocation method

counterparts.

Organization of this chapter is as follows. In Section 2.2 we discuss the accurate
scheme for calculating the Coriolis terms, followed with description of the staggered
scheme for the 2D SWE. In Section 2.3, the scheme is implemented for various
problems, such as, the classical Rossby wave and Kelvin wave simulation in coastal

and equatorial area. Finally we summarize the results in Section 2.4.
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2.2 Staggered conservative scheme for 2D rotat-
ing SWE

Under the influence of earth rotation and shallow water assumption, the motion of
2D fluid is appropriately modelled by SWE with an additional Coriolis force terms.

Formulation of 2D SWE in conservative forms are as follows

Oih + 0y (hu) + 0, (hv) = 0, (2.1)
O¢(hu) + 0, (hu2 + ;ghQ) + 0y (huv) + gh0yz — fhv =0, (2.2)
Oh(hv) + D (huv) + B, (m? + ; gh2> 4+ ghdyz + fhu =0, (2.3)

where h is the total water depth, u, v the fluid particle velocities in x— and y—directions,
respectively. Further, z(z,y) denotes the bottom topography, f the Coriolis param-
eter, and g the gravity acceleration.
Bouchut in Zeitlin [51], derives the entropy condition for the rotating SWE (2.1-
2.3)
Om(h, hu, hv, z) + 0,Gy(h, hu, hv, z) + 0,G,(h, hu, hv, z) <0, (2.4)

with the convex entropy
oo, 1, 5 1
n(h, hu, hv, z) :== §hu + §hv + igh + ghz, (2.5)

and the associated entropy fluxes,

1 1

G (h, hu, hv, z) = <2hu2 + ihUQ + gh2> u+ ghzu, (2.6)
1 1

Gy(h, hu, hv, z) := (2hu2 + ih'z)Q + gh2> v+ ghzv. (2.7)

Since 7 is convex, integrating (2.4) in x and y gives

(;it <//n dxdy) <0. (2.8)

Entropy condition (2.8) will be used later to check the property of our numerical

scheme.

In this section we formulate a staggered conservative scheme for the rotating
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shallow water equations (2.1-2.3). We first discuss an accurate scheme to describe
the motion of a free particle under Coriolis force. Then, we discuss the staggered

momentum conservative scheme to approximate the 2D SWE.

2.2.1 Motion under Coriolis force

In the absence of other forces except Coriolis, a particle on earth experiences an

inertial oscillation governed by the equations for velocity components

&gu — f’U = 0, (29)
o + fu=0, (2.10)

with f = 2, sin ¢ is the Coriolis parameter, €. = 27/T the rotation rate, T' the
rotation period, and ¢ the geographical latitude.

Implementing §—scheme to approximate equations (2.92.10) yield

u"t = u" + Atf ((1 —0)v" + 91}”“) :

(2.11)
VT =" — Atf ((1 —O)u" + 9u"+1) ,

forn =0,1,--- as time step index. When 6 = 0 the scheme (2.11) is explicit, § = 1
the scheme is implicit, and @ = 1/2 the scheme is known as trapezoidal or Crank
Nicolson scheme. From eigenvalues analysis of the amplification matrix corresponds
to (2.11), we obtain: explicit scheme is unstable, implicit and Crank-Nicolson scheme
are unconditionally stable. Moreover, amplification matrix corresponds to the Crank-
Nicolson scheme has eigenvalues with norm one, which means this scheme is free from
numerical damping error. Once the velocity field (u(t),v(t)) is obtained, particle

trajectory (z(t),y(t)) can be calculated from

de_ dy _
a oY

using forward Euler.
A particle initially at a position x = 0 and y = 5 km is obstructed by an initial

speed v = 0.5 m/s and v = 0.5 m/s. We shall see its trajectory under a rotating

frame at rate of —1.454 x 107® s~!, that corresponds to clockwise rotation with a
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period of 24 hours (see [28]). The computational simulation for the implicit and

Crank-Nicolson scheme are shown in Figure 2.2.
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Figure 2.2: The parcel trajectory in a rotating frame. (a) Trajectory from the implicit
Euler scheme. (b) Trajectory from Crank-Nicolson scheme. The red point denotes
the reference location in the fixed frame of reference.

Results form the implicit scheme are given in Figure 2.2(a). Even tough the
scheme is stable, we observe a trajectory spiralling inward and a gradual decrease in
speed, which is certainly incorrect. On the contrary, the Crank-Nicolson results as
in Figure 2.2(b) show the correct results, which is a circular trajectory. Therefore, in
further computations the Coriolis terms are calculated using Crank-Nicolson, with
the explicit formula obtained from (2.11) for 8 = 1/2 as follows

= ((1 — 0.2502)u" + om”) /(1 +0.2502),

v = (1= 0.2502)0" — au™) /(1 +0.250), (212)

with a = fAt.

2.2.2 Staggered conservative scheme

In this section, the 2D staggered conservative scheme for rotating shallow wa-
ter equations is formulated. The scheme is based on the momentum conservative
approximation for 2D SWE as in Chapter 1, and combine with Crank-Nicolson
scheme for calculating the Coriolis effect. Consider a rectangular space domain

Q:=10, L] x [0, L,] with solid wall boundaries. The domain is meshed with a recti-

37



CHAPTER 2

linear grid of N, x N, cells and here the cell of coordinates (z;, y;) is denoted by K ;.

We set M :={1,...,N,} x{1,...,N,}. Let £, := {1,...,Nx — 1} x {1,..., Ny},
EF ={0, N, }x{1,...,N,},E" = Extugb,andé’ ={1,...,N,—1}x {0 Ny}
Let &, :={1,....N.}x{1,...,N,—1}, & ={1,... ,]\fgﬁ}x{o,]\fy}7 EY .= Sf’ntué’y
and £, := {0 N,} x{1,..., N, —1}. Water height h and topography z are cal-

culated at cells K ;- For any time step ¢", approximation of h and z at point z;, y;

are denoted as h;'; and 2., respectively. Consider Figure 1.2, velocity u is discretized

at the center of vertical ejdges at point x; +15 Y while velocity v is discretized at the
center of horizontal edges at point z;, y, +1 with notations u” il and v” il

The approximation of mass conservation (2.1) at a cell K;; is as follows Eq.
(1.16). Approximation (1.16) is in fact the exact mass conservation in cell K (i, 7).
When (1.16) is applied to the whole domain, to all (i, j) € M, the resulting approx-
imation will conserve mass.

Approximation of the momentum balance (2.2, 2.3) are calculated by means of

splitting, meaning that first we solve (2.2, 2.3) without the Coriolis terms,

O(hu) + 0, (hu2 + ;gh2> + 0y (huv) 4+ gh0,z = 0, (2.13)

1
0¢(hv) + 0, (huv) + 0, (hv2 + 29h2> + ghd,z = 0, (2.14)
and subsequently solve

di(hu) =+ fho, (2.15)
di(hv) = — fhu. (2.16)

The momentum balance (2.13) is approximated as in Eqs. (2.17),

At
* n n n AN N
h’L‘F%?JUl‘i’QJ hl‘i’ 7.7 Z+2’j Ky |:qi+%9j+%ui+%’j+% q2+2’-7 2ul+2"7 2]
At n N n AN 1 n+1 \2 n+1\2
+ (pi+1,jui+1,j - pi,jui,j) + *9((hi+1,j) - (hi,j )%)
Ax 2
At

+ o9 (B = 2g) = 0, V(L) € &Ly, (217)

where A7, i P> and g7, 1 i1 are defined as in (1.20), (1.21), and (1.22) respectively.
2 ’ tTg,JT3
In (2.17) the result is written with * to indicate that before moving to the next time

step, it needs correction from the Coriolis terms.
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The momentum balance in y-direction (2.14) is approximated similarly

At

* * n n n AN n AT
hijiVigey ~ gV AL {pi+%7j+évi+é7j+é pi+%,j—%vi+1/2,j*1/2}
At 1
n AN n an n+1 \2 n+1\2
+ Ay (Gi'54101 501 — Gi'5075) + 59((hi,j+1) = (h{7)7)

At .
+ Aiyghi;i%(zi,j—i—l —ziy) =0, V(i,j) € &y, (2.18)
where h”. 1, ¢, and p” . . i, are defined as in (1.24), (1.25), and (1.26) respec-
i,j+5 2¥) 1+5,0+5
tively.
The next time step is correction to account for the Coriolis terms. Applying the

Crank-Nicolson scheme analogous to (2.12) yield

n+l | n+l __|7% * _ 2% *
b it _[hw;,j“iﬂa 0.250%h;, 1 uiry,
(2.19)
* * 2 . T
+ ozh”%’jv”%’j /(14 0.25a7), Vie&n,,
n+l , nt+l _ |[7% * _ 27 % *
i3 Viges = |PigetViges — 0250005 10000
(2.20)
% * 2 > Yy
— ahi,ﬁ%um% /(14 0.25a7), Vie&,

The above scheme is first-order accurate, with the CFL condition as in (1.27).
Recapitulating, the computational procedure holds for any time step t, is as

follows:

« Calculate h"™! using mass conservation (1.16).
« Calculate (hu)* and (hv)* from the momentum balance (2.17),(2.18).

o Calculate (hu)"™ and (hv)"™! as corrections for (hu)* and (hv)* using (2.19)

and (2.20).

2.3 Numerical implementations

In this section, we present numerical tests of the staggered conservative scheme
for the 2D rotating SWE. We present simulations of Rossby wave, oscillation in a

paraboloid, and Kelvin wave in coastal and equatorial area.
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2.3.1 Rossby wave

For this simulation we use the one-and-a-half dimensional case of the rotating shallow

water equations read as

Oth + 0, (hu) = 0, (2.21)
O(hu) + 0, (hu2 + ;gh2> + ghz, = fho, (2.22)
O (hv) + 0 (huv) = — fhu, (2.23)

where ¢t and x denotes respectively the time and space variables, h the water height,
u and v the velocity in horizontal direction, g the gravitational constant, z(x) the
topography of the bottom, and f(z) the Coriolis parameter.This test case is de-
signed for simulating wave-breaking and shock phenomena and their influence on
the adjustment of unbalanced jets, as discussed in [§].

For simulation, we take the initial conditions as in [51] and [8]. The computational
domain is = [—=30 : 30]. The number of space meshes used are N, = 2000 points
and Neumann boundary condition are used for left and right boundaries. Initial

condition for water height and horizontal velocities are given by

hini(x) = H = const =1,  upi(z) =0, vpi(x) = VNL(z),

where (14 tanh(4z/L +2)) - (1 — tanh(4z/L — 2))

(1+ tanh(2)?) ’

with V and L are the maximum zonal velocity and the width of the jet.

NL<ZE) =

We use the Coriolis parameter f = 7, that corresponds to Rossby deforma-
tion radius Ry = /gH/f = 1. The profile of the jet velocity in normalized form
Umi(2)/V = Np(x) is shown in Figure 2.3 (a). The resulting dynamic depends on the
two non-dimensional parameters: the Rossby number Ro“ = f—L, and the Burger

gH
22
According to [8], the fully nonlinear adjustment corresponds to Ro* ~ 1 and

number Bu® =

7r
the natural time-scale is defined as Ty = —. For computations we use parameters

Ro®* = 1 and Bu® = 0.25, and the result is shown in Figure 2.3 (b). The surface
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wave breaks into two due to imbalance of momentum. Moreover, two shock waves

rapidly formed at both wave fronts as expected.

4 2 0 2 4 ¥R

Figure 2.3: (a) The profile of N (z). (b) The evolution of water height h in the
Rossby adjustment for Ro® = 1 and Bu® = 0.25.

Comparison between the staggered and collocated grid are shown in Figure 2.4.
Results from the staggered scheme and Suliciu scheme (or HLLC scheme which is
used in [8]) are nicely confirmed. Hence, our staggered scheme is able to approximate
the Coriolis term, and also to resolve waves with shock. However, our staggered

scheme is much more simple and efficient.

2.3.2 Oescillation in a radially-symmetric paraboloid

Consider the staggered conservative scheme for the full equations (2.1-2.3). Here,
the accuracy of our scheme is tested using the radially-symmetric paraboloid case
that admit exact solution as recorded in [44]. In this test case, the water motion
is periodic.Since the model is frictionless, this periodic motion will remain over
infinitely long time.

On a computational domain [0,4] x [0, 4], we adopt the paraboloid topography

centered at (xg,yo) defined as

z(z,y) = —ho(z — 370>2 — ho(y — yo)Z-
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1.8 T T T
i j Collocated scheme =
1.6 | Staggeredscheme

Figure 2.4: Water height h calculated using the staggered scheme and collocated
finite volume in the Rossby adjustment for Ro* = 1 and Bu® = 0.25 at time
t/Ty = 1.0.

And we implement the following initial conditions

hini(x,y) = max {0, ho (—12_AA ((x —20)? — (y— yo)2) + ‘lijj — 1) — z(x,y)} ,

i (2, y) = — 2(1f_A) (\/1 — A2 4+ A— 1) (y — o),

Vini (T, Y) :2(1f—A) (\/1 — A2 4+ A - 1) (x — xo).

For simulating this test case, our numerical scheme should be able to accommodate
wet /dry transition correctly. Here, the wet/dry transition is accommodated simply
by calculating hu and hv, only if h > 0 which means the corresponding cells still
wet. When h = 0 then hu and hv are assigned to zero.

We conduct a computation using Az = Ay = 0.04, At = 0.005 and we use
(xo,%0) = (2,2), g = 9.8, with parameters A = 0.22, hg = 0.1, and Coriolis pa-
rameter f = 0.05. In Figure 2.5 the computational results are plotted together with
analytical solutions from [44]. Clearly, they show a good agreement. Moreover, the

numerical wave frequency confirm the analytical formula w = v/2ghg. Table of L! er-
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ror and convergence rate of the staggered scheme are shown in Table 2.1 and Figure
2.6, respectively. From Figure 2.6, we can see that the staggered scheme converges

to the analytical solution as the number of grid points increases.

t=0 t=3.08323
0.1 T 0.1 T
Exact Exact
0.05 k Staggered  x | 0.05 + Staggered  x |
E o M E 0 M M
-0.05 -0.05
-0.1 : -0.1 -
1 1.5 2 25 3 1 1.5 2 2.5 3
X
t=4.55766 t=5.99029
0.1 T 0.1 T
Exact Exact
0.05 + Staggered = x | 0.05 + Staggered  x
N N
3 0 W ¥ 0 W
-0.05 -0.05
-0.1 L -0.1 L
1 1.5 2 2.5 3 1 1.5 2 2.5 3

X

Figure 2.5: The cross-sectional water surface at subsequent times. The computational
results (cross) and exact solutions (lines). The grey area indicates the paraboloid
topography.

2.3.3 Coastal Kelvin wave

Next, we perform simulation of coastal Kelvin wave introduced in [28]. Consider the
full equations (2.1)-(2.3) in a computational domain € = [0 : 400] x [0 : 100] km.
The grid spacing are Ax = Ay = 2 km in x and y-directions respectively. Initially,
water height is hii(x,y) = 10 m with zero initial velocity. The Coriolis parameter
is f = 4+5 x 107 s7!, that corresponds to Rossby deformation radius Ry ~ 20
km. The final time of our simulation is 7" = 10.6 hours with At = 2 s. The wave

paddle is located at (z = 24,y = 4) km, that produce a monochromatic wave with
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Cells
Nx x Ny ||Error||n
o0 x 50  3.4T7E-2
100 x 100 1.492E-2
200 x 200 6.780E-3
400 x 400 3.592E-3
800 x 800 2.046E-3

Table 2.1: The L' error in radially-symmetric paraboloid test at time T = 3%”.

_3 1 1 1 1 1 1
.  y=-1.02x+0.54 —
—~ 4} -
= * 3
5 45t | -
w5 PN i
g |
o 55} x -
_6 . ‘ ‘ ‘ ‘ x .
6.5 i i i ; ; :

35 4 45 5 55 6 65 7
log(N,)

Figure 2.6: The convergence rate of the staggered scheme for several number of grid
points N, (= N,)).

44



CHAPTER 2

amplitude 1 m and period 2 hours. Hard wall boundary is implemented along y = 0

and transparent boundaries along + =0, + = L, and y = L,,.

Figure 2.7 and 2.8 present the calculated suface waves in 3D view and contours
plots, respectively. We clearly see the main feature of Kelvin wave. It is a non-
dispersive wave, in which the wave retains its shape in the alongshore direction over
time. Moreover, due to Coriolis force, the wave amplitude decay exponentially in

the offshore direction, with the maximal amplitude attained along the shoreline.

Simulation results presented in 3D view and surface wave contours are shown
in Figure 2.7 and Figure 2.8, respectively. In Figure 2.7 and 2.8, we clearly see
the effect of Coriolis force. Both results in Figure 2.7 (b) and 2.8 (b) show that the
coastal Kelvin wave reaches maximal amplitude along the coast. As we expect, these
simulations display the feature of Kelvin wave, a non-dispersive wave, i.e. the wave

retains its shape in the alongshore direction over time.

During simulation, we calculate the relative entropy as a function of time,

M=o
where 7 is given in (2.5). The resulting entropy curve as given in Figure 2.9 is nearly

constant. This is to be expected since our simulation produce relatively smooth
solutions. This observation indicates that our numerical scheme satisfies entropy
stability.

2.3.4 Equatorial Kelvin waves

Cushman-Roisin and Beckers [13] describes perturbation wave in equatorial area
produce some type of waves such as, Kelvin waves, mixed waves, and some planetary
waves. These waves are symmetric with respect to the equator. The short wavelength
Kelvin waves carry energy eastward direction, whereas the long wavelength planetary
waves carry energy to westward direction. Since there is no Coriolis force along
the equator, currents cannot be preserved in the geostropic balance, and hence
dynamical waves are different between tropical and non-tropical regions. Here, the
beta-plane approximation to the Coriolis force is used, in which f = By, where y is

the distance from the equator, and f is the variation of the Coriolis parameter.

In this section, the numerical simulation of equatorial Kelvin wave will be pre-
sented. The domain of this simulation is Q = [—25 : 25] x [—25 : 25] km. The initial

conditions of water height is a linear bell-shaped Kelvin wave (taken from [20]) and
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Figure 2.7: Wave trapped along the coast y = 0 at time ¢ = 10.6 hours. (a) Numerical
simulation without Coriolis force. (b) Numerical simulation with Coriolis force.
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Figure 2.8: Surface wave contours at final time ¢ = 10.6 hours. (a) Without Coriolis
force and (b) with Coriolis force.
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Figure 2.9: The relative entropy as a function of time for Coastal Kelvin wave

n \ t=0
simulation.

velocity is set to be zero in all direction, to yield

xT

y? 2
hini(z,y) =1+ A Y T o2/
=1 aon( 2 2)

uini(x7 ?J) = 07 Uini(xa y) = 07
where ¢ is the aspect ratio of the equatorial length of the disturbance to its width.

Parameters of this simulation are ¢ ~ 3, A = 0.2, 8 = 1.0, ¢ = 1.0 and boundary

conditions are set to be solid wall.

{a) (b)

; ; . , : 12 ; ; : ; ‘ 112
20 | 10 1.18 20 | 1
1.16
10 L Il L14 10 I/ 108
Cl e 1.06
g ,
;5, 0 - T 20 —_— .
= 1.06 g ‘
-10 1.04 -10 ¢ 4 102
1.02 L
-20 1 20
0.98 0.98

20 -10 0 10 20 20 -10 0 10 20
X (km) X (km)

Figure 2.10: The equator Kelvin wave. (a) The water contour profile at time ¢ = 0.
(b) The water contour profile at time t = 25.

As we can see from Figure 2.10, the Coriolis force near the equator generates three
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Figure 2.11: The continuation of equator Kelvin wave. (a) Surface contour profile at
time t = 74. (b) Surface contour profile at time ¢t = 212.

waves separated from the initial position. The larger Kelvin wave moves eastwards,
and two smaller planetary waves move westwards. Our result shows similar profile
as simulation by [13].

Further observation, when these waves have arrived at the boundaries there arise
reflection waves. Figure 2.11 shows the contour profiles of wave reflections at two
different times ¢ = 74 and ¢ = 212. In reality, this phenomena can be observed in
several occasions such as, wave around island, equator current induced by winds,
El Nifio phenomena, etc. Similar with the previous simulation, the entropy curve
for this equatorial Kelvin wave simulation is also constant, and again confirm the

entropy stability of our staggered conservative scheme.

2.4 Conclusion

We have implemented the staggered momentum conservative scheme for solving
the rotating 2D shallow water equations. Numerical simulation of Rossby wave has
shown a good agreement with result from the conservative Suliciu method. For the
test case of waves oscillating in a paraboloid topography, our simulation confirm
the exact solution. In the simulations of coastal and equatorial Kelvin waves, the
entropy is shown to be conserved. For all simulations above, no special treatment

are needed, and this indicates the robustness of our staggered conservative scheme.
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CHAPTER 3
Numerical study of staggered

scheme for viscous Saint-Venant

equatioms3

This chapter describes a numerical scheme for approximate the viscous Saint-Venant
equations. This scheme is called staggered grid scheme which is a robust, simple and
strightforward scheme for viscous Saint-Venant equations. Some numerical simula-
tions have been elaborated to validate the accuracy of the scheme, such as the
calculation of the convergence rate L'-norm error of the scheme, the comparison of
viscous and classical Saint-Venant equations, comparison of staggered scheme with
kinetic scheme and direct Navier-Stokes approach in dam-break problem and simu-
lation of dry-wet problem. The results show good accuracy and in a good agreement

with another scheme in another paper.

3.1 Introduction

The Saint-Venant equations (SVE) or known as shallow water equations are a set of
hyperbolic partial differential equations which consist of two equations, mass con-
servation and momentum conservation. This equation is very important to describe
some fluid flow phenomenon such as, the water flow in channels or rivers, the sedi-
ment flow in estuaries, the gas flow in the atmosphere and etc (see [48]).

In this chapter, we are interested to study the numerical scheme for viscous SVE
in the laminar flow water model. This model was derived by Gerbeau and Perthame

[23] which includes a friction and viscosity. The equations of one-dimensional viscous

3This chapter has been published as: Putu Harry Gunawan. "Numerical study of staggered
scheme for viscous Saint-Venant equations". In: Applied Mathematical Sciences, Vol. 8, 2014, no.
108, 5349-5359, http://dx.doi.org/10.12988 /ams.2014.47580.
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SVE are given as

Oy + 8, (hu) = (3.1)
( o+ ghQ) b ghdyz = —key (W) + 4y (hdyu),  (3.2)
Kvsy(h) = (3.3)

1+£

where h, u and z are the water height, the lateral velocity and the topography
respectively. The gravitational force is define by g, and the constants x and p are

the friction and viscosity coefficient respectively.

In order to approximate equations (3.1 - 3.3), some methods have been proposed.
For instance, in [23] they used the finite volume kinetic scheme introduced by [2].
However, here we are interested using the finite volume staggered grid scheme for
viscous SVE. This scheme is known as a robust and well-balanced scheme for classical
SVE (1.1 - 1.2) (see in Chapter 1 or [16, 25, 26] for the analysis of mathematical
properties, i.e. consistency, stability, entropy satisfying, and see [16, 41, 42, 34] for
the applications). Hence, in this chapter we propose to construct and study the

staggered scheme for viscous SVE.

The outline of this chapter is given as, in Section 3.2, the numerical staggered
scheme for viscous SVE is constructed. The numerical validation such as comparison
of classical and viscous SVE in dam-break simulation and the convergence rate of
discrete L'-norm error in various grid points are given in Section 3.3. Moreover, the
comparison of staggered, kinetic and Navier-Stokes scheme in laminar dam-break
wet bed problem and also the study of dry-wet problem are examined. Finally in

Section 3.4, the conclusions are organized.

3.2 Numerical scheme

Follow the notations in Chapter 1, the discretization of mass conservation equation
(3.1) is given as in (1.6). The momentum balance equation (3.2) is discretized as

in (1.2) with an additional a second-order central difference for the viscosity term,
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reads
ity itg it+g ity n o an nan n+1\2 n+1\2
: QAt — +A${Qi+1ui+1_%ui +§9((hz:1) — (h™) )
1 (wfys —ufs)
n+1/_0 0 n+1y\, n+1 n+1
+ th:% (241 — % )} + Kvsv(hi_:_%)u +1_ 4”?93 hith #
(ul 1 —ul 1)
—pr o TE TR g e & (34
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where
K

s (W1) =

(3.5)

KR\
3

Finally, the general algorithm is given in Algorithm 1.

Algorithm 1 The explicit staggered scheme.
Step 1. Give the initial conditions at n = 0.

Step 2. Compute (1.7) for g, Vi € Eiy-

Step 3. Compute (1.10) for At to preserve the stability.
Step 4. Solve (1.6) for A Vi€ M.
)

Step 5. Solve (3.4 n+1

for " u" ! Vi € &, and immediately we can get ulty
2

it1 i+l

3.3 Numerical tests

In this section, we elaborate two numerical tests such as dam-break on a wet and

dry bed simulations.

3.3.1 Dam-break on a wet bed

In this simulation, first we will examine the comparison between classical and viscous
SVE. Here the domain is Q@ = [=50 : 50] (L = 100 m length) and the initial
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Figure 3.1: Dam-break on a wet bed. (a) The comparison of water level profile on
full domain.(b) The zoom area of (A1) on the rarefaction wave. (¢c) The zoom area
of (A2) on the shock wave. (d) The velocity profile on full domain. The CFL condion
is 1 and final time ¢ = 7 s.

conditions are given as

h; ifz<0
hini(l') = vRE= . (3 6)
h, otherwise
Zini(-x) = 0, (37)
umi(x) = 07 (38)

where h; = 2, h, = 1, the boundary conditions are set to be wall in the both
boundaries and the CFL condition is set to be 1. For the viscous SVE, the coefficients

of friction and viscosity term are given as k = 0 and p = % respectively.

In Figure 3.1, the results of water level and velocity are shown at final time

t =7 s. Figure 3.1(b) and 3.1(c) show the zoom part of Figure 3.1(a) in rarefaction
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Figure 3.2: The convergence rate of discrete L'-norm error of h and u in various grid
points N,. The functions 3" (z) and y*(z) are obtained from data fitting of L'-norm
error of h and u respectively using the nonlinear least-squares method.

(A1) and shock (A2) waves of water level respectively. We can see clearly that,
in the shock area, the numerical result in viscous SVE is more diffusive thus the
oscillation in shock area vanished. Contrary, the staggered scheme for classical SVE
in dam-break simulation produces small bump in the shock area (which is not due
to numerical instability), however it is more accurate than the other robust methods
(see [16] for more illustrations and explanations). Moreover, we can confirm that the
shock speed in viscous SVE is faster than the classical SVE. On the other hand, in

rarefaction wave and intermediate depth are quite similar in both cases.

In this test case, there is no analytical solution for dam-break in viscous SVE.
Therefore, in order to evaluate the accuracy of the scheme, we used a reference
solution. Here, a reference solution is computed by using a very fine mesh of 3200
grid points. The convergence rate of L'-norm error both in h and wu, in various
grid points N, are shown in Figure 3.2. We can observe that, in Figure 3.2 the
convergence of our scheme ameliorates along with the increasing of numbers of grid

points as we expected.

Next, it will be interesting if we elaborate our scheme into a numerical simulation
of viscous dam-break introduced in [27, 23]. Here, we will compare the results of our
scheme with the results of kinetic scheme (see [2]) and direct Navier-stokes obtained

in [23]. In this simulation, the domain and the initial conditions are given as in
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Figure 3.3: Dam-break viscous SVE. The series of water level h + z profiles at final
times t =5 s and t = 10 s.

the previous simulation. However, in order to get the same simulation in [23], the
gravitational force and two final time steps are modified as g =2 m/s? ¢t = 5 s and
t =10 s.

The results of these simulation are shown in Figure 3.3. They show that our
scheme is comparable with the kinetic scheme for viscous SVE. In addition, com-
paring with the result using direct Navier-Stokes in Figure 3.3, all schemes have a
same shock speed and intermediate water depth. The comparison of the intermedi-
ate water depth in various values of x is shown in Figure 3.4. They show that the

given of various k produce difference profiles.

3.3.2 Dam-break on a dry bed

The aim of this simulation is not only to examine the ability of the scheme to handle

vacuum, but also to confirm the ability to deduct non-smooth topography. Here the

o6



CHAPTER 3

1-56 14 T T T T T T
B k=0¢

154 | & k=0.1¢ i
B k=1¢€

152 F & k=10¢ i
| k=100¢

1.5 000

1.48

h+z(m)

1.46

1.44
1.42

1.4

Figure 3.4: Dam-break on a wet bed of viscous SVE. The comparison of the inter-
mediate water level h + z profiles with various x where € = %

domain is =[50 : 50] m and the initial conditions are given as

1 if —30<x<—-20
zmi(z) = ¢ 0.2(z —20) if 2 > 20 : (3.9)
0. otherwise
2, Zini if <0
(h+ 2)i(z) = 4 X am(@) ifz<0 (3.10)
max(1, zi,i(z)) otherwise

The boundary conditions are set to be zero at the end of left and right domain.
The CFL condition is used is 1 and the coefficients of friction and viscosity are given
as k = 10e and p = € respectively with € = % Results from various final time
steps (t = 0, t = 13, ¢ = 20 and ¢t = 30) are shown in Figure 3.5. Here, we can
see clearly that the scheme is perfectly able to treat dry-wet transitions and also to

handle the non-smooth topography. Moreover, we also can confirm that our scheme

produces the waves over the jumps of topography.
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z,h+z(m)
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Figure 3.5: Dam-break on a dry bed of viscous SVE. The comparison of water level
h + z profiles with various final time steps.

3.4 Conclusion

The staggered grid scheme for viscous Saint-Venant equations has been presented.
This scheme is simple, accurate and strightforward both for viscous and classical
Saint-Venant equations. The good convergence rate of discrete L'-norm error in h
and u are shown nicely increasing along with the increasing number of points. Some
comparison results from other schemes are elaborated in dam-break problem. They
have a good agreement with the another results using kinetic scheme and direct
Navier-Stokes approach. Moreover, through the simulation of dam-break on a dry
bed, we can confirm that our scheme is able to handle vacuum and non-smooth
topography. Finally, we can conclude that staggered grid scheme is a robust scheme

for viscous SVE.
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CHAPTER 4
Explicit staggered grid scheme for

the Exner - shallow water

equations4

The staggered numerical scheme is shown to be a robust and simple method for
approximating the coupled system Exner - shallow water equations for bedload sed-
iment modelling. Numerical tests show good convergence properties to an analytical
solution and match pretty well experimental data in the case of dam break with
erodible bottom. The cases of subcritical steady flow over a bump and transcriti-
cal flow over a bump are presented, showing the robustness of the scheme and its

interest for engineering applications.

4.1 Introduction

According to [40], there are two perspectives in the study of the interaction between
surface flow and the dynamics of sediment transport. On one hand, we can study
the influence of bed change on the flow dynamics (see. e.g., [10, 50]). On the other
hand, we can investigate the morphological bed change and sedimentary deposits
due to the flow dynamics (see e.g., [4, 11]).

In this chapter, following the second perspective, we consider the numerical sim-
ulation of the coupled system of Exner and shallow water equations. This coupled
model consists of three equations: fluid mass conservation, fluid momentum conser-
vation and the Exner equation which prescribes the mass conservation of sediment
in interaction with the fluid flow. We use the finite volume method for approxi-

mating the shallow water equations. In this method, two approaches are classically

4This chapter has been submitted as: P. H. Gunawan, R. Eymard and S. R. Pudjaprasetya.
"Explicit staggered grid scheme for the Exner - shallow water equations", 2014.
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available. In the collocated approach, all the unknown variables are computed at the
same grid points and numerical fluxes are computed with an approximate Riemann
solver [7, 30, 45].

However, the approximation of the coupled model Exner - shallow water equa-
tions using the collocated method shows some difficulties, as depicted in [11]. Indeed,
we show in Figure 4.1 the spurious oscillations which are appearing in relation with
the hyperbolicity of the system (better results seem to be obtained using the coupled
Roe scheme [11] or the coupled relaxation scheme [4]).

We use here the staggered approach. In this method, the water height and the
velocity are approximated into different grids [1]. The advantage for engineering
applications is that this method leads to a quite simple implementation, and seems
to be robust in the case of rapidly varying flows. We refer to Chapter 1 or [16,
26, 25| for its mathematical analysis (in these papers, it is shown that it preserves
the positivity of the water height, the consistency, and that it satisfies an entropy
criterion). In [42, 41, 34, 16] are given various numerical tests over fixed bed in one

and two dimensions. We turn in this chapter to the case of a moveable bed.

0.7 — T T T T T T
0.6 N —
05+t .
04t .
0.3
0.2
0.1
0
-0.1

H,z,h+z (m)

0 1 2 3 45 6 7 8 9 10
x (m)

Figure 4.1: The unstable appearance using collocated splitting method in moveable
subcritical steady state simulation at final time ¢ = 2.6 with. This simulation used
HLLC (Harten-Lax-van Leer-Contact) solver (see [7, 45] for more details about
HLLC solver). The CFL condition for this simulation is set to be v = 0.5.

This chapter is organized as follows. The coupled model is described in Section

4.2 in the one dimensional case. The description of the staggered conservative scheme
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is presented in Section 4.3. Numerical simulations, concerning comparisons with an
analytical solution and experimental data in the case of the one dimensional erodible
dam break, subcritical steady state over a moveable bump, and transcritical flow
over a granular bump, are presented in Section 4.4. Finally, some conclusions are

drawn in Section 4.5.

4.2 The Exner - shallow water model

The coupled shallow water — Exner equations are given in the one dimensional case
by

Or(hu) + 0, (hu2 + ;gh2> + gh0,(z — H) + ghS; =0 (4.2)
Oz 4+ €0,Q, =0 (4.3)

where h is the total water depth, u the velocity in the z direction, 2z the bed elevation,
g the gravity acceleration, (); the sediment discharge (or bedload) and H the depth
of fixed bedrock layer to the reference level (see Figure 4.2). The coefficient ¢ is
computed by £ = (1 — ¢)~!, where ¢ is the bed sediment porosity. The source term

S¢, which is a friction term, depends on the type of flow.

Reference level

Fixed bedrock layer

Figure 4.2: The one-dimensional sketch of shallow water with a sediment layer.

Let us review some of the most used empirical formulas for the bedload ().

1. Grass formula:
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This formula is proposed by Grass [24] for the solid transport discharge:
Qs = Aglu™ u, (4.4)

where 0 < A; < 1and 1 < m < 4 are tuned on the experimental data.
The value m = 3 is currently used, and strong interaction between fluid and

sediment is simulated letting A, be close to 1.

. Meyer-Peter and Mdiller’s formula:
Meyer-Peter and Miiller’s formula [31] is given by

Qs = Sgn(u)8<7-* - 7_*C)S/Q (ng - 1>gd37 (45)

where d is the size of sediment grain, ¢, = ps/p. is the relative density of the
sediment, letting p,, and ps be the respective densities of the fluid and sediment,
T, is the non-dimensional shear stress and 7.. is the non-dimensional critical
shear stress (see [9] for more details). The non-dimensional shear stress 7, is
defined by

T
9(ps = pu)d’
where 7 = yR},|Sy| is the shear stress, Rj, ~ h is the hydraulic ratio and S

Te =

(4.6)

is the friction term, which depends on the flow condition. When the flow is

laminar, Manning’s friction law is often used:

k2ulul
Sy ="

(4.7)

where £k is Manning’s roughness coefficient. On the other hand, when the flow

is turbulent, Darcy-Weisbach’s friction law may be used:

= 4.8

where the Darcy-Weisbach friction factor f may depend on the Reynolds num-
ber. In this chapter, f and k will be kept constant.

. Van Rijn’s formula:

Van Rijn’s formula ([47, 39]) for the sediment discharge is given by
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5% 1073 (d\"?
Qs = CI7 (h) T () — 1)
\/ <¢T - 1)gd37 (49)

where Cy is called the drag coefficient, and the other variables are defined as

in (4.5).

4.3 Description of the numerical schemes

4.3.1 1D staggered finite volume scheme

Following the notations in Chapter 1, the time interval (0,7") is divided into N; time
steps of length At and, for all n € {0,..., N}, t" := nAt. The domain 2 := (0, L) is
divided into N, cells of length Ax. The left end, the center and the right end of the
i-th cell are respectively denoted by Ti 1, T and Tip1 We set M = {1,...,N,},
Eim i =11,..., N, — 1}, & :={0, N, }, and € := &, U &,

Zi—1 zl Zit1
hi Ui—1/2 h; Uit1/2 i1

. Mass Momentum

Figure 4.3: The one-dimensional staggered grids. The magenta area represents the
control volume for the mass conservations, associated with unknowns h; and z;. The
control volume for the momentum conservation (unknown wu, 1 ) is shown by the
blue area.

The water height A and the sediment layer z are discretized at the center of the
cells. The approximation of h (resp. z) at the point x; and at time ¢" is denoted by
R} (resp. zI'). The velocity u is discretized at the interfaces between the cells. The
approximation of u at the point x, 1 and at time t" is denoted by ulﬁr%. This space

discretization is shown in Figure 4.3.
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First, we prescribe the initial conditions by,

1 T4l
ho = Ax/+ ho(z) dz,  Yie M, (4.10)
1 Tipl .
Z) = Aix/x 12 2o(z) de, Vie M, (4.11)
1 Tit1 )
u?Jr% = s /x up(z) dz, Vi € Eint. (4.12)

The water conservation equation (4.1) is discretized as in (1.6-1.7). The momentum
balance equation (4.2) is discretized as (1.33) or (1.34) depends on friction term Sy,

reads

n TL n At nAn 1 n n n n
hlj; l:;l h?+luz+ 1 +A q7,+1u7,+1 qz ui +§g ((hl—;—'_ll) (hz +1>2> +gh1:_%1 (Zi—&-l_z;,'n)

— gh™ N (Hypy — HZ)} + AtSTi 112 =0, Vi€ Epn, (4.13)

z—l—l

The term S%,,, , is given in the case of Manning’s friction (see (4.7)) by

]{32’11, 1 |un+1

Stivie = — i (4.14)
(hn-i-l)
i+
and in the case of Darcy-Weisbach’s friction (see (4.8)) by

: f|u1+ L ‘unJrl

Stit1)e = 78 T (4.15)
Finally the discretization of Exner equation (4.3) is given by
PR e ﬁf <Q”+1 Q”“) = Vie M (4.16)
i ) Az i+l 7 . .

where Qn+1 — Qs(hn n+1>

it3’ H‘z

Let us conclude this section by gathering all the above information into Algo-
rithm 2.
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Algorithm 2 The explicit staggered scheme.
Step 1. Give the initial conditions at n = 0.

Step 2. Compute At from (1.10).
Step 3. Compute (h”“)ieM from (1.6).

Step 4. Compute (h" ”jl)zegmt from (4.13), and update u]' ;.
2

Step 5. Compute (2" )ieM from (4.16).

4.4 Numerical tests

In this section, we will give some numerical tests such as comparison between nu-
merical computation and the analytical solution, some comparisons of dam break
simulation over a granular bed and experimental data, subcritical steady state and
transcritical flow over a moveable bump. In these tests, the depth of bedrock to the

reference level H is set to be constant (0,H = 0).

4.4.1 Analytical solution

To show the performance and numerical convergence rate of the above scheme, here
we consider a simple test where the analytical solution exist in literature, see [5]. In
this simulation we consider the Grass formula Q5 = A u|u|™ ! with A, = 0.005 and

m = 3. The initial conditions are given by:

(hw)mi(z) = 1,

ax + B3
Uini(x) = [ Ag ] )
() = “jjjg‘;ﬁ)

)
Ui (7) + 2g(hu), («)

Zini(l') =1- Uini
29u1n1( )

Y

where the coefficients are given by a = § = 0.005. In this simulation, we let the
friction term vanish Sy = 0 and we prescribe the CFL number v = 1.

In Figure 4.4, we can see that the analytical solution seems to be well approx-
imated even with a coarse grid. This is not observed in [4], where the relaxation

scheme is quite diffusive for coarse grids, which leads to results far from the analyt-
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Figure 4.4: Analytical solution. Comparison between analytical and numerical solu-
tions of (a) the water level and sediment profile, (b) the velocity profile at the final
time t = 7.

Cells | |h_hanalytic| ’Ll T ’ ’u_uanalytic ’ ‘Ll T ‘ ‘Z - zanalytic‘ |L1 T
50 6.082E-3 / 1.941E-2 / 5.875E-3 /
100 3.666E-3 0.752  1.257TE-2 0.670  2.979E-3 0.973
200 2.092E-3 0.809 T7.072E-3 0.829 1.507E-3 0.982
400 1.143E-3 0.872 3.776E-3 0.905 7.596E-4 0.988
800 6.054E-4 0.916 1.952E-3 0.951 3.814E-4 0.993

Table 4.1: L error of staggered scheme at t = 7.

ical solution. In Figure 4.4 (b), we see that our scheme (with N, = 100) provides a
closer velocity profile to the analytical solution than the relaxation scheme with the
same grid, as provided by [5]. Table 4.1 shows the discrete L'-norm of the error for
h, v and z at the final time step. This discrete L'-norm is computed by summing
the differences with the analytical solution at the discretization points for h, u, or

z, multiplied by the space step.

Table 4.1 provides the numerical convergence to the analytical solution as the
number of points is increasing. Since our scheme has accuracy of order one, these
rates tends to one as expected.It turns out that our scheme can produce stable results
that confirm the analytical solution, which is calculated using the CFL number
v = 1 by the stability condition (1.10). This is quite surprising since according to
Cordier et al., [11], the CFL condition for Exner-shallow water equations is more

restricted than the CFL condition for full shallow water equations. However, Audusse
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et al., [4] propose a relaxation system of Exner-shallow water equations which has
the same CFL condition as the full shallow water equations. Therefore, through
several computations of Exner-shallow water equations, our staggered scheme is

shown stable under the same CFL condition for full shallow water equations as
defined in (1.10).

4.4.2 One-dimensional erodible dam break

Comparison with literature

This section is devoted to the numerical simulation of a one-dimensional erodible
dam break, as introduced by [4]. The domain is given by Q@ = [0 : 10] with a
dam located at the middle of the domain. The dam separates two initial water
heights hi,i(7) = 2 at the left side and hy,(z) = 1.25 x 107! at the right side of the
domain.Initially, the sediment load is zp;(x) = 0, and fluid velocity is set to zero,
and no friction term is introduced. The grid includes 400 points, and the final time

is given by t = 1.

4
3.5

o5 ~
; Vi
1.5 /

1

0.5
L

0 2 4 6 8 10

u(m/s)

Figure 4.5: One-dimensional erodible dam break. Velocity profile at final time ¢ = 1.
In this simulation we used the Grass formula with A, =5 x 107% and m = 3.

Figure 4.5 and 4.6 show the velocity, the water level and the sediment profiles at
the final time ¢ = 1. We can see that in Figure 4.6 (b) the hydraulic jump arises in
the water level profile around the initial dam site and it propagates upstream. This

results are in agreement with the results given by [4].

Comparison with experimental data
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2 h+z 2 h+z
Z Z

15 H 15 N H
z (a) = (b)
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< < NS~—
N N
N 05 N 05 l_i

Figure 4.6: One-dimensional erodible dam break. (a) Initial position of dam break
problem. (b) Water level h+ z and sediment z profiles at final time ¢t = 1. (¢) Zoom
area of sediment profile at final time ¢ = 1. In this simulation we used the Grass
formula with A, =5 x 107% and m = 3.
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Let us now consider the comparison between numerical computations and exper-
imental data. Some laboratory experiments in dam break over a granular bed have
been reported, see for instance by [50]. We focus on the experiments performed in
Louvain-la-Neuve, Université Catholique de Louvain by [21]. In these experiments,

the characteristics of the sediment (i.e diameter of sediment, porosity, etc.) have

been carefully prescribed.

0.1

0.08

0.06

0.04

z, h+z (m)

0.02

-0.02

Figure 4.7: Dam-break over a granular bed. Comparison between numerical com-
putations and experimental data. The calculated water level and sediment profiles
at final time t = 10tg, to = v/gho ~ 0.101 with bedload following Meyer-peter &

(h+z) Meyer-Muller

(h+2) Van Rijn === 7

(h+z) Experiment  +
z Meyer-Muller

z Van Rijn --------
, ZExperiment e

Miiller’s (4.5) and Van Rijn’s (4.9) formulas.

Here, we compare two sediment discharge Meyer-peter-Miiller-(4.5) and Van
Rijn-(4.9) formulas. The domain of this simulation is 2 = [—-1.25 : 1.25], and the

initial conditions of this simulation are given by

The characteristics of the sediment are selected following [50], the sediment
porosity is given by ¢ = 0.3, with diameter d = 3.2 x 1072, and density p, = 1, 540.

Manning’s coefficients for water and sediment are 0.001 and 0.03, respectively. In

0.1 ifxz<O.
hini(l’) = { b

0 otherwise
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Van Rijn’s formula, drag coefficient is set to C;y = 1 x 1073. The CFL condition for

this simulation is set to v = 1.

0.1 = (h+'z) Staggere'd . 0.1 (h+i) Staggere'd .
¢+ (h+z) Experiment  + L+ (h+z) Experiment ~ +
0.08 N z Staggered mwm= 0.08 i, z Staggered s |
€ 006 +'+ z Experiment  x € 006 + z I+Exper|ment x
= = (a) N w (b)
£ 004 & 004 5
N 0,02 N 0,02 RN
0 0 X X X
-0.02 -0.02
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1
X (m) x (m)
0.1 (h+'z) Staggere'd
(h+z) Experiment
0.08 , z Staggered s
T 0.06 * z Experiment  x
N S ©
£ 004 R
N 0.02 ta
I e
-0.02
-1 -0.5 0 0.5 1

X (m)

Figure 4.8: Dam-break over a granular bed. Comparison between numerical compu-
tations and experimental data of the water level and sediment at subsequent times
(a) t = btg, (b) t = 7.5ty and (d) t = 10ty with to = /gho ~ 0.101. Meyer-Peter &
Miiller’s formula (4.5) is used in this computation.

The water level and sediment profiles at time t = 10t with tq = \/ghg ~ 0.101
resulting from Meyer-Peter & Miiller’s (4.5) and Van Rijn’s (4.9) formula are shown
in Figure 4.7. We observe that the water level is better approximated using Van
Rijn’s formula whereas the sediment is better with Meyer-peter & Miiller’s formula.
These two discharge formulas only differ by the factor C, however this lead to
obviously different results around initial dam site. This shows the importance of the

characterization of the sediment properties.

Results at different times are presented in Fig 4.8. They show a good agreement
between the numerical computation and the experimental data with respect to the

water level and sediment profiles.
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4.4.3 Subcritical steady state over a moveable bump

This test case is discussed in [11]. We consider as initial condition a subcritical

steady state for the shallow water system given by

(hu)ini(x) - 057
Zini(z) = 0.1 4 0.1¢= @57,

(husi(z))?

hini ini = 0. 9
22 () + g(hini(x) + zimi(2)) = 6.386

over a domain €2 = [0 : 10]. The initial profile of water surface and the sediment bed
are shown in Figure 4.9 (a). We let the sediment to evolve under the above steady
state initial condition. For sediment discharge we use the Grass bedload flux with
m = 3. The water surface and sediment profiles at the final time ¢t = 10 obtained
with A, =5 x 1072 (resp. at t = 2.6 with A4, = 7 x 107?) are shown in Figure 4.9
(b) (resp. 4.9 (c)).

The results are in good agreement with corresponding results on [11]. Moreover,

our scheme is stable also for CFL number close to the maximum value v = 1.

4.4.4 Transcritical low over a granular bump

We now consider the case of movable sediment under transcritical flow, following
[11]. The domain of this simulation is Q = [0 : 10] and the Grass formula with m = 3

is used for the sediment discharge. The initial configuration are

Zini(2) = 0.1+ 0.1e~ @97
(hu)ini(x) - 06,
(h+ 2)ini(z) = 0.4,

with the left boundary condition (hu)(0,t) = 0.6 and free flux for the right boundary.
This simulation is conducted in two steps. First, without sediment flux A, = 0 (see
Figure 4.10), and we let the above initial condition to reach a steady state. In the
second step, we let the sediment to evolve, by setting A, =5 x 107,

Results at different times are shown in Figure 4.11: after a long enough time of
simulation, the sediment profile and the water surface are getting flat. Cordier et

al. noted in [11] that this test case involves negative eigenvalues of the system in

73



CHAPTER 4
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Figure 4.9: Subcritical steady state over a moveable bump. Simulations with sedi-
ment discharge of Grass formula with m = 3, calculated using 400 mesh points. The
profiles of free surface h + z and sediment z (a) at initial time, (b) at time ¢ = 10,
with parameter A, =5 x 1073, (c) at time ¢ = 2.6 with parameterA, = 7 x 1072

0.7
2.6 /
0.
6 \ 24
0.5 (a)
\ 2.2 (b)
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Figure 4.10: Transcritical flow over a granular bump. (a) The water level and sedi-
ment, and (b) the velocity profile in steady state.
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supercritical region, which are not easy to handle. We show here that our scheme

can handle this problem, even when parameters used for computations correspond

to a CFL number that is close to the maximum value v = 1.
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Figure 4.11: Transcritical flow over a granular bump. Water level and sediment
profiles with A, =5 x 107* at times (a) t=1, (b) t=5, (¢) t=15 and (d) t=30.

4.5 Conclusion

We have presented in this chapter an explicit staggered scheme for the simulation
of the coupled system Exner - shallow water equations, in the one-dimensional case
only. Several numerical tests seem to validate the robustness of the scheme. Satis-
factory convergence properties to an analytical solution (the convergence rate tends
to 1 in L'-norm since first order scheme is applied) and good agreement with exper-
imental data are obtained. Moreover, robustness properties have been exhibited in
the case of transcritical flow. These observations enhance the interest of this scheme

for engineering purposes.
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Shear shallow water flows model
by Richard-Gavrilyuk Model

The aim of this chapter is to design a finite volume scheme (collocated) for the
Richard-Gavrilyuk model. This model is a shallow water model including shear
and turbulence effects. Several numerical simulations related to sheer shallow water
using standard shallow water equations and Richard-Gavrilyuk model are presented.
Moreover in the runup solitary wave simulation, the results from both models show

match pretty well with experimental data.

5.1 Introduction

The shear shallow water flow is used to describe the strong hydraulic jump phe-
nomena. This phenomena is related to the larger of Froude numbers. For instance,
we can imagine the problem of the unstable of water surface shown an inclined
plane. The profile of this surface is called roll waves which is the hydraulic jump in
a periodic system separated by smooth profiles. Conventionally, this phenomena is
based on the standard shallow water equation or the Saint-Venant equations. In one

dimension, the standard shallow water model (with Darcy-Weisbach friction) reads
Oth + 0y (hu) = 0, (5.1)

1
Or(hu) + 0, (hu2 + 2gh2> = —gh0,z — Cyulu|, (5.2)
where t denotes the time variable, x the space variable, A the water height, u the
velocity, g the gravitational constant, z the topography of the bottom, and Cf a
friction coefficient. However as recorded in [38], this model is not able to provide

the information related to the hydraulic jump such as the length of hydraulic jump

or the roller length. Moreover, they can only be found by experimentally.
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A shallow water model including shear and turbulence effects has been proposed
recently by G. Richard and S. Gavrilyuk [38, 37]. This shear shallow water model is
obtained by taking into account the fluctuation of the horizontal velocity along the
vertical direction. In other words, the Richard-Gavrilyuk model is an extension of
the standard shallow water model, involving some additional unknowns, the roller
enstrophy ®, and two additional parameters, the wall enstrophy ¢, and the roller
drag coefficient C,.. In one dimension of space (where the wall enstrophy ¢ is set to

be a constant) the equations of the model are,

Oth + 0y (hu) =0, (5.3)
Or(hu) + 0, (hu2 + p) = —gh0,z — Cyulul, (5.4)
P

Oi(h(u?*/2 +¢€)) + O ((h(u2/2 +e) +p)u) = (—gh@xz — <Cf + ot (I)CT> u]u|> u,
(5.5)

where
p=50h + (60 + D)W (5.
e= ;gh + ;(qbo + ®)h2. (5.7)

The Richard-Gavrilyuk model is similar to the fully Euler equation where shear
and turbulence effects are involved in the internal energy balance (5.5). In order to
discretize (5.3-5.5), the idea is to design a numerical scheme similar to discretize the
full Euler equation. In a finite volume scheme, there are two methods are proposed
to approximate the fully Euler equation. The first method is the collocated scheme
using HLLC (Harten-Lax-van Leer-Contact) solver or Suliciu solver which is given
by F. Bouchut [7]. This scheme is a robust scheme for the shock capture phenomena
in the full Euler equations (full gas dynamics). The second method is called the
explicit staggered scheme for the full Euler equations which is introduced in [26, 32].
Nevertheless, this scheme is not strightforward as for approximating the standard
shallow water (in Chapter 1) and the barotropic Euler equations (in [26, 32]). The
correction term in the discretization of the internal energy balance appears to recover

a consistent dicretization of the total energy balance (see [26, 32]).
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In this chapter we only consider the collocated scheme with the HLLC solver or
Suliciu solver for approximating the Richard-Gavrilyuk model. Therefore, the aims
of this chapter are to design a collocated finite volume scheme for the Richard-
Gavrilyuk model and also to present various numerical simulations using Richard-
Gavrilyuk model together with those calculated using standard shallow water equa-

tions model.

5.2 Mathematical analysis of the model

Definition 1 (Conservative variable). The variable U(x,t) € RP in which the system

takes the conservative form
U+ 0, (F(U)) =0, (5.8)

for some nonlinearity ' that takes values in RP is called conservative variable. The

system (5.8) is also called system of conservation laws.

For instance, the conservative part of system (5.3 - 5.5) can be written as a

system of conservation laws
WV + 0, (F(V)) =0, (5.9)

with the conservative variables

h
V= hu , (5.10)
h(u?/2 + e)
and the nonlinearity function
hu
F = hu? +p : (5.11)

(h(u?/2+¢€) +p)u

where the total pressure p and the specific internal energy e are defined as (5.6) and

(5.7) respectively.
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Proposition 5 (Hyperbolicity). The conservative system (5.9) is hyperbolic. The
eigenvalues of the system are u— \/gh + 3(¢po + ®)h2, u and u+ \/gh + 3(pg + D)h2.

The quantity —h® is a strictly conver (mathematical sense) entropy associated with

the entropy flur —hu®.

1
Proof. Let 7 = 7 then from (5.7) we can express ® as a function of e and h:

B(e, ) = (g — g7) — b, (512
= (2¢ — g7)7° — ¢p. (5.13)

Since ¢q is a constant and corresponding the Gibbs identity we have

2

de + pdt = };dfb. (5.14)

Thus the roller enstrophy ® is analogous to the specific entropy s in the models
of full gas dynamics (full Euler equations) [7]. As consequence of (5.9), the specific

entropy is conserved along trajectories:
0P +u0, P = 0. (5.15)

Then, the equations (5.9) is hyperbolic with the characteristic speeds u —a < u <
u~+a where a is the sound speed for the Euler equations. This sound speed is defined

as

Jp
e 5.16
4 g or <I>:const’ ( )
since |
p=50m " +7 (b + @), (5.17)
we obtain
a® = gh + 3(¢o + ®)h* > 0, (5.18)

where the index (® = const) at (5.16) means that the derivative is taken at @ is
constant.

Moreover, since we found that ® is analogous to the specific entropy s in full
gas dynamics, then by [edwigel1996numerical] in Chapter 2, we can show that

the quantity —h® is a strictly convex entropy associated with the entropy flux
—hud. O
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5.3 Numerical scheme

The Richard-Gravrilyuk equations can be solved by a splitting method. This method
is similar to discretize the Euler equations which is known as Strang’s spliting
method, can be found in Toro [45] for more detail. Here we discretize the equa-
tions by three steps. First, the conservative part of (5.3 - 5.5) is solved by Suliciu
finite volume scheme (HLLC solver [7]):

e v ( F'y) =0, (5.19)
R Lgntt — gy 4 AA ‘ (Fhul - ) =0, (5.20)

- 1 1
(G2 4 ey ) ) — a5 +e(h 07) )

+ AA; (Fies = Fr<) =0, (5.21)

where
{7 BF) = Sght + 3 (60 + BB (522
(R B = Sghr™ 4+ (60 + BT (Y (523

Second, the topography term is treated by the hydrostatic reconstruction scheme
which has been introduced in Audusse [3] and Bouchut [7]. Actually, this scheme
is designed to solve shallow water equations where the pressure is a hydrostatic
pressure. However in Richard-Gavrilyuk equations, the pressure term is also using
hydrostatic pressure and together with the shear term (¢ + ®)h* become the total
pressure. Therefore, the hydrostatic reconstruction scheme can be used to treat the

topography term. The detail about this scheme can be seen in [3, 7].

Third, the source term is treated by approximating the system of differential

equations

dih; = 0, (5.24)

(a2 ) = - (04 200 ) (5.26)
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on [0, At], with h;(0) = A, 4;(0) = @ and ®;(0) = &2, In order to discretize
the friction terms in equations (5.25) and (5.26), we will simplify those equations into

primitive variables form. By using the equation (5.24), the equation (5.25) becomes
hldt(ul) + uzdt(hl) = —Cfui]ui\,

C
dy(u;) = —h—fui|uz-|. (5.27)

Next, from the equation (5.26) we have

1 1 1
d, (zhﬂﬁ + —gh? + §(¢0 + @i)hf) =— (Cf + CT> (u;)?,

since dih; = 0 and ¢ is a constant, thus we have

1 1 1
uzdt(h u;) + h awidy (u;) + th (®;h7) = (Cf + r) (u;)?,
1 Of 1 3 3
il Cful|u2])+2hlul< hi ulluz|) o hd(® (cf+ 0+q) ) (u:)?,
e~ Yo+ sy \3
Ly 2@w»+2m — - (o4 20w
2C,.®; 3
. (5.28
- (2% () e

Therefore, we have the new ordinary differential equations (5.24), (5.27), and (5.28)

to discretize the friction terms.

The full discretization of equations (5.24), (5.27), and (5.28) are given as

it = Ryt (5.29)
AtC
u?+1 _ ,a?,+1 hn+1f ~n+1|~n+1| (530>
2CTi)n+1 ~n+1Y\ 3
Pl = il A () (5.31)
¢o + P; hi

then we can calculate the new specific internal energy by

1

1
(I, DY) = Jghtt g (g + @1 () (5.2)
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Finally, the general algorithm to compute the Richard-Gavrilyuk equations is given
in Algorithm 3.

Algorithm 3 The spliting method for Richard-Gavrilyuk equations.
Step 1. Give the initial conditions at n = 0.

Step 2. Compute the conservative parts (5.19-5.21) by HLLC solver for ﬁ?“, antt,
and e(hPt, d1).

Step 3. Compute the prediction of roller enstrophy é?“ by (5.23).

Step 4. Solve (5.29- 5.31) for h?jfg, ™l @™ and immediately we can get

i+10 Titd
e(hITL, @) by (5.32).
2

i1l
z+2

5.3.1 Suliciu/HLLC solver for the conservative part

As we have summarized in Algorithm 3, we use the numerical scheme of spliting
method to discretize the Richard-Gavrilyuk equations. The conservative part of our
discretization (5.19 - 5.21) has some good mathematical properties as the full gas

dynamics which are given in following proposition.
Proposition 6. The step (5.19 - 5.21) has the following properties:

(i) It preserves the positivity of the water height (h).

(7i) It satisfies discrete entropy inequality, i.e,

- - At
BB~ p(@) + o (Y - ) <0 (539
i 2

for any p convex function.

(7ii) It satisfies the minimum principle on the roller enstrophy, i.e.,

"+ > min O (5.34)
Proof. Here, we use the HLLC solver for approximate the fluxes F' in the gas dy-
namics which is introduced by Bouchut[7]. As we see in Proposition 5 that the
quantity —h® is strictly convex satisfied. Moreover, the choice of the HLLC solver
(use the relaxation speed into a Riemann solver) for our scheme lead to the positiv-

ity of water height, the discrete entropy inequality and the minimum principle on
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the roller enstrophy are satisfied. The detail proof of this proposition can be found

in [7] specially in Proposition 2.21 Chapter 2. O

5.4 Numerical simulations

In this section we simulate some numerical simulations such as: dam break, trans-

critical flow, roll waves, and runup of solitary wave.

5.4.1 Dam break

The domain is Q = [0,1] and the topography is flat. The initial velocity and the
roller enstrophy are zero. The initial water height is b, (2) = 1,<05+0.21,505. The
results of water height, velocity and enstrophy profile are shown in Figure 5.1, 5.2,
and 5.3 respectively with difference value of C,.

In Figure 5.1 (a), we can see clearly that, with the C, = 0, we have the water
height profile such as the full Euler equations. With the C, = 100 which is strong
enough, we have the water height profile (Figure 5.1 (c)) is similar to the dam break
profile of standard shallow water equations.

The interesting result is shown in Figure 5.1 (b) which has C, = 2. The scheme
produces the roller profile in the shock area. This roller waves due to the friction

term in the roller enstrophy.
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Figure 5.1: The h profile of Dam break at final time 7' = 0.2. (a) C,=0, (b) C,=2.,
and C,=100
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Figure 5.2: The u profile of Dam break at final time 7' = 0.2. (a) C,=0, (b) C,=2.,
and C,.=100
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Figure 5.3: The ® profile of Dam break at final time 7" = 0.2. (a) C,=0, (b) C,=2.,
and C,.=100
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5.4.2 Transcritical flow

Here the simulation of transcritical flow is presented. In this simulation, the domain

is Q = [0, 25] and the topography is defined as,

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

The initial conditions are hiy;(x) = 0.33 — z(x) for the water height and ui,i(z) =
0.18/0.33 for the velocity. Here, the friction term is set to be zero (Cy = 0). At the
upstream end of the domain, the discharge is enforced (hu(x = 0) = 0.18), while, at
the downstream end, the water height is prescribed (h(x = 25) = 0.33). In Figure
5.4, we can see the results of numerical simulation where the water level profile from
various C,. are given. This results are obtained at final time ¢ = 25. Here the results
are presented in various roller drag coefficients C, = 0, C, = 2 and C,. = 100. At the
final time t = 2.5, the profile of water level with C,. = 0 is not completely reaches
a steady state. We can see that the oscillation still occurs in the downstream area.
Meanwhile, with the C,. = 2 and C, = 100, the steady state is completely reached
at final time ¢ = 2.5.

Next, we are interested in the value of roller drag coefficient between C,. = 0 and
C, = 2 at greater final time ¢t = 100 . From several numerical experiments, here we
found interesting result with Cr = 0.5 (see Figure 5.5). In Figure 5.5 we can see
that, with C,. = 0 and C,. = 2 the hydraulic jump occurs at the transition from a
rapid flow to steady state in an open channel. Meanwhile, with C,. = 0.5 we have
a hydraulic jump of low height with free-surface or standing waves. As recorded in
[49], those standing waves are called undulations, where they can strecth out over
a great length due to the low dissipation of wave. This phenomena is called the
undular hydraulic jump.

For the long time simulation (¢ > 100), the profiles of water level with C, = 0 and
C, = 2 reach completely a steady state condition. However, form our observation,
we find that the water height profile with C, = 0.5 keep in unsteady condition (see
Figure 5.6). In Figure 5.6, we show the time series of the average of water level in
location around 10 < x < 14. Here, we can see clearly that, with the C,. = 0.5 the

undular hydraulic jump keeps produce waves in the long time simulations.
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Figure 5.4: The comparison of h + z in various C, at final time ¢t = 25.
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Figure 5.6: The time series of the average of water level in location around 10 < x <
14 with various C,.

5.4.3 Roll waves

The purpose of this section is to present the numerical simulation of roll waves. As
described in [17], the instability flow occurs due to the steady flow down an inclined
channel. Moreover with the periodic solutions, the roll waves appear by a hydraulic
jump which is located at transition between subcritical and supercritical flow (see
Figure 5.7).

Subrcritical HYQFfl_l}liC jumps
~— ) -

ﬂOW

- Supercritical ‘
Te— . __,/"_|

Figure 5.7: Sketch of roll waves down an inclined open channel

In Figures 5.8 and 5.9, the photographs of roll waves in a concrete channel in Li-
ons Bay, B.C. are presented (the photos was taken from [12]). We can observe clearly
that, on the inclined channel the periodic nature of waves are shown. Moreover, the

waves seem to be long and shallow.
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Figure 5.8: Roll waves flow down an inclined channel. Source:
http://www.math.ubc.ca/ njb/Research/rollo.htm

Figure 5.9: Roll waves flow down an inclined channel by Griinnbach, Merlingen
(Suisse) in [12].
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In the manuscript of [14], the simulation of roll waves has been done with the
shallow water equations using collocated scheme. On the other hand, in this section
we want to elaborate the simulation of roll waves using standard shallow water equa-
tions and Richard-Gavrilyuk model. The approximation of shallow water equations
and Richard-Gavrilyuk model are using staggered scheme and collocated scheme
(HLLC solver) respectively. In this simulation, the topography should not be flat i.e
the bottom has a constant slope related to the Froude number. The slope of canal
is fixed with the relation

S = fo _ fFrQ (5.35)
8gh 8
where f = 0.048 is the Darcy-Weisbach coefficient and F'r the Froude number. The
domain is 2 = [0 : 2|, the initial water height and debit are given by

hini(2) = ho(esin(kz) + 1), (5.36)
Gini(7) =0

where € = 0.005, k = b7 and hg is a constant value defined by

L g2 \ 13
h0:<g§1;‘2> . (5.38)

As explained in [14] and [36], the perturbations to the steady solution will be
obtain if the Froude number F, > 2. Contrary, with the Froude number F, <
2 the steady solution will be achieved. Therefore, first we present the numerical
simulation of roll-waves with several Froude numbers. The evolution of roll-waves
by standard shallow water equations using staggered scheme at several times with
Froude numbers F, = 1.5, F,, = 2 and F, = 2.5 are shown in Figures 5.10, 5.11 and
5.12 respectively. Moreover, the results in Figure 5.12 are in a good agreement with
the results by Y-T. Que and K. Xu (2006) in [36] (page 1016).
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Figure 5.10: The evolution of roll-waves by staggered scheme with several times.
The parameters values are € = 0.5%, k = 5m, Cy = 0.048/8, go = 0.001m?s™!, and
F.=15.
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Figure 5.11: The evolution of roll-waves by staggered scheme with several times.
The parameters values are € = 0.5%, k = 5m, Cy = 0.048/8, go = 0.001m?s™!, and
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Figure 5.12: The evolution of roll-waves by staggered scheme with several times.
The parameters values are € = 0.5%, k = 5m, Cy = 0.048/8, go = 0.001m?s™!, and
F.=2.5.
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The evolution of roll waves by Richard-Gavrilyuk model using collocated scheme
(HLLC solver) at several times with Froude numbers F, = 1.5, F,. =2 and F, = 2.5
are shown in Figures 5.13, 5.14 and 5.15 respectively. We can see clearly that, with
the Froude number F, = 1.5 in Figure 5.13 the water surface reaches the steady
state at long time simulation. Meanwhile, with F,. > 2 the unstable waves occurs
in the long time simulation as shown in Figure 5.14 and 5.15. Therefore from our
results, the theory of stability (F, < 2) and unstability (£, > 2) conditions for our

scheme are satisfied.
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Figure 5.13: The evolution of roll-waves by Richard-Gavrilyuk model using HLLC
solver with several times. The parameters values are € = 0.5%, k = 5w, Cy = 0.048/8,
qo = 0.001m?2s™ !, ¢g = 0.02, C, = 0.5C; and F, = 1.5.

In the previous simulations, the roller drag coefficient C, = 0.5C} are given
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Figure 5.14: The evolution of roll-waves by Richard-Gavrilyuk model using HLLC
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Figure 5.15: The evolution of roll-waves by Richard-Gavrilyuk model using HLLC
solver with several times. The parameters values are € = 0.5%, k = 5w, Cy = 0.048/8,
go = 0.001m?2s™ !, ¢g = 0.02, C, = 0.5C; and F, = 2.5.
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arbitrary. Here, we present the numerical experiment of roll waves by several roller
drag coefficients. The results of roll waves with C, = 0.1C¢, C, = 0.5C; and C, =
100Cy with F, = 6 are shown in Figure 5.16. In Figure 5.16, the comparison of
water height h, velocity u, and roller enstrophy @ are given at long time simulation
t = 200. Here we can confirm that the period distance of water height depends on
the value of C,.

t=200, Fr=6 t=200, Fr=6
9 1.2 T
of Gk e e 1
7 b o CE100C) e 1 f1/GA100G A ]
s ol M S A AN WA
I e e In IS
=4t i i = 06 f ffo "
£ 5l /H\ L \\ H /}\\\L > o5/ 5// /'/ ./
= i Py 0.4 : :
HSUAVADEY Vi B L LS
LI : ) e 0.2
0 0.1
0 0.5 1 1.5 2 0 0.5 1 1.5 2
x [m] x [m]
t=200, Fr=6.
250000 br=0-1 Cfl
200000 &50(588; ...........
o 150000
T R
0
0 0.5 1 1.5 2
x [m]

Figure 5.16: The comparison of h, u and ® in various C at final time ¢ = 200.
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5.4.4 Runup of solitary wave

The aim of this section is to simulate the solitary wave using the standard shallow
water equations and Richard-Gavrilyuk model. Here, the discretization of shallow
water equations uses the explicit staggered scheme as in Chapter 1. Meanwhile, the
discretization of Richard-Gavrilyuk model uses the HLLC method in Section 5.3.

/| H

ho

/3/

XO -X‘l
Figure 5.17: The sketch of runup of solitary wave.

The experiment setup follow the model which is introduced by Synolakis [43].
The sketch of experiment can be seen in Figure 5.17. In Figure 5.17, the elevation of
solitary wave is described by ((x,t) with the amplitude H and initial location wave
height X;. The sloping topography with an angle 8 to the x-direction is located in
the left side of X, and a constant depth hy at the right side.

In order to simulate the runup of solitary wave, here the domain is given as

(2 = [—10, 20]. The initial conditions are given as,

Coni(7) = (B + 2)imi(7) = fsec}ﬂ (,/(3H/4h0>(x _ Xl)) ,

0

( g(H + ho)) Gini ()

uini(x) - = 1+ Cini(x) )
x
Zini(x) - _YOJ]-ISXO - I]-x>X07
1
X1 = Xy + ———=———=arccoshv20.
(3H/4ho)

where the initial sloping point is Xy = 19.85. Here, the other parameters are H = 0.3,
ho = 1 and dimensionless time ty = 1/g/ho. The results of surface profile of shallow
water equations using staggered scheme are shown in Figure 5.18. They show the

comparisons of numerical simulation and experimental data in various final times.
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We can observe clearly that, the shallow water equations using staggered scheme

produces nicely comparable results with experimental data.

82 ' " h+z Staggered — i 82 ' " h+z Staggered —
03 h+z Me.@‘sured 3 | 03 .p;z Measured e
0.2 % 1 0.2
0.1 E 0.1 .
0 0
-0.1 E -0.1
-0.2 L L L -0.2 L L L
-10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20
(a) (b)
0.5 T T T T T 0.5 T T T T T
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h+z Measured o h+z Measured
0.3 E 0.3
0.2 . 1 0.2
0.1 E 0.1
0 0 \ad
-0.1 1 -0.1
0.2 L L L -0.2 L L L
-10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20

(c) (d)

Figure 5.18: The surface profile of standard shallow water equations using staggered
scheme at t = 15ty (a), t = 20ty (b), t = 25ty (c), and t = 30ty (d).

The Figures 5.19 and 5.20 are shown the comparison of Richard-Gavrilyuk model
and experimental data with the coefficients Cy = 0,C, = 0 and Cy = 0.01,C, =
0.006 respectively. Here, we can see clearly that, the diffusive shock is obtained at
time from 15%y to 25ty from both figures. However, at final time ¢ = 30¢%,, the results
is slightly better. The surface profile of numerical approximation and experimental
data is nicely comparable.

Further, we are interested to compare the shallow water equations, Richard-
Gavrilyuk model and experimental data in one frame. Their results can be found in
Figure 5.21. In Figure 5.21, we used the Richard-Gavrilyuk model with Cy = 0.01
and C, = 0.006. We can observe that in Figure 5.21, the shallow water equations is
better than the Richard-Gavrilyuk model. In Figure 5.21 (a) and (b) the shock waves
of shallow water equations are better than Richard-Gavrilyiuk model to approach
experimental data. Moreover, in Figure 5.21 (c¢) and (d) where the solitary wave
approaches the coastal area, the shallow water equations is more nicely comparable
than Richard-Gavrilyuk model to simulate the dry wet simulation.

Another simulation is used H/hg = 1.85x 1072 from [43]. The results are given in
Figures 5.22 and 5.23. They show that, both models are nicely comparable with the
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Figure 5.19: The surface profile of Richard-Gavrilyuk model at ¢ = 15¢, (a), t = 20t
(b), t = 25t¢ (c), and ¢t = 30ty (d). The coefficents C, and C; are set to be zero for

both.
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Figure 5.20: The surface profile of Richard-Gavrilyuk model at t = 15ty (a), t = 20t
(b), t = 25t (c), and t = 30t (d). The coefficents C, and C are set to be 0.01 and

0.006 respectively.
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Figure 5.21: The comparison of surface profile between standard shallow water
equtaions using staggered grid scheme and Richard-Gavrilyuk model using collo-
cated HLLC flux at various final times ¢ = 15t (a), t = 20ty (b), t = 25ty (c), and
t = 30ty (d). The coefficents C, and C; in Richard-Gavrilyuk model are set to be
0.01 and 0.006 respectively.
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experimental data. Moreover, in zoom part of final time step t = 70t in Figure 5.24,
we can see clearly that shallow water equations nicely satisfied dry transition and
reached the lowest point from experimental data. Meanwhile, the Richard-Gavrilyuk
model remains wet on the inclined bed and just approximates the upper points of

experimental data.

104



CHAPTER 5

0.1 T T T T 0.1 T T T T
h+z NSWE-Staggered h+z NSWE-Staggered
0.08 h+z Richard-Gavryliuk --------- ] 0.08 h+z Richard-Gavryliuk --------- |
' h+z Measured  « ' h+z Measured e
0.06 1 0.06 k
N N
£ o004 1 £ o004 1
N N
0.02 : 1 0.02 1
0| lemwesa® 0 o€ o4 0 ‘e eooeds 8
-0.02 L L L -0.02 L . .
0 5 10 15 20 0 5 10 15 20
x/hg x/hg
0.1 T T T T 0.1 T T T T
h+z NSWE-Staggered h+z NSWE-Staggered
0.08 h+z Richard-Gavryliuk --------- ] 0.08 h+z Richard-Gavryliuk --------- ]
’ h+z Measured e ' h+z Measured e
0.06 1 0.06 k
N N
£ o004 {1 & o004 ]
N N )
0.02 1 0.02 p X 1
0 R 0 the b
_0.02 1 1 1 _0.02 1 1 1
0 5 10 15 20 0 5 10 15 20
x/hg x/hg
0.1 T T T T 0.1 T T T T
h+z NSWE-Staggered h+z NSWE-Staggered
0.08 h+z Richard-Gavryliuk --------- i 0.08 h+z Richard-Gavryliuk --------- i
) h+z Measured  « ' h+z Measured
0.06 1 0.06 k
N N
£ o004 1 £ o004 l
N N
0.02 ¢ : 0.02 .
g Sodige.
0 O I 0 MR 4
_0.02 1 1 1 _0.02 1 1 1
0 5 10 15 20 0 5 10 15 20
x/hg x/hg

Figure 5.22: The comparison of surface profile between standard shallow water
equtaions using staggered grid scheme and Richard-Gavrilyuk model using collo-
cated HLLC flux at various final time steps. The time steps are provided from
t = 25ty to t = 50ty with 5 increments and the initial wave H/hy = 1.85 x 1072
The coefficents C, and C in Richard-Gavrilyuk model are set to be 0.01 and 0.006
respectively.
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Figure 5.23: The comparison of surface profile between standard shallow water
equtaions using staggered grid scheme and Richard-Gavrilyuk model using collo-
cated HLLC flux at various final time steps. The time steps are provided from
t = 55ty to t = 70ty with 5 increments and the initial wave H/hy = 1.85 x 1072,
The coefficents C, and C in Richard-Gavrilyuk model are set to be 0.01 and 0.006

respectively.
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Figure 5.24: The comparison of surface profile between standard shallow water
equtaions using staggered grid scheme and Richard-Gavrilyuk model using collo-
cated HLLC flux at various final time step ¢t = 70%y in the zoom part.

5.5 Conclusion

The numerical scheme for Richard-Gavrilyuk model has been constructed. This
scheme is based on splitting method. First, the conservative part of Richard-Gavrilyuk
equations is solved by Suliciu finite volume scheme /HLLC solver. Then, the source
terms are treated by approximating the system of differential equations. Some nu-
merical simulations have been presented to show the robustness of the scheme.
Some numerical simulation such as dam-break and transcritical flow using Richard-
Gavrilyuk model have been done. Moreover, the numerical simulation in roll and
runup solitary wave using Richard-Gavrilyuk model together with the standard shal-
low water equations have been described. In the simulation of runup solitary wave,

the results are in a good agreement with experimental data from both models.
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Summary and perspective

The staggered scheme is an alternative to the collocated schemes for solving the shal-
low water equations. The staggered scheme presents the same mathematical guar-
antees as the collocated schemes. In particular, the staggered scheme is consistent
with the entropy inequality. The componentwise computation of numerical fluxes is
simpler than the approximate Riemann solvers and the well-balanced discretization
of the topography source term is straightforward. The numerical tests demonstrate
that the staggered scheme is as accurate and robust as the collocated schemes. Some
applications have been done into various problems such as in geostrophic flows and
viscous flow. Another related models such as shallow water - Exner equations and
shear shallow water are described. The staggered grid scheme into one-dimensional
case of shallow water - Exner equations is constructed and is shown to be a robust
scheme. Moreover, the numerical scheme for approximating the Richard-Gavrilyuk
model in shear shallow water flow is also constructed. Here, we construct the collo-
cated scheme with HLLC solver to discretize the Richard-Gavrilyuk model. Various
simulations in shear shallow water flow have been done together with standard shal-
low water equations and Richard-Gavrilyuk model.

From previous works in this thesis, we have several perspectives for future work.
Our first perspective here is to develop the numerical scheme for modelling the
tsunami wave mitigation by mangroves in shallow water flow. A way of modelling
the mangrove resistance is to add a bottom friction term (similar to those used in
the simulation of overland flows [14]) to the shallow water equations.

Second perspective here is to develop the numerical scheme in two-dimensional
case for the Exner — shallow water equations. Moreover, the comparison of the result
with the experimental data will be needed.

Last but not least, our perspective is to analyse and to build the explicit staggered

numerical scheme for Richard-Gavriliyuk equations.
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Appendix A

A.1 Analytical solution

In this section, we will discuss two analytical solutions for shallow water equations.
Here we present the analytical solution for a dam break problem and oscillation in
Paraboloid for dry-wet problem. Another analytical solutions for the standard test
which are given in Chapter 1 can be found in the papers or thesis of Delestre [14,
15].

A.1.1 Dam break

First, we will explain one of the standard tests for shallow water equations that is
a dam break problem. This problem is important test because it has an analytical
solution. In this test, two cases are exist such as wet and dry dam break problem. A
wet dam break test is also important to see the applicability of our scheme to handle
shock. Meanwhile, a dry dam break is a numerical test to confirm the robustness of
our scheme to handle vacuum. The analytical solution of this problem also can be
found in [14, 15].

Let xg € R is the position of the discontinuity and we define the initial condition

of water height such as in (Figure A.1 (a))

h <
h(0,z) = { g T =10 (A.1)
hg x> xg
with
0 < hg < hy, (A.2)

thus hy is represent the highest of water level in dam break.
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t=0 >0

h (m)
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Figure A.1: Dam break on wet bottom

The initial condition for the velocity is
u(0,z) =0 VreR (A.3)

In order to make a simple description for this analytical solution, we define a
dam at o = 0. The interesting one for us is to see the result when ¢ > 0 after dam
break. From Figure A.1 (b), we can see that there is a parabolic shape (between
point A and B) between h, and h,,, and there is a shock (in point C) between h,,
and hgy.

Let the celerities ¢, = /ghg, ¢y = V/Ghm, ca = Vghq and u,, are the water
velocities in zone m (between point B and C). Due to Riemann invariant and theory

characteristics, we can obtain celerity and velocity for x € x4, zp]

{C =Vgh =3(c;— 5) (A.4)

=§(%+Cg)
where A
Lo
=—(c, — —)°. A.
h=go (= 5) (A.5)

As we can see that, point B is located on the zone m and there is relaxation by

Riemann invariant, so we obtain

U = 2(cg — Cp)- (A.6)
At last, due to Riemann invariant and jump relation (Rankine-Hugoniot) on the
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zone m until zone d, we obtain the shock velocity,

hmum

hm_hd‘

(A7)

Ve =

Then the last unknown ¢, is found by an equation sixth degree (resolved by
iterations):

co, — 9cicy, + 16¢ycicy, — ci(ch+8ch)ch, + ¢ = 0. (A.8)

For t > 0, points A, B, C are defined by:
1. xa(t) = ¢4t

2. 25(t) = (U — )t = (2¢4 — 3¢ — m)
3. zo(t) = vt

as resume we get,

(hg,0) if = <wa(t)

=) G- DAErR) T m@ <o o
(A 2(cyg — €m)) it 2p(t) <z <z.(t)
(ha,0) it x<uzc(t)

A.1.2 Oscillation in Paraboloid

The oscillation in Paraboloid is a standard test case which is used to confirm the
convergence and the robustness of the scheme for the dry-wet problem with non-flat
topography. Here, an analytical solution of oscillation in Paraboloid is available. This
problem was introduced by Thacker in [44]. First, let we define the initial conditions

for the problem such as,

ho L\?
Zii(2) = 2 (x - 2) — ho, (A.10)
uini(x> = O, (Al]_)
1 L w 2
—ho| = (2 — =)+ —= <z<
) m(a@r2)+ %%)+hommum_w_m@, o
0 otherwise.
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where w = v/2gho/(2a), the constants are defined as a = 1, hy = 0.5, and L = 4.
Then the analytical solution by Thacker’s is given by

1 L w ?
W) = —ho <a (Z‘ — 2) + NI cos (2wt)> + ho for z(t) <z < wo(t),
0 otherwise.
(A.13)
w( 1) = wsin (awt) for z1(t) < x < xo(t), (A14)
0 otherwise.
where 21(t) and x4(t) are the locations of dry-wet interfaces at time ¢
1 L
x1(t) = —5 cos (2wt) —a + 3 (A.15)
1 L
xo(t) = 35 cos (2wt) +a+ 5 (A.16)
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Appendix B

In this section, we prove that the upwind staggered scheme is consistent in the sense
that if the discrete solutions converge and satisfy some reasonable estimates then
the limit is a solution of the shallow water equations. This prove is follow the paper
of [26, 32], where here the topography is included. First, we need to specify the
concept of solution. We set Qr := (0,T) x Q and z € C*(Q).

Let’s write the scheme again.W e set M :={1,..., N}, Ene :={1,..., N, — 1},

E ={0,N,}, and &€ := &,y U &,. First, we give the initial conditions such as,

h = 1/&:”5 ho(z) da Vi e M (B.1)
! Ax T, _1 ’ ’
1 Tit1 )
u?Jr% = A /xl uo(x) de, Vi € Eint. (B.2)

The mass conservation equation is discretized with an explicit upwind scheme:

W= hp

At
Ax (

0y~ q;"g%) =0, VieM (B.3)
where

. . hi iful ., >0
g1 =hlaul R 1= 2 : Vi e €. (B.4)

1
i+3 n : n
i+l lqu_% <O

The momentum balance equation is discretized with explicit upwind fluxes for the
convection term and implicit centered fluxes for the pressure term and topography

term:

At
n+l, n+l _ 1n n noaAn._  MAN
hz’—&-%ui—i-% hi+%ui+% + Az {qi—&-lui-&-l q; U;

1
+ 59 {(hﬁf)Q - (h?ﬂﬂ + gh?_:_%l(zi—&-l —2)| =0, Vi € Eine, (B.5)
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where
hl+% = 5 (hl —|— hi+1) 5 VZ - gint, (B6)
1 ul 1 if g >0
o= (g tahy),  ape=4 . Vie M.
20 : ut,if g <0
2

Definition 2. A pair of functions (h,u) € L>®(Qr) x L>®(Qr) is a weak solution of
(1.1)-(1.2) if, for all test functions ¢ € CX(Qr),

/ <h8t30 + hu&cgp> dzdt =0, (B.7)
Qr

1
2 2 _
/QT <hu@ttp + (hu + §gh )&Ugo) dzdt = /QT ghd,zp dxdt. (B.8)

Definition 3. A pair of functions (h,u) € L*(Qr) x L>*(Qr) is a weak entropy so-

lution of (1.1)-(1.2) if (h,u) is a weak solution and, for all nonnegative test functions
e CSO(QT)7

/ (n(h, hu)0wp + G(h, hu)(’?xg0> dzdt +/Q ghu0,zp dzdt > 0, (B.9)
T T
where the entropy n and the entropy flur G are defined by

Ll 1,
n(h, hu) := 2hu +2gh.

G(h, hu) := (;h'zf + gh2) u.

We consider a sequence of discretizations indexed by k£ € N. In the k-th dis-
cretization, the domain Q is divided in N*) intervals of length Az®) and the time
interval [0, 7] in N steps of length At®). We assume that the meshsize Az*) and
the time step At*®) tend to zero when k tend to infinity. We define the approximate
solutions A® : Qr — R and u® : Q7 — R such that

WO () = i ift e [t 6" ), 0 € [z_1,2,,1)
ub) (t, ) = upyy ifte [t ") 2 € [24, Ti41)
AR (t,z) = hitt if t e (17, 1",z € [, 1,7,41)
a® (t,x) = u:fg if t € (t",t""), 2 € [x, 511)
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Let us define the discrete norms

Nt(k) Na(ck)_l
1B sy, ==Y > At®|R7, -y (B.10)
n=0 =1
NP -1 N
1R py = >0 3 Ax®|Rptt — 7| (B.11)
n=0 =1

Definition 4. (Interpolate one-dimensional meshes).
Let Q) be an open bounded interval of R and let M be a mesh over 2. For

all nonnegative test functions ¢ € CX(Qr), 0 < n < Ny and i € M, we set
o = (x;, t"), with x; the mass center of i. The interpolate o of @ on the mesh

M is defined by:

90M<07x) = QD? fo € [xi—%axi—s—%)u

pm(t,r) = it dfte (" x € [y, w0).

The time discrete derivative of o is given by:

n+1 n
2 4

§t90M<t7I) - T th € (tnatn—’_l]ax € [l‘i—%wri-‘r%)a

and its space discrete derivative by:
_ n+l _  n+l
angM(t,ZE) = % th < (tnatn+1]7x S [xiaxi+l)'

For 0 <n < N; and i € Einy, we set o 1 gp(xi_%,t”). The interpolate pg, , of
2

@ on the mesh &;; is defined by:

if © € [wi_1, 1),

PEint (07 '7:)
PEint (t7 JZ)

D=

0
Pi_
n+

@17%1 th - (tn,tn+1]7$ - [lL‘i_l,J}i).

The time discrete derivative of pg, , is given by:

n+1 n
_ (loi,l - 901‘_1
atSOSW (th) = QTz th € (tn, thrl],l' € [.leifl, in),
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and its space discrete derivative by:

n+l _ n+l
_ Pirl — Pl

Oupe () = Ax = dfte (tnatn+1]ax € [Z‘F%,l}#%).

Assumption 4. There exist constants C, independant of the discretization, such
that
0<r® <o, JuP <, (B.12)

and

129|151, + |u® ||k, v, < C. (B.13)

Assumption 5. There exist a constant C, independent of the discretization, such
that
15y < C. (B.14)

Assumption 6. The sequence (Ax™®), At®)), o is such that

' AR

B.1 Consistency of the scheme

Theorem 2. If the sequence (b, u®), ﬁ(k)) satisfies the estimates of Assumption 4
and converges in LP(Qr) x LP(Qr), with p € [1,400), then its limit (h,u) is a weak
solution of (1.1)-(1.2) and satisfy the system (B.7)-(B.8).

Proof. The proof consists in passing to the limit in the discrete mass equation, the
discrete momentum equation, and the discrete entropy balance. The only difference
with the proof of [26] is the presence of topography terms in the discrete momentum
equation and the discrete entropy balance.

Let o € C®(Qr), k € N, Az® and At™ be given. For simplicity, dropping for
short the superscript (¥} and thanks to the regularity of ¢, the interpolate discrete
functions @aq, Oyorq and Oy respectively defined in Definition 4 in converge in
LP(Qr), with p € [1,400), to ¢, dyp and I, respectively. In addition, p(+,0)
converges to ¢(-,0) in LP(Q), with p € [1,+00). Since the support ¢ is compact in
Qr, for k large enough, the interpolate of ¢ vanishes at the boundary cells and at

the last time step(s); hereafter, systematically assume that we are in this case.
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B.1.1 Mass balance Equation

n+1

Let us multiply the first equation (B.3) of the scheme by At ™" and sum the result

forOSngNt—landze./\/ltoobtamTl() T = 0 with

N¢—1 Ny

T = 30 3 Aw(hiT = )t
n=0 =1
. N¢—1 Ny
T = > 2 Atg H—l — 4 )@?H-
n=0 i=1

Reordering the sum T1 yields:

n+l

Z Atz N —

% Z Azhig],

so that:

T8 = — [ 199 dudt — [ (B9)°(2)pu(,0) da,
Qr Q

The boundedness of hy and the definition of initial condition (B.1) for the scheme,

it ensures that ((h*))%)exn converges to hg in L>®(€). Thus we obtain

lim T = — [ hép dedt — / ho(2)e(, 0) dz. (B.16)

k—+o0 Qr

Using the expression flux Gt reordering 71 2(k), we get,

n+1 n+1
noan u
Z AtZAzh 1 AL
since h!" , is the upwind approximation of h™ at the interface i — 2, we can rewrite
2
TQ(k) _ 7;(’6) + ng)
N¢—1 Ny A n+1 n+1
E(k) —— Y Aty ;(h”—i—h Dl % A;Dz—

n+1 n+1

n 7’L Am n — n QD'L (pl—
ZAtZ hiy = hi) ((U 1) +(Ui_%) )T

where for a € R, a™ = max(a,0) and a~ = —min(a,0) (so a = at 4+ a~). We have
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the term ’T;k)
T = —/ hBu® Gy s dadt
T

and therefore,

lim 'T( — hud,p dzdt.
k—+o00 Qr
The remainder term RS is bounded as follows, with Co = 1100|| Lo (0r):
Ni—1
LSS At; iy — B Aal

< Collh™ |k v, [P oo @y A2
where |R$Y| = 0, as k — +00, s0 we have
lim TQ( ) = lim 7'2(k)
k—+o0 k—+o00

Gather equations (B.16) and (B.1.1), we have
—/ (fz@tap + ﬁﬂ@ﬁp) dadt —/Qho(x)gp(x,O) dz =0,
T
then we get,

/Q (Oth + Ophuy) dadt = 0. (B.17)

B.1.2 Momentum balance equations

Let us multiply the first equation (B.5) of the scheme by Atgo !, and sum the result
2
forOSnSNt—landzeé’imtoobtamTl()+T2()+T3f) T = 0 with

k N¢—1 Np—1
n+1 n+1 n n+1
(R DD DI [ St S Ty R
n=0 =1

-1 Ng—1

TQ(k Z At Z (qurluerl an :L) QOZL_:;’
Nz_l n+1 1 n+1 n+1
zmz(ﬁrﬂhmw

N¢—1 Ng—1

Z At Z gh ntl zz+1—zz)g0 +1.
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Reordering the sums, we get for Tl(k):

Ne—1  Ny—1 O — o Ne-l

its i+l
Z At Z Aa:hwr2 z+§2T2_ Z; A:rh2+1ul+1gol+2

thanks to relations (B.6), of the water height at the interface, we have

n+1

Nt 1 Nz_l n QO,L+ - <IOZ+ NI 1A£L'
Z At Z h +hz+1) 2—2_ Z h0+hz+1) ?+%901'1+%
so that:
1 = — [ hOudpe,, dedt — [ (b @)(u) (@)ge,,(2.0) dr
T

From the definition (B.1) and (B.2), of the initial conditions and the assumed
regularity of hg and ug, the sequence ((h*))%),cn and ((u®)°)en converge in L>(Q),
to hg and ug respectively. For the convergence assumption for the sequence of discrete

solutions, we therefore obtain

k—4o00

lim T = /Q hid;p dxdt—/gho(x)uo(x)gp(x,()) dz. (B.18)

Let us now turn to T2 Reordering the sums and using the definition of the

mass fluxes at the center cell, we get:

Ni—1

19 -5 0 g (e - ).
Nt 1 N$—1 ) 1
= n n n+ n+
_—77§At Zl (h 1U 1+h éu %)u2 (g&lJr—(pl)
Using the relation
i N2 ] Nel  Ne—1 , X 1
o, B () Bepe = 5 3 A S [+ 7] (4] - 0.

we can rewrite the term TQ(k) as

2 _
T == [ 09 () e, dedt + RS
T
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where

1 N¢—1 Ng—1

-5 Z At Z [(hn sl 1+h i )u —h? ((u:”_;)2+(ugl+;)2)}

n+1 n+1
o1 .1 .
(()O’L-f—2 @Z—2>

Let us split ng) = Rgi) + Rgg) with

1Nt1 Nz—1

1 Z At Zl i (hn oul — bl %) (so?jg —w?f§>,
Nt 1 Ny—1

== Z At Z o (B — Bl )(go"jl cp;”g).

First we study Ré’i) Thanks to the identity 2(ab+cd) = (a—c)(b+d)+(a+c)(b+
d),V(a,b,c,d) € R* and (B.4) of the upwind value ﬁ?ﬁl, so applying to the term
2
(ﬁf_ wu — hiul 1 ) and using the fact hat the quantities B?_ 1 —hiand u'  —u are
2 2 2
either zero or differences of the density at two neighbouring cells and the velocity

at two two neighbouring faces respectively, we get that:

Nz—1

IR =

)

(h” vuy — hiul ) <90nj:1 @?E)

= C@HU(k HLw(QT) [Hh kv [u® = @r) + 1B (@[ v, | Aa®)

where the real number C, only depends on ¢. The same estimate holds for Rg;),
like

N¢—1 Ng—1

3| X B Xy (Rt =) (e — o)

= CsoHu ’“)HLOO(QT) 11 Hk,szHu(’“)HLw(QT) + 10O @n e [l pv. ) Ac®

|R22

)

Finally we get [RY| = R + R = 0, as k — +00 and thus we get

lim 73" = — [ ha? . B.1
Jim T o, hu0,p dxdt (B.19)
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Now, we study Ték), consider the 7 point of Tg(k)7 we have

Ngz—1
-8 A0S ey (e - o).

-1 Ngz—1

and

Nt 1 Nx—l
_ _J n n+1 n+1 n+1 n n+l  n+tl
-5 Ay (g - o17) -2 zmz ()2 = (0)®) (e = o))
7§<k) 'Rék)
thus we obtain 7. 3(k) = 7§(k) + Rék) with
1 Ny—1
__9 A nl n+1>
Z vy 0 (e - ey)
1 Ny-1
_ g z ALY (7~ (1) ) (vt - i)
The remainder term read
RS +1 +1 9 o 1

and thus
k g [\ n o
’R;(), )| < §C@|Sl| [(1 + 1)At(k) + (k)} H (k)”zL (Qr)»

where the real number C, only depends on (the first and second derivative of) ¢

Thus |RY| = 0, as k — +oo. And since

T7® = —g (h#)28, e, dadt, (B.20)
QT
we obtain that )
(k) _ L o79
Jim 7 /T S9h*0,p dadt. (B.21)

Finally we can study for Tik). We obtain,

T4(k) = — gﬁ(k)axz(k)@gim dxdt,
Qr
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and taking the limit,

k—4o00

lim TM = —/ gh0,zp dadt. (B.22)
Qr
Gather equations (B.18-B.22), we have

_ _ 1 -
~Jo, <hu8tg0 + (hu® + 29h2)8$90> dadt — /Qho(x)uo(x)(p(x,O) dx

— / ghd,zp dzdt = 0,
Qr
then we get,

1
/ <8thugo + 0, (hu + gh2)g0) dzdt — / ghd,zp dadt. (B.23)
Qr 2 Qr

B.2 Consistency of the Entropy balance

Theorem 3. Under the assumption of Theorem 2, and if (h® u® h®) 7®) sat-
isfies Assumptions 4, 5 and 6, then (h,u) is a weak entropy solution of (1.1)-(1.2)
and satisfy the entropy condition (B.9).

Proof. Let p € C°(Qr), k € N, Az® and At®) be given. For simplicity, dropping
for short the superscript *) and thanks to the regularity of ¢, the interpolate discrete
functions @ aq, Oyorq and Oy respectively defined in Definition 4 in converge in
LP(Qr), with p € [1,400), to ¢, dyp and I, respectively. In addition, p(-,0)
converges to ¢(-,0) in LP(Q), with p € [1,+00). Since the support ¢ is compact in
Qr, for k large enough, the interpolate of ¢ vanishes at the boundary cells and at
the last time step(s); hereafter, systematically assume that we are in this case.

Let us multiply the kinetic balance equations (1.52)-(1.53) by Atgoﬁél and the
elastic potential balance (1.61)-(1.62) of the scheme by Atp?™!, and sum over the

edges and cells respectively and over the time step. Let H]' := % g(h?)? and M=
2
$g(h?)? where h? is define by (B.4), thus we obtain,

70 470 o0 ) L F0 L L FE g _
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where

(Kinetic terms)

1 Ne=1
=3 X % A (e - w7 e,
1 N¢e—1 "
3 2 A3 (dia (@) = af (@)°) ¢l
1€Eint
Z At YD (M - H ) witen )
ze&mt
N¢—1
=53 AT e - e
1€Ein
Ni—1 t
R®) — Z At Y R”ﬂl(p:f},
lEglnt
(Potential terms)
Ne—1
= Z Z Ax (/H;H—l Hn) n+1,
n=0 ieM
Ni—1
Z AEYS (Mgl —HE sl 4 ) @i
ieM
Ne—1
ZAtZH”(” n%)@;ﬂ_l?
ieEM
Ni—1
Z At Z Rn+1 n+1
1€Ent

Reordering the sum Tl(k) (integral by parts) yields:

Nt 1 n+1

72 > Azhi o (uf, )27% A_% —-= Y h ot Ax

n=0 i€&nt zegmt

using relation of A? , : 3(h¥, + A7), we have

H—%
1 N¢—1 n+1 _ n 1 1
k n n n 12 2
=52 % A (b ), PP 3 2 gt el
n=0 1€&n¢ 1€€int
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reordering the summation, so that:

1 = 1
T == [ SO0, dadt— [ 00)(@) () (2) g, (2,0) da

thus we obtain

1- 1
lim 7% = — / Shi0,p dedt - /Q 5 ho(@)uo (@) (2, 0) da. (B.24)

Let us now turn to the terms Tz(k), reordering the sums, we get
1 Ne1

B= X sy (s )

ze&m

By definition ¢} := (¢! 1 + g, 1), we have
2 2
1 Ne=1
— At n n+l  n+l
Z Z ) 1 + qz-‘,— ( ) SO,H,% 9017%

Zeglnt

where we recall that ;" is equal to either v Ly or u? L depending on the sign of ¢/

Let us write TQ( = ’TQk) + RQ , with

Ntl

T =1 XA () ) (60 -
R(k) o _1 Ntz—:l At Z [( N )(an)Q _pr ((un )3 + (U )3)} ( n+l n+1>
20 =g 2 A 2 (g ) (@7 = R ()T (e V) (i ey )

for the remainder term, in order to have ]’ = =u! "1, weuse notationi =1—= —> H— =
We obtain,

Ntl

- - Z AT [ gy Bl (@) = by () + ()]

2
Zegznt
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Since, for 0 < n < N, —1 and i € M,

(W yul s+ Bl ) (87 )° (0 1) (uf %)3>:—(h?—h’?_é)(u?_

—l—hl 2+1( " 1+u2+1)(u? —u 1) — (hi — ?Jr%)uﬁr%(u?_

K\J\)—'

then we have
k
RY| < Cpaz® [!!h(’“)\|k,szHu(k)H?ioe(QT) + Hh(k)||L°°(QT)!!u(k)||2Loo(QT)Hu('“)Hk,BvJ ;

where the real number C, only depends on ¢. Hence |R§k)| — 0, as k — +oo.

Finally we have

=T, +0,
1 A
==/, §h(k)(u(k))33xgpgm dxdt,
T

and hence:

1A
™ = _ / Shi',p dadt,

T

Now we investigate the terms Tl(k) and T;k). Reordering the sums in Tl(k) yields:

Ni—1 ( n+1 901)
Z ALY ArH et = Y At
ieM ieM
so that:
10 =~ [ HO 9 drdt - | O @), 0) da.

1 A 1
=~ [, 390V Do dudt — [ Sq((h0)) w)ou(,0)

The boundedness of hg and the definition (B.1) of the initial conditions for the
scheme ensures that the sequances ((h*))%),cy converge to hg in LP(Q) for p > 1.
Since, by assumption, the sequance of discrete solutions and of the interpolate time

derivatives converge in LP(Qr) for p > 1, we thus obtain:
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1 -
lim T = / —gh®0yp dadt — / —gh{(z)px,0) dz.
Qr 2

k—+o0

Reordering the sums in 7. Q(k), we get

Ny¢—1

Z ALY Ml (o — )

ieEM

since H!' | = %gh?_ 1 is the upwind approximation of h™ at the interface 7 — 3
2 2

we can rewrite TZ(k) = 7;(“ + 7%2’“)

Ne—1 n+l _ n+l
Z Atz D 2—"”’ Ax%
g Az n - Az n SD?+1 - (10?+1
Z AtZ < 5 (“F%) + 7(%7%) >A$
We have the term 7;(’“
= (k) Lo
T == [ Soh)uMGpu dudt
T

and therefore,
1 -
lim ’75 = / —gh*ud,p dadt
Qr 2

k—4o00

The remainder term RS is bounded as follows, with Cp = ||0¢]| Lo (@)

Nt 1 Nz
k) n n n
RN < 290, 3 AES ()2 — (| Al

n=0 =1
< 20,/ |h™ |4 5y, A5 | oo @y 6™ || oo ( @y AT

where |7~2§k)| — 0, as kK — 400, so we have

lim T = lim 73(’6)%—0.
k—4o0

k——+o00

Now we turn to T3 and T3 . By a change in the notation of the time exponents,
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using the fact that Pi 1 vanishes at the last time step(s), we get:

Ni—1
1€Ent
with
N¢e—1
= Z At Z ( i+1 Hn) ?Jrl(p?_:_lla
1€E nt
R =—At > (HY, —H))u w1901
i€Eint
N¢—1 1
n n n+
' Z Atzesz;m( e )UH% (SOH; - sz‘+§) ’

We have thanks to the regularity of ¢:
REV) < Cotht® 11w oe ey | (- Nl v + 6] [z @ - v,

Therefore, invoking the regularity of the initial conditions, this term tends to zero

when £ — +o00. We now have for the other terms, reordering the summations:

Ne¢—1

ieEM

= — H U ax(p/\/(,gmt dzdt
Qr

Since 5$@M7gmt converges to d,p in LP(Qr) for any p > 1, we get:

lim (77 + 7%) = — | Hadye dadt
k—4o00 Qr
1 -
=— —gh*ud,p dadt
Qr 2
Next we turn to T4(k), we have
(k) _
T, gh®a® g, M ae  dadt,
Qr
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and taking to the limit,

lim TAfk) = —/ ghud,zp dxdt,
k——+o0 Qr

Finally, the remainder term R is non-negative under the CFL condition, while
the positive part of R tends to zero in L'(Qr) under the Assumptions 5 and 6. The

proof is thus complete.
O
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