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Abstract

The flow of fluids in a network is of practical importance in gas, oil and water
transport for industrial and domestic use. When the flow dynamics are understood,
one may be interested in the control of the flow formulated as follows: given some
fluid properties at a final time, can one determine the initial low properties that

lead to the desired flow properties?

In this thesis, we first consider the flow of a multiphase gas, described by the drift-
flux model, in a network of pipes and that of water, modeled by the shallow water
equations, in a network of rivers. These two models are systems of partial differential
equations of first order generally referred to as systems of conservation laws. In
particular, our contribution in this regard can be summed up as follows: For the
drift-flux model, we consider the flow in a network of pipes seen mathematically as an
oriented graph. We solve the standard Riemann problem and prove a well posedness
result for the Riemann problem at a junction. This result is obtained using coupling
conditions that describe the dynamics at the intersection of the pipes. Moreover, we
present numerical results for standard pipes junctions. The numerical results and
the analytical results are in agreement. This is an extension for multiphase flows of
some known results for single phase flows. Thereafter, the shallow water equations
are considered as a model for the flow of water in a network of canals. We analyze
coupling conditions at the confluence of rivers, precisely the conservation of mass
and the equality of water height at the intersection, and implement these results for
some classical river confluences. We also consider the case of pooled stepped chutes,

a geometry frequently utilized by dams to spill floodwater. Here we consider an
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approach different from the engineering community in the sense that we resolve the
dynamics by solving a Riemann problem at the dam for the shallow water equations
with some suitable coupling conditions.

Secondly, we consider an optimization problem constrained by the Euler equa-
tions with a flow-matching objective function. Differently from the existing ap-
proaches to this problem, we consider a linear approximation of the flow equation
in the form of the microscopic Lattice Boltzmann Equations (LBE). We derive an
adjoint calculus and the optimality conditions from the microscopic LBE. Using
multiscale analysis, we obtain an equivalent macroscopic result at the hydrody-
namic limit. Our numerical results demonstrate the ability of our method to solve

challenging problems in fluid mechanics.
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Résumé

Les écoulements des fluides dans des réseaux sont d’une importance paticuliere dans
le transport des gaz ou de I’ eau pour des raisons industrielles ou domestiques.
Quand la dynamique de I’écoulement est comprise, I’on peut s’intéresser au control
de cet écoulement formulé ainsi qu’il suit: Etant donner des proprietés d’un fluide au
temps final, peut-on determiner des données initiales qui conduisent a ces propriétés
désirées?

Dans cette these, nous considérons dans un premier temps 1’ écoulement d’un gaz
multiphasique décrit par le modele ”drift-flux” dans un reseau de tuyaux et celui de
I’eau, decrit par le model de Saint Venant ou equation en eau peu profonde dans un
réseau de rivieres ou de canaux. Ces deux modeles sont des equations aux dérivées
partielles du premier ordre, genéralement appeler systemes des lois de conservations.
Notre contribution peut étre résumer ainsi qu’il suit. Pour le modele du ”drift-flux”,
we considérons son écoulement dans un reseau vu mathematiquement comme un
graphe orienté. Nous resolvons le probleme standard de Riemann et nous prouvons
un resultat d’existance pour le probleme de Riemann a l'intersection ou au noeud du
reseau. Ce resultat est obtenu en utilisant des conditions de couplage qui descrivent
la dynamique de 1’écoulement au noeud du reseau de tuyaux. En plus, nous presen-
tons des resultats numériques pour des noeuds classiques. Nos resultats analytiques
et numériques coincident. Ces resultats constituent une généralisation aux modeles
multiphasique de certain résultats connu pour des modeles uniphasique. Ensuite,
nous considérons le modele de Saint Venant qui décrit un écoulement d’eau, dans un

reseau de canaux. Nous analysons certaines conditions de couplage a l'intersection
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des canaux, précisement la conservation de la masse et ’égalité de la hauteur de
I’eau, et nous presentons des resultats de simulations numériques pour des conflu-
ences classiques. Nous considérons aussi le cas des chuttes en escalier, une géométrie
utilisée genéralement a des barrages pour evacuer les eaux d’inondations. Notre ap-
proche ici est différente de celle de la communauté hydraulique dans le sens ou nous
résolvons la dynamique en resolvant des “problemes de Riemann au barrage” pour
les equations de Saint Venant avec des conditions de couplages appropriées.

Dans une deuxieme partie, nous considérons un probleme d’optimization des
écoulements régit par les équations d’Euler avec une function objective du type
“flow matching’. Différement des approches existentes pour la solution de ce
probleme, nous proposons l'utilisation d'une approximation linéaire des équations
d’Euler donnée par le modele microscopique de Boltzmann. Nous derivons I’
équation adjointe et les conditions d’optimalité en utilisant le modele microscopique
de Boltzmann. En utilisant une analyse multi-echelle, nous obtenons un resultat
macroscopique equivalent a la limite hydraudynamique. Nos resultats numeriques
démontrent que notre approche permet de resoudre des problemes difficiles de la

dynamiques des fluides.

X



Contents

Abstract viii
I Introduction and Preliminary Results 1
1 Introduction 2
2 Mathematical Preliminaries 8
2.1 Functions with Bounded Variation. . . . . . ... ... .. ... ... 8
2.2 Homogeneous Systems of Conservation Laws . . . . .. .. ... ... 10
2.2.1 Weak solutions . . . . ... ... Lo 11

2.2.2  Hyperbolicity, admissibility conditions and the Riemann prob-
lem . . . . 12
2.3 Non-Homogeneous System of Balance Laws in Networks . . . . . .. 19
2.4  Numerical Methods for System of Conservation Laws . . . . .. . .. 23
2.4.1 Finite volume methods . . . . . . . . . ... ... ... ... 24
2.4.2 Godunov method . . . ... ... ... ... 25
2.4.3 Integration in time and the CFL condition . . . . . . . . . .. 27
2.4.4 The Lax-Friedrichs and local Lax-Friedrichs fluxes . . . . . . . 28
2.4.5 Conservative properties and the Lax-Wendroff theorem . . . . 30
2.4.6 High resolution TVD methods . . . . . ... .. .. ... ... 32
2.4.7 Entropy condition and nonlinear stability . . . . . . . .. . .. 36
2.4.8 Approximate Riemann solvers . . . . . .. ... .. ... ... 37



2.4.9 Relaxation methods for system of conservation laws . . . .
2.4.10 The relaxation scheme of Jinand Xin . . . . . . . . . . ..

2.5 Concluding Remarks . . . . . ... ... ... ... ... ... ..

II' The Drift-lux Multiphase Model in Networks
Pipes

3 Isothermal Drift-Flux Models in Networks

3.1 Imtroduction . . . . . . . .. ..
3.2 Modeling of a single pipe flow and preliminary discussion . . . . .
3.3 Modeling of pipe-to—pipe intersections . . . . . .. .. ... ...
3.4 Numerical Results . . . . . ... .. ... ... .

3.4.1 Solution of two-phase Riemann problems . . . . . . . . ..

3.4.2 Shock-tube problem and the case of one incoming and one

outgoing pipe . . . . . . . ..
3.4.3 Grid convergence example . . . . .. ...
3.4.4 Case of one incoming and two outgoing pipes . . . . . ..
3.4.5 Case of four connected pipes . . . . . . ... ...

3.5 Concluding Remarks . . . . . ... ... ... ... ... ...,

4 Drift-Flux Models in Networks

4.1 Introduction . . . . . . . . ...
4.2 Model Formulation and Preliminary results . . . . . . . ... ...
4.2.1 Shock curves . . . .. ...
4.2.2  Contact discontinuity . . . . . . . . ... ...
4.2.3 Rarefaction curves . . . . . ... ...
4.2.4  Solution to the standard Riemann problem . . . . . . . ..
4.3 Pipe-to-pipe intersections . . . . . . . . .. ... ...
4.3.1 A junction connecting two pipes . . . . . . .. .. ... ..

4.4 Linearization of the Lax curves . . . . . . . . . . . . . ... ...

X1



4.5

4.6

Numerical simulations and results . . . . . . . . . . .. ... ... .. 96

4.5.1 Two connected pipes and the standard Riemann problem . . . 97
4.5.2 Effect of the sound speed on the low . . . . .. ... ... .. 99
4.5.3 A pipe with piece-wise constant cross section . . . . . . . . .. 99
4.5.4 A junction with one incoming and two outgoing pipes . . . . . 101
Concluding Remarks . . . . .. ... .. .. ... ... ... ... 103

III The Use of the Shallow Water Equations for the Sim-
ulation of Water Networks and Pooled Stepped Chutes 105

5 Time Domain Simulations of the Dynamics of River Networks 106

5.1
5.2

9.3

5.4
9.5

5.6

Introduction . . . . . ... 106
Modeling the Dynamics of a River . . . . . . . .. ... ... .. ... 108
5.2.1 The Shallow Water Model . . . . .. ... ... ... ..... 108
5.2.2 Characteristics of the flow . . . . .. ... ... .. ... ... 111
Coupling of confluencing rivers . . . . . . . . ... ... .. ... ... 112
5.3.1 Intersection of three rivers with the same strength . . . . . . . 113
5.3.2 Intersection of a river and a tributary . . . . .. ... ... L. 113
5.3.3 Coupling conditions for a weir and a storage basin . . . . . . . 115
Numerical Approach to Approximate Network Dynamics . . . . . . . 116
Numerical Examples and Results . . . . . ... ... ... ... ... 117
5.5.1 Dam-break wave simulation . . . ... ... ... ... ... 118
5.5.2  Simulation of three connected rivers of equal strength . . . . . 118
5.5.3  Simulation of a main river with a tributary . . . . . . . . . .. 119
5.5.4  Simulation of a reservoir or a storage basin . . . . . ... ... 121
Concluding Remarks . . . . .. .. ... .. ... ... ... ... 122

6 The Use of the Shallow Water Equations for the Simulation of
Pooled Stepped Chutes 124

6.1

Introduction . . . . . . . .. 124

xi1



6.2 Model formulation and preliminary results . . . . . .. .. ... ... 125

6.3 Dynamics at the stepped chute . . . . . . ... ... ... ... ... 128

631 Casel: hy>Hy >h, . . . . . . . ... 130

6.3.2 The general case with Hy #0 . . . . ... .. ... ... ... 134

6.4 Numerical Results. . . . . . .. .. .. ... 0 134
6.4.1 The Riemann problem at the dam and the pooled stepped

chutes . . . . . .. 135

6.4.2 Dynamics with a small water height above the step . . . . . . 137

6.4.3 The general case . . . . .. ... ... ... . 139

6.5 Concluding Remarks . . . . .. ... ... ... 0. 142

IV  Flow Optimization of Euler Systems 143

7 Control of Systems Governed by Partial differential Equations 144

7.1
7.2
7.3

7.4

7.5

Introduction . . . . . ... 145
Problem formulation . . . . . ... ... ... ... 147
A kinetic approximation of the Euler equation . . . . . . .. ... .. 148
7.3.1 One dimensional lattice Boltzmann and the Euler equation . 152
7.3.2  Derivation of an adjoint calculus at the microscopic level . . . 156
7.3.3 Hydrodynamic limits of the adjoint microscopic model . . . . 159
7.3.4 The formal macroscopic adjoint system . . . . . . ... .. .. 161
Relation between the microscopic-adjoint and the macroscopic-

adjoint equations . . . . . ... Lo 163
Numerical Results . . . . . . . . . ... . L 164
7.5.1 Solution of the flow equations . . . . . .. ... .. ... ... 164
7.5.2 Grid convergence analysis . . . . .. ... ... 165
7.5.3 The discrete form of the optimization problem . . . . . . . .. 168
7.5.4 An example with smooth data . . . . . .. ... ... ... . 168
7.5.5  The inverse design of flow in a shock tube . . . . . . ... .. 170
7.5.6 Convergence and CPU time . . . .. ... ... ... ..... 174

xiil



7.6 Concluding Remarks . . . . . ... ... ... 0.
8 Summary and Future Work

Bibliography

Xiv



Part 1

Introduction and Preliminary
Results



Chapter 1
Introduction

The mathematical study of conservations laws is an important topic that originated
with the pioneering work of d’Alembert on wave equations and Euler on equations
describing the evolution of a fluid. The physical concept of conservation laws appears
naturally in continuum mechanics where the conservation of mass, of momentum
and of energy are paramount. In general, a conservation law model appears when
some physical quantity, say u, is conserved. A system of conservation laws has the

form

Oyu~+ 0, f(u) =0, (1.1)

where the mapping f is called the flux function and 0; and 0, are the partial deriva-
tives with respect to time and space, respectively. By integrating (1.1) over a space

interval [a, b], we have

b b
u(z, t)de = /@u(az t)dx

= /6f (z,t))dx
= [flula,t)) = f(u(b, 1))

= [inﬂow at a] — [outflow at b]. (1.2)

dt

This says that the variation of the quantity u over the space interval [a,b] depends

only on the flow across the two endpoints. One can write (1.1) in the quasilinear
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form

Ou+ D f(u)d,u =0, (1.3)

where D f(u) is the Jacobian matrix of the flux f. But (1.3) is equivalent to (1.1)
only in the realm of smooth solutions. When the solution u is discontinuous, d,u is
not smooth and the product in the second term of (1.3) is not defined. Therefore,
our analysis will be done in the framework of weak solutions, that uses the integral
form of (1.1). An important mathematical challenge associated with conservation
laws is that solutions can develop discontinuities or blow-up in finite time even if
the initial data is regular. To understand this challenge, one starts by studying the
standard Riemann problem associated with the model equation (1.1) which consists
of solving (1.1) with a Heaviside-type initial data. This is a preliminary step for
the study of the Cauchy problem associated with (1.1). A proof of the existence
of solutions to this Cauchy problem was first proposed by Glimm [55] using the
random choice method. A deterministic proof as well as some uniqueness results
were proved by Bressan and colleagues and Liu [23, 24, 21, 26, 28, 20, 81]. The
main tool used in the proof was the wave-front tracking algorithm proposed by
Dafermos [42]. Recently, the dynamics of systems of conservation laws in a network
of pipes and canals have been of interest for many scientists. We mention the case
of gas networks with the contributions of Colombo et al. [32, 33, 38] who considered
the p-system and proved well-posedness for the Cauchy problem at the junction,
of Banda et al. [6, 7, 4] who considered the isothermal Euler equations, proved
the well-posedness and provide some numerical simulations. The case of the full
Euler equation in standard Networks was considered by Colombo and Mauri in [41]
and by Herty in [61]. Colombo and Marcellini considered the case of a pipe with
discontinuous cross section in [40, 39].

In the second part of this thesis, we consider a model for multiphase flow derived
from the drift-fluz model [51] in a network of pipes. The drift-flux model is derived
from the two-fluid model by averaging the balance laws for the momentum in the
canonical form. The model is then closed with a slip relation, that gives an algebraic

relation between the two velocities, and a pressure law, expressed in terms of the



4 CHAPTER 1. INTRODUCTION

densities [48, 51]. Here we assume that the slip function vanishes and therefore the
velocities of the two phases are equal. Due to the complexity of the model for a
network of pipes, we investigate separately the case of a linear pressure law and the
general case where there is no restriction on the pressure law. For the two cases,
we formulate some coupling conditions that serve to prove the well-posedness of the
Riemann problem at the junction and we carry out some numerical simulation for
a junction of two, three and four pipes. Key to our analysis are the expressions of
the Lax curves. We prove numerically that when the exact Lax curves are replaced
by their linearizations, the results are in good agreement. This result, which to
the best of our knowledge is presented for the first time here, allows us to obtain
well-posedness and numerical results for our model with a general equation of state.
This work has led to [10, 8, 9].

The third part of the thesis deals with the flow of water in a network of canals.

The flow obeys the shallow water equations and we consider different types of river
confluences. We derive coupling conditions at the confluences or junctions from
those proposed by Rademacher et al. [99] and compute the dynamics on common
river confluences. These results appeared in [76].
Further, we consider the case of pooled stepped chutes, a geometry frequently uti-
lized by dams to spill floodwater. Here our approach is different from that of the
engineering community in the sense that we resolve the dynamics by solving some
Riemann problem at the dam for the shallow water equations with some suitable
coupling conditions. Our result compares well with the experimental results from
the hydraulic literature [13, 101].

The last part of the thesis deals with the control of flow governed by a system of
conservation laws. The mathematical difficulty associated with this problem is that
the flow generated by systems of conservation laws is not differentiable in any clas-
sical functional space [29]. A notion of shift-differentiability have been introduced
by Bressan and colleagues [22, 25, 27] and an optimality result obtained by Bressan
and Shen [29] for systems and by Colombo and Groli [36, 35] for scalar conserva-

tion laws. These results nevertheless are not amenable to numerical simulations



that can help to compute the optimal solution. Key to the proofs are the control
of the wave interactions that can occur between two waves or between a wave and
the pipes’ junctions. These wave interactions pose a serious problem for a gradient
based method for the solution of this optimization problem. As a solution to this
problem, we propose the use of a linear model, in the form of the lattice Boltzmann
equations(LBE) that approximates the flow model given by the one dimensional
Euler equations. Precisely, we use the one dimensional five velocity (D1Q5) LBE
model and we prove that this microscopic model converges in the hydrodynamic
limit to the Euler equations. Using the LBE, we derive an adjoint calculus and the
optimality conditions for the control of the Euler equations and present the results of
some numerical simulations applied to some test problems of interest. The results
obtained here constitute a new approach for the control of Euler flow and avoid

complicated tools as detection of discontinuity used in [64]. This work has led to

86, 87, 106].

The thesis is organized as follows: In Chapter 2, we recall some fundamental
results pertaining to the mathematical analysis and numerical integration of
systems of conservation laws. Due to discontinuities that arise in the solution of the
flow equations, the numerical schemes need to be conservative and total variation
diminishing (TVD). In Chapter 3, we present the mathematical analysis of the
drift-flux multiphase flow in a network of pipes. The pressure law considered here
is a linear function of the densities. We present a local well-posedness results and
the constructive proof play an important role in the numerical simulations of the
dynamics of the network. Chapter 4 extends the results of Chapter 3 for a general
pressure law. Moreover, we analyze the effect of the sonic speed of each fluid on
the multiphase fluid in networks. The case of a junction with a discontinuous cross
section is presented.

The simulation of the dynamics of a river network is investigated in Chapter 5.
Here we review some flow properties and derive some coupling conditions at the
river confluences from those proposed by Rademayer et al. [99]. We present some

numerical results in the case of a river and a tributary, that of three connected rivers
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and that of a storage basin. In Chapter 6, we consider the case of pooled stepped
chutes, a geometry frequently utilized by dams to spill floodwater. We resolve
the dynamics by solving a Riemann problem at the dam with suitable coupling
conditions. Chapter 7 deals with the optimal control of the Euler equations.
Our analysis uses a kinetic model in the form of a lattice Boltzmann equation
that converges in the hydrodynamic limit to the Euler equations. We derive the
optimality system using the kinetic model and perform some numerical simulations
that prove satisfactory on the solution of many important test problems. Finally,
Chapter 8 presents the conclusions and future area of research suggested by this

thesis.
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Chapter 2
Mathematical Preliminaries

In this thesis we use fluid models such as the drift-flux model, the Euler equation
and the shallow water equation to formulate a model for the flow in networks of
pipes or canals. These fluid models are hyperbolic systems of conservation laws. In
this chapter we present the main properties and numerical schemes for hyperbolic
systems of conservation laws. For more details on the topic, we refer the reader to
[19, 42, 60, 83] for the theoretical analysis and to [78, 79, 102] for the numerical
simulations.

We begin this chapter by recalling some definitions and properties of functions of
bounded variations. It is generally in this framework that one can prove the existence

of solutions to systems of conservation laws.

2.1 Functions with Bounded Variation

Definition 2.1. Consider an interval J C R and a map u : J — R™. The total

variation of u is defined as

TV (u) = sup {Z lu(z;) —u(z;—1)|| : N e N\{0}, z; € J, andzg < --- < xN} .

Ifu e L (J,R™) and TV (u) < oo, we say that u has bounded variation, and write

loc

u € BV(J;R™).
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The following result, whose proof can be found for example in [19] is very im-

portant for the passage to the limits.

Theorem 2.1 (Helly). Consider a sequence of functions u, : R — R™ and let C, M

be some positive constants such that
TV (u,) <C, |u,(x)] <M forallv, x.
Then there exists a function v and a subsequence u,, such that
,}1—>Holo u,(z) = u(z) for every x € R,
TV (u) <C, |ulz)| <M forallx.

Definition 2.2. A function u € L _(R% R™) is said to be locally of bounded vari-

ation, denoted u € BViee(R%R™), if for every compact set K C R? there exists a

constant Cx such that

J,

for every C function ¢ with compact support K contained in RY.

dp

7

u.——dz| < Cgsup|le(x)| i=1,...,d

zeK

Definition 2.3. A function u € L*(R%R™) is said to have a bounded variation,

denoted u € BV (R% R™), if there exists a constant C' such that

i
. d
/]Rd Y al‘l *

for every C function ¢ with compact support contained in Re.

< Csup flp@)]| 1=1,....d

z€ERY

Let L™ denotes the n-dimensional Lebesgue measure.

Theorem 2.2. Let u € LL (R?). For a fived k € {1,...,d}, let

loc
/ d—1
r = (xlu"'v'rkfhkaLla"'7xd) eR
and set
/ —_—
Uk;(l' 7?/) - U(l’l, sy Le—15Ys L4 - - - axd)-

Then v € BVie(RY) if and only if the map y — ug(2',y) is in BVie(R) for
LY —ae.x’ € R forevery k=1,....d.
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The following result relates the total variation of a vector valued function to that

of its components.

Proposition 2.1. Let u : R? — R™. Then u € BViee(R%R™) if and only if each
component u; € BVige(RGR), i =1,...,m.

The following theorem states the existence of trace of a BV function on the
boundary of a measurable set. A definition of trace, of essential boundary, as well

as the proof of the theorem can be found in [107, Chapter 4].

Theorem 2.3. Let E C R? be a measurable set, S its essential boundary. Let
u € BV(R?). Then the trace ut of u on S exists a.e. with respect to the (n — 1)-

dimensional Hausdorff measure.

2.2 Homogeneous Systems of Conservation Laws
Let 2 C R™ be an open set. An m x m system of conservation laws has the form
U+ f(U). =0, (2.1)

with ¢t € [0,7] and € R. The map f : 2 — R™ in (2.1) is often referred to as the

fluz function. We assume in this chapter that f is at least C!. Let

of of1

ou, T OUnm,
A(U)=DfU) = U

Ofm Ofm

be the Jacobian matrix of the map f at the point U. The system (2.1) can be written
in the quasilinear form

U, + A(U)U, = 0. (2.2)

Definition 2.4 (Classical solution). A classical solution of (2.1) is a continuously
differentiable function U = U(t, x) which satisfies (2.1) at every point of its domain.
If an initial condition U(x) is given, U should also satisfy U(0,x) = U(x), for all x.
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For classical solutions, equations (2.1) and (2.2) are entirely equivalent. However,
if at least one of the components of U has a jump at a point, say, &, then the left hand
side of (2.2) will contain the product of a discontinuous function with a distributional
derivative which contains a Dirac mass at the point £. In general, such a product
is not well defined. Hence (2.2) is meaningful only within the class of continuous

functions.

2.2.1 Weak solutions

By working with the equation in the form (2.1), we can consider discontinuous

solutions interpreted in distributional sense. Indeed, we have the following definition.

Definition 2.5. A measurable function U(t,z) from an open subset Q0 of R x R

into R™ is a distributional solution of (2.1) if for every C' function @ with compact

// zSOt + fz @m)dwdt - 0

for each component U; and f;(U) of U and f(U), respectively.

support, one has

A distributional solution U is not necessarily continuous, but U and f(U) should
be locally integrable in O. Definition 2.5 can be extended to take into account some

initial data.

Definition 2.6. Given an initial condition
U(0,2) = U(x) (2.3)

with U € L (R;R™), we say that a function U : [0,T) x R — R™ is a distributional
solution to the Cauchy problem (2.1,2.3) if for alli=1,...,m,

/0 /Oo(Ui% + fi(U) s )dzdt + /00 Ui(2)p(0, z)dz = 0, (2.4)

for each component U;, and f;(U) of U and f(U), respectively, and for every C>

function ¢ with compact support contained in the set [0,T) x R.
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There is a stronger concept of discontinuous solution that requires U to be con-

tinuous as a function of time with values into L] _(R).

Definition 2.7 (Weak solutions). A function U : [0, T| xR +— R™ is a weak solution
of the Cauchy problem (2.1, 2.3) if U € C°(|0, +oc[; L .(R; Q)), the initial condition

loc

(2.3) holds point wise and the restriction of U to the open strip (0,T) x R is a

distributional solution of (2.1).

Every weak solution is a distributional solution but the converse is clearly false.

2.2.2 Hyperbolicity, admissibility conditions and the Rie-

mann problem

Definition 2.8. The system of conservation laws (2.1) is said to be strictly hyper-
bolic if for every U € Q, the Jacobian matric A(U) = Df(U) has m real distinct
ergenvalues

MU) < U) < - < A (U).

For strictly hyperbolic systems, one can find bases of right and left eigenvectors
{ri(U),...,rn(U)} and {l;(U),...,1,(U)}, respectively, depending smoothly on U,
and normalized such that
1 if =7,

0 ¢if 1£ 5
for every U € ). The pair (\;,r;) is referred to as the i-th characteristic field. The

|7 (U)|| =1, and [;(U).r;(U) = 0;; = {

eigenvalues \; are also called wave or the characteristic speeds.

Definition 2.9. For ¢ € {1,...,m}, we say that the i-th characteristic field is

genuinely nonlinear if

VoXi(U).ri(U) #0  for allU € Q).
If, on the other hand,

Vohi(U).ri(U) =0 forallU € Q,

we say that the i-th characteristic field is linearly degenerate.
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From now on, unless otherwise stated, we assume that for a given genuinely
nonlinear characteristic field 7, the right eigenvectors are normalized such that
Vohi(U).ry(U) = 1.

For brevity, we will write V instead of Vy, for the gradient with respect to the

conserved variables.

Rankine-Hugoniot Conditions

Lemma 2.1 (Rankine-Hugoniot Conditions). Let U, U~ € Q, s € R. If the func-
tion
Ut if v > st,
U(t, ) :{ Va>s (2.5)

U™ if z<st

is a weak solution to (2.1), then the Rankine-Hugoniot jump conditions
fUN) = fU7)=s(U"=U"). (2.6)
hold.

The proof can be found for example in [19]. A solution of a system of conservation
laws in the form (2.5) is called a shock wave solution and s is the shock speed.
One can rewrite the Rankine-Hugoniot conditions in the following way. For any

U, V € Q, we define the averaged matrix
1
AU, V) = / AV 4+ (1 —0)U)do (2.7)
0

and call \;(U, V), i = 1,...,m its eigenvalues. One can easily see that A(U,V) =
A(V,U) and A(U,U) = A(U). The equations (2.6) can be written in the equivalent

form

1
s(UT—-U")=f(U")—fU") = / DfOUt+ (1 —-0)U")- (Ut —U")df
0
= AU ,U")- (Ut -U").
(2.8)
In other words, the Rankine-Hugoniot conditions hold if and only if the jump Ut —

U~ is an eigenvector of the averaged matrix A(U~, UT) and the shock speed coincides
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with the corresponding eigenvalue.
When dealing with weak solutions of systems of conservation laws, the uniqueness

of solutions is lost. Indeed, consider the Burgers’ equation

where U is now a scalar. Consider the Cauchy problem with initial data

1 if x>0
U,z) = -
0 if v <O0.
For every 0 < 3 < 1,
0, x < 2t
Us(t,x) = B, St <ax <, (2.10)
1, xz%t,

is a weak solution of (2.9). Indeed, the piecewise constant function Uy satisfies the
equation outside the jumps. Moreover, the Rankine-Hugoniot conditions hold along

the two lines of discontinuity {z = 2t} and {x = ££¢} for all ¢ > 0.

To single out the unique physically relevant solution, one uses the so called
admissibility conditions. Among these are the entropy-entropy flux pair and the

vanishing viscosity conditions that we present below.

Definition 2.10. A continuously differentiable function n : Q@ — R s called an
entropy for the system (2.1), with entropy flur q : Q@ — R, if

VnDf(U)=VqU) VYU €.
The couple (n, q) is also called an entropy-entropy fluz pair for (2.1).
Definition 2.11. A weak solution of (2.1) is entropy admissible if
n(U)e+qU).: <0 (2.11)

in the distributional sense, for every convex entropy-entropy flux pair (n, q) for (2.1).
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The entropy admissibility condition can be derived from the vanishing viscosity

condition [19].

Vanishing viscosity A weak solution U of (2.1) is admissible in the vanishing

viscosity sense if there exists a sequence of smooth solutions U® to

U + f(U%), = eUE, (2.12)

1
loc

which converges to U in L; . ase — 0 +.

Now we introduce the standard Riemann problem for a strictly hyperbolic system

of conservation laws and investigate the construction of its solutions.

The standard Riemann problem for the system (2.1) consists of finding a weak
(entropy) solution with piecewise constant initial datum
U~ if <0,

U(0,z) = { v e (2.13)

with U, Ut € Q some given left and right states. It is the simplest problem

involving a discontinuity in the initial conditions.

Solution to the Riemann problem

If each characteristic of (2.1) is either genuinely nonlinear or linearly degenerate, it is
possible to find an analytical solution to the Riemann problem (2.1,2.13). In general,
this solution is either a simple wave (a shock, rarefaction or contact discontinuity
wave) or a combination of these simple waves. We first consider the case of a shock

wave. The shock curves are defined as followed.

Theorem 2.4. Assume that the system (2.1) is strictly hyperbolic. Then for every
Uy € Q, there exists & > 0 and m smooth curves § — S;(&;Uy) defined for & €
[—&o, &o] together with m scalar functions s;(.;Up) : [—&o,&0) — R, i =1,...,m such
that

f(Si(f; Uo)) - f(Uo) = Si(f; Uo)(Sz‘(f; Uo) - Uo)
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for every & € [—&o, &). Moreover, the parameterization can be chosen such that

Sz‘(o; Uo) = Uy, Sz’(o; Uo) = )\i(Uo)7
(61 Un)eo = (U0)
dé i\S; Vo)le=0 = Ti(Uo)-
The curve S; is called the i — shock curve through Uy and s; is the shock speed.

An i-th shock wave solution to the Riemann problem (2.1,2.13) is given by

Ut ) U™ if x < s, (2.14)
) = )
Ut if x > sit,

where the right state Ut and the left state U~ are connected to along the i-th shock

curve:
Ut = S;(&U™) for some & € [—&, &l
Now we consider the case of a rarefaction wave solution to the Riemann problem.
This solution is a self-similar solution, meaning that U(t,z) = U(x/t).
By £ — R;(&,Upy) we denote the parameterized integral curve of the eigenvector
ri(Up) through the point Uy. More precisely, R;(£,Up) is the value at time ¢t = £ of
the solution to the Cauchy problem

au
dt

The curve R; is called the i-rarefaction curve through Uy.

Theorem 2.5. If the initial data U~ and Ut are such that
Ut =Ri(&U7)
for some & and some i, then the following piecewise smooth function

U- if &< nU)
Ut,z) =4 U* if 2> N(U7) (2.15)
Ri(&U™) if € MUT),MUN)], §=XN(Ri(&§U7))

t

is a weak solution of (2.1,2.18). This particular solution is called a rarefaction wave.
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When the ¢-th characteristic field is linearly degenerate, then the i-th shock and

rarefaction curves coincide:
Si(&;U) = R;(&;U) for all € and U

The resulting curve is called the contact discontinuity curve. The corresponding
solution to the Riemann problem is called a contact discontinuity wave.

As pointed out before, the uniqueness of solutions of Riemann problems in the weak
sense is not guaranteed and one uses admissibility conditions to single out the unique
physically relevant solutions. In addition to the entropy condition and the vanishing

viscosity condition presented above, we have the following conditions.

Liu condition Let Ut = S;(o,U") for some o € R. The shock with left and
right side U~ and U™ is said to satisfy the Liu admissibility condition if its
speed is less or equal to the speed of every smaller shock, joining U~ with an

intermediary state U* = S;(s,U~), s € [0, 0].

Lax condition A shock in the i-th family, connecting states U~, U' and traveling
with speed s; = \;(U~,U™), satisfies the Lax admissibility condition if

The Liu condition was introduced by Liu in [80] and it was proven that it com-
pletely characterizes the solutions of the conservation laws which can be obtained
as vanishing viscosity limits. The Lax condition says that characteristics in the ¢-th
family disappear into the shock as time advances. We now assume that the shock
curves and the rarefaction curves are chosen as to satisfy the Lax entropy condition.

We then define the map
Ligty = TER e
Si& o) if €<0

L; is smooth for £ # 0 and twice continuously differentiable at £ = 0 [42]. L; is the
1-th Lax curve through Ujy. The general solution of the Riemann problem is obtained

as a juxtaposition of fixed states connected by the Lax curves.
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Theorem 2.6. Assume that (2.1) is strictly hyperbolic and each characteristic field
is either genuinely nonlinear or linearly degenerate. For |[UT — U~|| sufficiently
small, there exists a unique self similar solution to the Riemann problem (2.1,2.153)
with small total variation. The solution comprises m + 1 constant states U~ =
Up, U, ..., Up_1, Uy, = UT. When the i-th characteristic field is linearly degenerate,
U; is joined to U;_1 by an i-contact discontinuity, while when the i-characteristic field
is genuinely nonlinear, U; is joined to U;_q by either an i-(Lax) rarefaction or an
i-(Lax) shock.

A proof can be found in [42].
Concerning the Cauchy problem, the following result discusses the existence and

stability of weak entropy solutions.

Theorem 2.7. Let the system (2.1) be strictly hyperbolic with smooth coefficients,
defined on an open set Q C R™. Assume that for each i € {1,...,m} the i-th
characteristic field is either genuinely nonlinear or linearly degenerate. Then there

exists a positive constant &, such that for every initial condition U € LY with

TV(T) < 6,

the Cauchy problem (2.1,2.3) has a weak solution U = U(t, z), defined for allt > 0.
In addition, if the system (2.1) admits a convex entropy n, then one can find a

solution which is n-admissible.

The proof of this theorem, which can be found in [19] is done by constructing a

sequence of approximate solutions, say, U, and showing that a subsequence of U,

1

e to a weak solution of the Cauchy problem. The construction of an

converges in L
approximate solution has been done in the literature following two main approaches:
the Glimm scheme [55] and the front tracking approximation [20, 23]. In general

the solutions are constructed as trajectories of semi-groups.

Theorem 2.8. Under the assumption of Theorem 2.7, there exist positive constants
do, L, L', an open set D and a map S : [0, +00[xXD — D with the following proper-

ties:
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(i) D2O{U e LY{R;R™) : U(z) € Q for L' —ae. x €R, TV(U) < & };
(i1) for every U € D, t, s >0
SoU = U, Ss(StU) = SetU;

(11i) for every U,V € D, t,s>0
15:U — SV ||pr < LU = V|| + L'|t — s);

(iv) if U € D is piecewise constant, then fort > 0 sufficiently small, S;U coincides
with the juxtaposition of the weak entropy solutions to the Riemann problem

centered at the points of jump of U.

Moreover, for every U € D the map t — S;U 1is a weak solution to the Cauchy
problem (2.1) with initial data U. If the system (2.1) admits a convex entropy n,
then S.U is also n-admissible.

2.3 Non-Homogeneous System of Balance Laws

in Networks

This section is devoted to a review of the study of the flows governed by systems
of conservation laws in a network of pipes or canals. A model used for the network
is an oriented graph (V, &), where &£ is the set of edges representing the pipes or
canals in the network and V is the set of vertices representing the intersections of
the pipes or the confluences of canals. The other cases being similar, we focus below
on a simple network with one intersection and, as in [41], we model a junction with
n pipes as a set of non-zero vectors v; € R*\{0} meeting at x = 0. Along each
pipe, the space variable is € RT = [0, +o0o[ and the junction is at 2 = 0. The flow
dynamics in the pipe is governed by a system of conservation laws with a source

term
t € [0, +o0],

QU; + 0. f;(U;) = G4(t,z,U;)  with ¢ x € [0, +o0], (2.17)
j=1...,n.
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Here Uj is the vector of conserved variables along the j-th pipe, f; is a nonlinear flux
function and G; is the source term associated to the j-th pipe. For any j, (2.17) in
an initial boundary values problem for conservation law. For the scalar case, some
wellposedness results have be proven by Colombo and Groli [35, 36].

Our aim in this section is to discuss a result on the well posedness of such systems
in L', locally in time, for data having small total variation, like in [37]. Towards this
aim, we denote by £2; C R™ a non-empty set containing zero, by f = (fi,..., f,) the
flux function for all arcs of the network and by G = (Gy, ..., G,,) the source term for
the network. f and G are both function of the n-tuple state U = (Uy,...,U,) € £,
where Q@ = Q; x -+ x Q,. We note that for all j = 1,...,n, (2.17) can be seen as

the combination of a convective part
oU; + 0, f;(U;) =0 (2.18)

which is nothing but the system of conservation laws studied in the previous section,
and a source part

8tUj :Gj(t,l‘, U]) (219)

For a given initial data U} one can solve (2.18) and obtain the solution U; which, in
turn, can be used as initial data for the solution of the ODE (2.19). This method is
called the splitting method.

Following [37], we require the following conditions to hold true for the convective

and the source part.

(F) For j =1,...,n, f; € C*Q;R") is strictly hyperbolic, Df;(U;) is such that
its minimum and maximum eigenvalue
X

(U;) =min Ay, (U;), Mook (U;) = max Ay, (U;)

max

are strictly negative and strictly positive, respectively, and each characteristic

field is either genuinely nonlinear or linearly degenerate.

Under this condition (F), (2.18) generates a Standard Riemann Semigroup (see [19]
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and the references therein). In the following, we will use the following norms

U =220 U] for U € £,
Uy = fpi IU(2)||dz for U € LYHR*; Q),
TV(U) = S, TV(U;) for U € BV(R*; Q).

Below, we fix a time 7" € (0, +00) and a positive 0. For § € (0,4], we denote
Us ={U e LY(R"; Q) : TV(U) < 6}.
For the source term G, we require that

(G) G :10,T] x U; — LY (R*;R™) is such that for suitable positive Ly, Ly and for
all t,s € [0,7]

VUv Ve US HG<t7 U) - G<t7 V)HLl
VU € U, V(G U))

Ly (U = Vg + [t = s[)

<
< Ls.

Interactions at the junction, which depend on time, are described by conditions

on the traces of the unknown conserved variables U; at « = 0, namely,

U (Uy(t,04), Us(t, 0+), ..., U,(t, 0+)) = I1(2), (2.20)
for suitable smooth ¥ with n components and II : [0,7] — R" a given map. We
will refer below to ¥ as the coupling conditions map.

The Cauchy problem at the intersection consist of solving the problem

OU; + 0, 1;(U;) = G(t,z,Uj)
(U(t,0)) =11(2)
U(0,2) = U°x)

teRY je{l,....n
Jed } (2.21)
z e RT, U e LYRT; Q)

When the initial data U° is constant, the problem is referred to as the Riemann
problem at the junction. For given coupling conditions map W, the solution in the

weak sense of the Cauchy problem at the junction is given below.
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Definition 2.12. Fiz a map ¥ € C'(Q;R"). A weak solution on [0,T] to (2.21) is
amap U € C°([0,T]; LY (RT;Q)) such that for allt € [0,T], U(t) € BV(R'; Q) and

(W) U(0) = U° and for all ¢ € C((0,T)x]0,+oc[;R) and for j = 1,...,n and
any l-th component of Uy,

T T
/ / (U0 + f1(U;)0pp) dadt + / / o(t,2)Gj(t, x, Uj)dzdt = 0.
0 Jr+ 0 Jrt

(U) The condition at the intersection is met: for a.e. t € RY, W(U(t,0+)) = II(¢).

The weak solution U is an entropy solution if for any entropy-entropy flux pair
(nj,q;), for ¢ € CX((0,T)%]0,4+o00[;R) and for j =1,...,n and any component
of UJQ,

T T
/ / (nj1(U;)0wp + q1(U;)0np) d:vdt—i—/ Dn; (U;)Gi(t, x,U;)p(t, x)dzdt > 0.
0o Jr+ 0o Jr+

Below, we denote by 77, (U) the right eigenvector of D f;(U) corresponding to

the "maximum” characteristic field. The well posedness result proposed below is in

the framework of the metric space
X =LYR"; Q) x LY R"; R")

equipped with the L' distance. Let the extended variable p = (U,II) with U =
U(x), respectively II = TI(t), be defined for z > 0, respectively t > 0. We denote

accordingly,

dx (U,10), (U,10)) = [[(U, 1) — (U, ID)||x = |U = Ullga + [ITL — I[[za,
TV (p) =TV (U)+TV(II) + || ¥(U(0+)) — II(0+)]|, (2.22)
D’ ={p:TV(p) <d}.

Theorem 2.9. [37] Let n € N, n > 2 and assume that the flur satisfies (F) at U
and the source terms G satisfies (G). Fiz a map ¥ € C*(Q;R™) that satisfies

det [ D1V (U)o (U1) DU (U)r2 o (U) - DU (U)r (Un)] #0 (2.23)
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where D;V = Dy W, and let II = W(U). Then there exists positive 6, &', L, T, do-
mains Dy, fort € [0,T], and a map
E:={(1,te,P): t, €[0, T, 7€ [0, T —t,), p€ Dy} D°

such that:

(i) DY C D, C D?, for allt € [0,T);

(i1) for allt, € [0,T] and p € Dy,,E(0,t,)p = p;
(111) for allt, € [0,T] and T € [0,T — t,], E(T,to)Dy, C Dy ir;

(i) for allt, € [0,T], 71,72 > 0 with 1, + 7 € [0,T — t,],

E(mo,to+11)0E(T,t,) = E(T0 + 71, t0);

(v) for all (U, II) € Dy, set E(t,t,)(Us, 1) = (U(t), TI1) and we have that
t — U(t) is the entropy solution to the Cauchy problem (2.17) according to

Definition 2.12 while the second component is the right translation.
(vi) for allt, € [0,T] and 7 € [0,T —t,]|, and for all p, p € D,

[E(T, to)p — E(T, to)Plle < L|U = Ul
FL [T\ T() — TH(t)]|dt.

to

(2.24)

2.4 Numerical Methods for System of Conserva-

tion Laws

In this section, we review and compare numerical methods used in the literature to
solve hyperbolic system of conservation laws. We emphasize in the methods used
in the problems of this thesis. For a detailed discussion on the methods presented

here, we refer to [85, 78, 45, 69].
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2.4.1 Finite volume methods

We consider a system of conservation laws in the form

ou 0
eI — 2.2
2 () =0, (225)
with initial conditions
u(z,0) = up(x), (2.26)

where ug is a given function of the space variable . We discretize the space variable
with a uniform mesh x; = 1Az with ¢ = 0,..., N and width of h = Az = x; 1 — z;.
The time variable is partitioned with a uniform or non uniform mesh ¢, with the
time step k = At = t,41 — t,, where k may depend on n, see Figure 2.1. A control
volume or cell is the interval I; = [z, 1T %) where the cell boundaries are given
by Tipl = %(ﬂfz + Tiq1).

We consider the cell averages

¢t | ® | ® | ° |
n
t | ® | ° | ° |
xzf% v ler%

Figure 2.1: A discretization of the space-time domain.

u; u(z, t)d.

a0 ),
The idea of the finite volume methods consists of considering, in each cell I;, a
constant initial data equal to the cell average of the conserved quantities. The

numerical initial conditions consist then of the piece-wise constant function
1
Az

One integrates the flow equations (2.25) over the control volume I; and divides

u’(z) / uo(z)de =u?, 2, 1 <z < (2.27)
I;

1) Yi—5 — H—%'

throughout by the mesh width Az to obtain the semi-discrete numerical scheme

O (O S (CIONTL) S

7 Ay ; (2.28)
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A simple forward integration in the time interval [¢,, t,11] of (2.28) gives the explicit

scheme A
n n t
U@'H: ' _A—SL’< H%—FF%), (2.29)
where
tn+1
tn

is called the numerical flux or the cell interface flur. The general construction of

the numerical fluxes follow the Godunov method.

2.4.2 Godunov method

Godunov methods are standard methods for the integration of systems of conser-
vation laws. For clarity in this section, we restrict ourselves to the scalar case, but
the results can be easily extended to the case of systems. For Godunov methods,
one computes the interface fluxes Fl’i ! by solving the standard Riemann problem
(See Section 2.2) for the conservation law with data (u}', v}, ;) and taking the value
along the ray x;;;/o in the Riemann solution. We denote this Riemann solution as

Uyl = R(xiy1/2, Ui, uiv1) and we omit the superscript n for simplicity. This value is
constant for ¢ > t,, since the Riemann solution is a similarity solution. To fix ideas,
we assume that the flux function f(u) is convex (or concave), i.e., f”(u) does not
change sign over the range of interest of u. Then the Riemann solution consists of
a single shock or rarefaction wave. For scalar conservation laws with a convex flux

the Riemann solution might take five possible forms as illustrated in Figure 2.2. In

Y L

(c) (d) (e)

Figure 2.2: Solution to the Riemann problem for a scalar conservation law with a

conver fluz.

most cases the solution 71’:11 is either u

» if the solution is a shock or rarefaction
2
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wave moving entirely to the left, as in Figure 2.2(a,b) , or uf, ,, if the solution is a
shock or rarefaction wave moving entirely to the right, as in Figure 2.2(d,e). The
only case where ﬁ’:%l has different value to u; or w;; is if the solution consist of a
rarefaction wave that spreads partly to the left and to the right as shown in Fig-
ure 2.2(c). We assume for example that f”(u) > 0 everywhere, in which case f’(u)
is increasing with u, so that a rarefaction wave arises if u; < u;y1. In this case, the

situation shown in Figure 2.2(c) occurs only if
U < Us < Uiy,

where u, is the unique value of u for which f’(us) = 0. This is called the stagnation
point, since the value ug propagates with zero velocity. It is also called the sonic
point, since in gas dynamics the eigenvalues v & ¢ can take the value zero only when
the fluid speed |v| is equal to the sound speed c. The solution shown in Figure 2.2(c)
is called a transonic rarefaction since in gas dynamics, the fluid is accelerated from a
subsonic velocity to a supersonic velocity through such a rarefaction. In a transonic
rarefaction, the value along x/t = x;,1/2 is simply u,s. For the case f”(u) > 0 we

see that the Godunov numerical flux function for a convex scalar conservation law

is given by
f(uy) if u; > ug and s > 0,
FH% =19 flur) if uiy < ug and s <0, (2.30)
flus)  if uy < ug < iy
Here

_ fuiyr) = f(w)

Uil — Uy

is the shock speed. Note in particular that if f’(u) > 0 for both w; and w4, then
Fit1/2 = f(u;) and Godunov’s method reduces to the first-order upwind method

k

?H = u; — —[f(ug) — f(ui—1)]. (2.31)

Y h

Similar observation holds for f’(u) < 0 for both values of u, involving one sided

differences in other directions. Only in the case where f’(u) changes sign between
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u; and w4 is the formula more complicated, as we should expect since the upwind
direction is ambiguous in this case and information must flow both ways. The
correction in this case is called entropy fiz and we refer the interested reader to [78].

The formula (2.30) can be written more compactly as

min  f(u) if u; < ugya,

FH_l _ ui <u<uiyl . (2.32>
2 max f(u) if Uit1 S Us,
wi+1<u<u;

since the stagnation point u, is the global minimum or maximum of f in the convex
case. This formula is valid also for the case f”(u) < 0 and even for non-convex
fluxes, in which case there may be several stagnation points at each maximum and
minimum of f (see [79]). We point out that there is one solution structure not
illustrated in Figure 2.2, a stationary shock with speed s = 0. In this case the value
Uij+1/2 is ambiguous since the Riemann solution is discontinuous along = = z;41/2.
However, if s = 0 then f(u;) = f(u;+1) by the Rankine-Hugoniot condition and so
Fi11/2 is still well defined and the formula (2.32) is still valid.

2.4.3 Integration in time and the CFL condition
One can integrate the semi-discrete scheme (2.28) from ¢, to ¢,.; to obtain

el _ o A

Ui i Ax

(F", — F" ), (2.33)

1+ 5 7

where

can be reasonably approximated by

Fﬁi—% = F(ui, uity)

where the numerical flux F is a function of neighboring cells. One generally imposes
some basic consistency condition upon the numerical flux in the sense that if u; =
;11 = U, then we have

F(u,u) = f(u).
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Generally some requirements of Lipschitz continuity are made, that is, there exists

a constant L so that
F s i) — f(@)] < Lmax((u — al, g1 — al). (2.34)

The CFL condition is a necessary condition that must be satisfied by any finite
volume or finite difference method if we expect it to be stable and converge to the
solution of the differential equation as the grid is refined. It simply states that the
method must be used in such a way that information has a chance to propagate at
the correct physical speeds, as determined by the eigenvalues of the flux Jacobian
f'(u). Precisely, a numerical method can be convergent only if its numerical domain
of dependence contains the true domain of dependence of the PDE, at least in
the limit as At and Az go to zero. We emphasize that the CFL condition is only a
necessary condition for stability and hence convergence. It is not in general sufficient

to guarantee stability. The Courant number or CFL number is defined for a general

system of conservation in terms of the eigenvalues of the Jacobian matrix Aq,..., A\,
of the flux function
o max |, (2.35)
v = —max|\,|. .
Az p 7

For a three-point method, the CFL condition says that v < 1. Looking at the
expression (2.33), it turns out that it is the simplest integration form of the semi-
discrete equation (2.28). To gain more accuracy, one can use a more sophisticated
ODE solver for the numerical integration of the semi-discrete scheme (2.28). For
system of conservation laws with discontinuous solutions, this integration should
be done such that the resulting scheme remains stable. This leads to method like
the strong stability preserving (SSP) Runge-Kutta method [56] that is used for the

numerical solution of the model in Chapter 3 and Chapter 4.

2.4.4 The Lax-Friedrichs and local Lax-Friedrichs fluxes

The Lax-Friedrichs (LxF) method has the form (2.28) with a numerical flux given
by

Fz‘+§

S () + () — ol + )] (2.36)
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Therein, the numerical viscosity a = Ax/At has a fixed magnitude and does not
vanish near a sonic point. As a result, this method always converges to the correct
vanishing viscosity solution (see Section 2.2) as the grid is refined. We note that
this method is more dissipative than Godunov’s method and exhibits a stair-step
pattern in the vicinity of a sonic point, see [79]. An improvement to the LxF method
is obtained by replacing the value of the numerical viscosity a = Ax/At in (2.36)

by a locally determined value,

FH% = %[f(uz) + f(uit1) — QH%(WH + ug)], (2.37)

where

ay1 = max(| f'(u)|) over all u between u; and w;, . (2.38)

For a convex flux function, this reduces to

a3 = max(|f(ua)l, [ (uir)]).

The resulting method is the Local Lax-Friedrichs (LLF) method, also called Ru-
sanov’s method. It has the same form as the LxF method but the numerical viscos-
ity a = a;, 1 is chosen locally at each Riemann problem. It is proven in [79] that
this is a sufficient viscosity to make the method converge to the vanishing-viscosity
solution. We point out that if the CFL condition is satisfied (which is a necessary
condition for stability), then |f’(u)|At/Ax < 1 for each value of u arising in the

whole problem, and so
()] < o
AN

Hence, using a = Az /At in the standard LxF method amounts to taking a uniform
viscosity that is sufficient everywhere at the expense of too much smearing in most
cases.

Osher [89] first introduced the notion of E-scheme as one that satisfies the inequality

sign(u; 41 — ui)[F-Jr% — f(w)] <0 (2.39)

7

for all u between u; and w;y;. In particular, Godunov’s method with flux Fﬁq /2

defined by (2.32) is clearly an E-scheme. In fact it is the limiting case, in the sense
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that E-schemes are precisely those for which

F. 1§F.G1 ifuigul-ﬂ,

RS (2.40)
FH% > Fﬁ% if u; > Ui

It can be shown that any E-scheme is TVD, see below, if the Courant number is
sufficiently small. Let u™ be the numerical approximation of the solution at time ¢,,.

The total variation of u™ is defined as
N-1

TV (") = |uf —ul'yy]. (2.41)

i=1

A numerical scheme is said to be total variation diminishing(TVD) if
TV (u™™) <TV(u™), for all n. (2.42)

Osher proved that E-schemes are convergent to the entropy satisfying weak solution.
In addition, Gudunov’s method, the LxF and the LLF methods are all E-schemes.

Osher also showed that E-schemes are at most first order accurate.

2.4.5 Conservative properties and the Lax-Wendroff theo-
rem
In designing numerical schemes for systems of conservation laws, the integral form

of the equation plays a very important role. It guarantees that the discrete solution

will be conservative in the sense that

At
n+1 n
i=u - E(Fi—l—% - Fz‘—%)-

Non-conservative methods can fail as we will illustrate below. However, with con-

u

(2.43)

servative methods, thanks to the Lax-Wendroff theorem, see below, one has the
satisfaction of knowing that if the method converges to some limiting function as
the grid is refined, then this function is the weak solution.
To illustrate, consider Burger’s equation

1

Ut + §(U2)$ =0.
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If u > 0 everywhere, then the conservative upwind method (Godunov’s method)

takes the form

1 At
n+1 __ n__ — ="
v =0 2 Ax ((

On the other hand, using the quasilinear form u; + uu, = 0, we could derive the

Ur)? = (UL))?) - (2.44)

nonconservative upwind schemes

At
Ut = U = S URUF = UL). (245)

These methods are both first-order accurate on smooth solutions, and they give

comparable results.

Godunov Nonconservative method

oa®
o 00®

19F b 19-

18 b 18r

17+ 4 w7k

16 b 16

15F b 15F

14 4 1af

13F b 13F ©

12F b 12r

11F b 11F

¢}
B
3

L L L L L L L
1 -05 0 05 1 15 2 25

Figure 2.3: Discontinuous solution of the Burger’s equation obtained with a con-

servative scheme (left) and a nonconservative scheme (right).

When the solution contains a shock wave, the method (2.45) fails to converge
to the weak solution of the conservation law as depicted in Figure 2.3(right). The
conservative method (2.44) gives a slightly smeared approximation to the shock,
but it is smeared about the correct location as seen in Figure 2.3(left). This is
justified by the fact that the method has the discrete conservation property (2.43).
The non-conservative method however, gives the results shown in Figure 2.3(right).

This method does not satisfy (2.43) and as the grid is refined the approximation
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converges towards a discontinuous function that is not a weak solution of the con-
servation law.

We complete this section by stating the Lax-Wendroff theorem. It is an important
theorem that says that we can have confidence in the solution we compute. Never-
theless it does not guarantee that convergence will occur, it says that as the grid is
refined, if a conservative and consistent numerical scheme converges to a function,
then that function is a weak solution of the conservation law. A comprehensible

proof of the theorem can be found in [79].

Theorem 2.10 (Lax Wendroff). Consider a sequence of grids indexed by j =
1,2,..., with mesh parameters AtY), Azl — 0 as j — oo. Let UV (x,t) denote
the numerical approzimation computed with a consistent and conservative method
on the j-th grid. Suppose that UY) converges to a function u as j — oo, in the sense
of the L' norm; and for all j, the total variation of the map UY (-, t) is uniformly

bounded for 0 <t <T. Then u(x,t) is a weak solution of the conservation law.

2.4.6 High resolution TVD methods

The methods described so far are only first-order accurate and are not very useful on
their own. They can however be used as building blocks in developing certain high
resolution methods. It is convenient to discuss high resolution method in the context
of the REA algorithm [79]. This algorithm consists of reconstructing, evolving and
averaging the solution at each time step. Starting with the cell averages in each cell

the algorithm does the following:

Step 1 Reconstruct a piecewise polynomial function a(x,t,) defined for all x, from

the cell averages u.

Step 2 Evolve the hyperbolic equation exactly or approximately with this initial

data to obtain u(zx,t,41) at time At later.

Step 3 Average this function over each grid cell to obtain new cell averages

1
n+1 ~
= tnt1)dx.
Uy Az /I;u(xv +1) Z
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Step 1 usually uses a linear or a quadratic reconstruction based on the cell
averages and some numerical derivative that are computed using limiters function.
It is somehow independent of the conservation law itself. Step 2 is the main step
of the algorithm. Generally here one solves approximatively the conservation law
using the reconstructed data. There are two main approaches for the numerical
approximation of the conservation laws. Omne is the upwind method where the
reconstructed point values are sampled at the cell centers and waves at the cell
interfaces are taken into account. The other approach is a central method where
the reconstructed point values are based on neighboring cells and the solution is
sampled at the cell interface. To fix ideas and with a little change of notations, we

recall that we defined the cell averages as
1 A
e.t) = 5 [ 60 weL={ele-a< 5

By an integration of the original conservation law (2.25) over I, and dividing by

Ax, we obtain

Azx Azx

T,t)) — flu(z — T,t))} = 0. (2.46)

1
Uz, t) + — u(x
Now, with a small time step At, we integrate over the slab t < 7 <t + At to have

t+AL AZU

u(z,t+At) = uz,t) — 1= /t f(u(a:+7,7))dr
— /tt+Atf(u(x — &,7))&] .

Note that (2.47) is exactly equivalent to (2.25). It is actually the integral form of
(2.25) in the control volume I, X [t,t + At]. Now at time ", and at the first step

(2.47)

of the REA algorithm, one can reconstruct an approximate solution, w(-,t"), as a

piecewise polynomial written in the form

w(z,t") = ZPj(fU)Xj(ﬂf)a Xi = 1n,

where p;(z) is an algebraic polynomial supported at the discrete cells I; := I,

centered around the mid points z; = jAz. An exact evolution of w(-,t"), based on
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(2.47), reads

w(z, ") = oz, t") — = [/t Flw(z+ 7’7))037 -

For upwind schemes, one can sample the relation (2.48) at the mid cell z = z;, to

obtain the scheme

tn+1 tn+1

1 /tn f<w<xi+%77—))d7— — /tn f<w<xiév7—))d7—] . (2.49)

—n+1
Ax

_—-n
U)Z —wl -

Here it remains to recover the point values {w(x;, 1 )}, " < 7 < " in terms
of their known cell averages {w['};. The reconstruction step of the REA algorithm

is used and we can write
w(z, ") =Y pi()x; (@), pilz:) = o} (2.50)
J

The evolution step determines the value of the interface flux from the solution of

the generalized Riemann problems

p@) @<,

(2.51)
Pir1(z) T >z

wy+ f(w), =0, t >t"; wx,t")= {
The solution of (2.51) is a juxtaposition of a family of nonlinear waves, left-going
and right-going waves or mixed. An exact Riemann solver like the Godunov schemes
presented in Section 2.2 or an approximate Riemann solver can be used to distribute
these nonlinear waves between the two neighboring cells I; and I;,;. It is this dis-
tribution of waves according to their direction which is responsible for upwind dif-
ferencing (see Figure 2.4).
For central schemes, one samples (2.48) at the interface breakpoints, z = z,, 1
which yields

g+l g+l

! /t f(w(xm,f))df—/w f(w(xi,T))dT]. (2.52)
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wlﬂJrl
T
flady,) (g ,T)
T
pilt = th—F——

417 pi+1(t = tn)

pi—1(t =1t")

Figure 2.4: An upwind differencing by Godunov-type scheme.

The remaining task is to recover the point values {w(-,¢)|t" < 7 < "'} and in
particular, the staggered averages {w, +%}. As for the upwind schemes, this task is
accomplished in two main steps. The reconstruction step is similar to that of the
upwind method (2.50). In particular, the staggered averages on the right of (2.52)

are given by

_n 1 Titd s
Wy = Ar /x pi(x)dx —i—/x 1 piy1(x)dx| . (2.53)
% i+d

The central scheme (2.52) then reads

—nt1 1 Tith T
wi"+% = / pi(x)der/ pit1(z)dz
% Zivd (2.54)

tn+1 tn+1

2 [ [ st - [ f<w<:ci,r>>dr] .

Next, we find the evolution of the point value along the mid-cells, x = x;, {w(z;, 7 >

t™)}; which are governed by
we+ f(w), =0, 7 >t"; w(z,t") =pi(zr) z € I,. (2.55)

Let {Ai(u)}), denote the eigenvalues of the Jacobian A(u) = %L. By hyperbolicity,
information regarding the interface discontinuities at (x, +1; t") propagates no faster

than ml?x|)\k(u)|. Therefore, the mid-cells values governed by (2.55), {w(z;,7 >
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t™)};, remain free of discontinuities, at least for sufficiently small time step dictated
by the CFL condition At < $Az - max |Ak(u)]. Consequently, since the numerical
fluxes on the right of (2.54) involve only smooth integrands, they can be computed
within any degree of desired accuracy by an appropriate quadrature rule.

It is the staggered averaging over the fan of left-going and right-going waves

pi(t =1") L

pit1(t =1")

Figure 2.5: A central reconstruction

centered at the cell interfaces (z, +1 t") which characterizes the central differencing,
see Figure 2.5. A main feature of these central schemes, in contrast to upwind ones,
is the computation of smooth numerical fluxes along the cell centers, which avoid

the costly (approximate) Riemann solvers.

2.4.7 Entropy condition and nonlinear stability

The use of a conservative and a consistent method does not guarantee that the
computed weak solution satisfies an entropy condition. Recall that this condition
singles out the unique solution or the physically relevant solution when many weak
solutions exist.

If a system of conservation laws possesses an entropy function n(u) with the entropy

flux g(u), then the following inequality holds in the weak sense

(ul, 1) + L q(ula, 1)) <0, (2.56)

E” Ox
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i.e., for all p € Cj with ¢(z,t) > 0 for all z,t :

| [ lede tmtute ) + oute. atuta, )] dode + [ ole, Ontu(z, 0)do > .
o Jr R

(2.57)
For a weak solution u(x,t) obtained as the limit of a sequence u") to satisfy such

inequality, one can prove that a discrete entropy inequality holds, of the form

™) < m(f) = - (Qhy — Q) (2.58)

Here Q?Jr% = Q(ul, ul™), where Q(u;,u,) is some numerical entropy flux function

that must be consistent with ¢ in the same manner that we require the numerical
flux F to be consistent with the flux f. It is proven in [79, Chapter 12] that for Go-
dunov method, numerical approximation will always satisfy the entropy condition
provided that the Riemann solution used to define the flux in each cell interface
satisfy the entropy condition. Key to the proof is the correct treatment of transonic
rarefaction for the scalar case, and of the case of resonance for systems, where some
eigenvalues of the jacobian of the flux function vanish.

The Lax-Wendroff theorem introduced in Section 2.4.5 does not treat the conver-
gence of the method, it only says that if a sequence of approximations converges,
then the limit is a weak solution. To ensure convergence, one needs a form of stabil-
ity, in the sense that the approximation remains bounded as time varies. One can
achieve this, for example, with a numerical method that is total variation dimin-
ishing as defined in (2.41) and (2.42). This property says that the total variation
of the approximate solution at time ¢,,; does no increase faster than that of the
approximate solution at time ¢,. This is a major form of stability for nonlinear
systems. Other numerical stability properties include the monotonicity of a numer-
ical schemes, the L! contracting and the total variation boundedness. We refer the

interested reader to [79] for more details on these forms of numerical stability.

2.4.8 Approximate Riemann solvers

The application of Godunov’s method to a system of equations requires the simi-

larity solution of a Riemann problem at each cell interface, that is, a state denoted
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RP(%,ul,ur) along ¥ = 0 based on Riemann data u; and u,. In general, one does
not need the entire structure of the Riemann problem. Typically, this state is one of
the intermediary states in the Riemann solution obtained in the process of connect-
ing u; to u, by a sequence of shocks or rarefactions or contact discontinuity. Many
approximate Riemann solvers have been proposed that can be applied more cheaply
than the exact Riemann solver and yet give results that in many cases are equally
good when used in the Godunov or high resolution methods.
The key idea behind the definition of approximate Riemann solver is to replace the
nonlinear problem wu; + f(u), = 0 by some linearized problem defined locally at each
cell interface,

iy + Ay 1, = 0. (2.59)

The matrix AZ 1 is chosen to be some approximation of the Jacobian matrix of the
flux f'(u) valid in the neighborhood of the data w; and w;y1. The linear problem
(2.59) is easy to solve using the technique described in Section 2.2. The problem
now is to choose the matrix /Alz 1 such that the approximate system (2.59) is locally

equivalent to the original system. Roe suggested in [78] the following conditions on

A

A

ity
(i) A, 41 Is diagonalizable with real eigenvalues so that (2.59) is hyperbolic,

(ii) AH% — f'(u) smoothly as u;, u; 1 — @,

(iii) Ai+%<ui+1 — ;) = f(uig1) — f(u).

Condition (iii) ensures that if u; and w;;; are connected in the exact solution of
the Riemann problem by a single wave, then the jump u;,; — u; should also be an
eigenvector of the matrix AZ L1 The general way to construct the matrix AZ L1 was
introduced by Roe, Harten, Lax and consists in choosing an appropriate integration
path in the phase plane connecting u; and w;,; and writing the flux difference as
an integral of the Jacobian of the flux computed along this path [79]. To illustrate
the general construction, we present below the Roe solver for the shallow water

equation.
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Roe solver for the shallow water equations

We use here the notation v for the velocity of the water waves and h for the water

height. The shallow water equations have the form (2.25) with
h ul
u = = s u) =

(1) = 0 1 _
f(w) [—(uQ/u1)2+gu1 2u2/u1]

hv
hv? 4 3gh?

- [<u2>2/u1 + §g<u1>2]

and

0 1
—v? 4+ gh 20 .

As a parameter vector, we take

21 Vh
z = h Y2y, so tha = . .
h , that [22] [\/Ev] (2.60)

We can then see that

u(z) = Lzll;] = % = [2;21 51] (2.61)

and
2) = flu(z)) = 2 of _| & A 2.62
f(z) = f(u(z)) (22)2+%g(21)4] = 3, [29(21)3 222] (2.62)

We now consider the path
P =27+ (4 — Z)E for p = 1,2

where Z; = z(u;) and integrate each element of these matrices from £ =0 to £ = 1.
Except for the (2,1) element of 0f/0z which is cubic, all elements are linear in &.

Integrating the linear term 27(&) yields

1
1 _
/ 2 (§)d€ = 5(252 +Zi) =27,
0
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simply the average between the endpoints. For the cubic term we obtain

11 3 1 (le 1) (Zi1)4
= 52 + m) [(Zl) +(Z}1)?]
— 7'

where .

Hence the Roe matrix can be computed as the product of the two matrices

Bz‘+1/2: 2_21 E] ) éi+1/2: Z_Q, Z_l (2.63)
ARV A 297'h 222
asS
0 1 0 1

Ai+1/2 = CAYz‘+1/2B;rll/2 =

—(2°)2') + gh 22°/7} ] 264

—92 +gh 20
Here h is the arithmetic average of h; and h; 1, but 0 is a different sort of average
of the velocities, the Roe average:

Z? B Vhivi + \/hig1vi

27 Vhit Vhi

One can see that the matrix A;, /2 is simply the Jacobian matrix f'(4) evaluated

v =

(2.65)

at the special state u = (B, B@). In particular, if u; = u; 11 = u, then AZ-H/Q reduces
to f'(u).

When solving the shallow water equations with an upwind method, at each cell
interface, the approximate Riemann problem (2.59) is solved using the method de-
scribed in Section 2.2 and this constitutes the approximate Riemann solver of Roe

for the shallow water equations.

2.4.9 Relaxation methods for system of conservation laws

In this section, we investigate the relaxation methods for the solution of system of

conservation laws in the form (2.1):

u + f(u)y =0 (2.66)
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The motivation for relaxation methods comes from physics. Indeed, in many physical
problems there is an equilibrium relationship between the variables that is essentially
maintained at all times. If the solution is perturbed away from this equilibrium, then
it rapidly relazes back towards the equilibrium, see [79]. A simple relaxation model
for (2.66) is given by the system [69]

U + Uy =0
v+ Au, = —L(v— f(u))

where v is a relaxation variable, ¢ the relaxation parameter and A? =

(2.67)

diag(a?, ..., a%) is a diagonal matrix of real numbers. When & goes to zero, we
obtain from the second equation in (2.67) that v = f(u) and (2.67) reduces to
(2.66). Therefore, we can obtain approximate solutions of the system (2.66) as solu-
tion of (2.67) for small values of €. In fact, this is true provided the sub-characteristic
condition is satisfied

Df(u)* — A* <0, (2.68)

This inequality means that for each eigenvalue \;(u) of the Jacobian matrix D f(u),
we have \;(u)? < a?. The derivation of (2.68) is done using the Chapman Enskog

expansion. Indeed, we can expand the variable v as
v=f(u)+evy+e*p+... (2.69)
and substituting in the first equation in (2.67), we have
ut+[f(u)+5vl+5202+...]$20 (2.70)

u + f(u), = —e(v1)e — €2(va)s + - .. (2.71)

Inserting (2.69) in the second equation of (2.67), we obtain
[f(u)—i—&tvl +82U2+...]t—|—A2U,x =—(v1+evp+...) (2.72)

Df(u) [-Df(w)u, —e(v1)s — €%(ve)y + ... | + (v1)s + %(ve)s + - - - + Au,

= —(vyt+eva+...).
(2.73)
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Collecting the first order terms obtained for ¢ < 1 gives
(42 = Df(w)*)us = —v,
and then, using (2.71), we obtain
u+ f(u), = [(A” — Df(u)Q)ux]x + O(&?). (2.74)
This system is dissipative if and only if
A% — Df(u)*>0.

This condition says that the characteristic speed a? of (2.67) interlaces with those of
the system (2.66). When the sub-characteristic condition is violated, then for some

cases, the solution will blow up along the characteristic of the relaxing system.

2.4.10 The relaxation scheme of Jin and Xin

The discretization of the relaxation system (2.67), which depend on the relaxation
rate € are called relaxing schemes and their zero relaxation limits are called relaxed
schemes. The relaxed schemes are theoretically stable and conservative discretiza-
tion of the original balance law. Thus they are independent of € and the artificial
variable v. To obtain the relaxing schemes, one uses the spatial discretization of
(2.67) given by

Oruj + 7 (v

AR 3 1 (2.75)

where the average quantities

s 1

=g [t =g (5 [ i | o0 = Fuy) o). 270

i-% i-%

The point value quantities u; 1 and v; 1 are defined below using the variables
2 2

characteristics

v+ Au
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of the system (2.67). A second order scheme for the approximations of (2.67) uses
the piecewise linear interpolation which, applied to the p-th components of v + Au,

denoted as v % a,u, gives respectively

_ 17 o+
(v+ apu)j+% = (v+apu); + §hfj ) (2.77)
(v— apu)H% = (v —apu)jp1 +5hs;y,.
Here sjc is the slope of v + au on the jth cell. The slopes are given by
+_ 1 +
sj = E(Uj.i_l + apuji — v F apuy)o(05), (2.78)
ei _ Vj iapuj — Vj-1 :Fapuj_1. (279>
Vi1 £ apujpr — vj F ap;
The map ¢ is the slope-limiter and it satisfies the general condition [100]
0
0§%§2and0§¢(9)§2 (2.80)

for the scheme (2.75) to be total variation diminishing. Examples of slopes limiters
are given by the minmod limiter and the van Leer limiter

R

¢(0) = max(0, min(1,0)), and ¢(0) T

respectively. Solving (2.77) for u,, 1 and v, 1 gives

() +uj1) = 5o (Vi1 = v) + g (55 + 5751)

(v + V1) — B(ujon — uy) + B(sh +57,4).

ity (2.81)

N

Uiyl =
By inserting these values in the numerical scheme (2.75), we obtain the semi-discrete
form of the relaxation scheme. We point out that when the slope s* = 0, the scheme
(2.75) reduces to a first order upwind scheme. For time discretization, we use the
second order TVD Runge-Kutta splitting scheme introduced by Jin [68]. It takes
two implicit stiff source steps and two explicit convection step alternatively. If we

denote
1
Dyw; = E(wj-i-% - wj—%)a
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the fully discrete relaxation scheme reads with initial data U™ = (u?); and

V= fU") = (f(uf);

U o= um, (2.82)
Vio= V't %(v* — F(U); (2.83)
UV = U — AtD,V* + AtS(U*), (2.84)
v = V- AtA’D. U (2.85)
U = uW, (2.86)
o= vo - S e 22w ey (@)
U? = U™ — AtD, V™ + AtS(U*), (2.88)
VE = v AtA’D U (2.89)
Ut = %(U" +U®), (2.90)
vt = %(v" + V). (2.91)

Because of the implicit treatment of the source term, this time discretization is
stable, independently of ¢, given that the CFL condition from the convective part
is satisfied. As e — 0, V = f(U) and the relaxing schemes (2.82)—(2.91) converge
to a consistent and stable discretization of the original balance law, see [69]. If we

assume that ¢ < 1 and ¢/Azr < 1, ¢/At < 1, then we can prove as in Jin [68] that

5
e

3

V= f(U") + O =)

V™= f(U™) + O (2.92)
Applying (2.92) to the scheme (2.82)-(2.91) we obtain, ignoring the error O(%;),

the relaxed schemes

v = pyn_— AtD V" [ym_pomy + AtS(U™),
U® = U - AtD VWO |yo sy + AtSUW), (2.93)
Uttt = Lun+U®).
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2.5 Concluding Remarks

We have introduced in this chapter the general theory on systems of conservation
laws in one dimension, and the extensions for a network of pipes. We collected results
on the well-posedness of the standard Riemann problem and the Riemann problem
at the junction. We have also discussed briefly the Cauchy problem. We have
reviewed the current state of the art numerical methods for the computation of the
approximate solution of system of conservation laws. Since the solutions are usually
discontinuous, we have introduced numerical schemes that are conservative, stable
and consistent with the continuous model. These properties ensure the convergence
of the method.

A few results on the well-posedness of scalar conservation laws in the multi-
dimensional case exist in the literature. We refer to the remarkable work of Kruzkov
[73] and the more recent publications [104, 105, 42]. Many authors have investigated
numerical integration of multidimensional system of conservation laws. We refer for
example to the book by Leveque [79] where the case of the Euler equations and the
shallow water equations are investigated. Jin and Xin [69] and Banda [3] used a

relaxation approach for the integration of the multidimensional systems.
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Chapter 3

Towards a Mathematical Analysis
for Drift-Flux Multiphase Flow
Models in Networks

This chapter deals with the dynamics of the multiphase drift-fluxz model in a network
of pipes. We formulate the model equations from the two-fluid model and obtain a
model with a conservation of mass for each of the two phases and a conservation of
momentum. The system is closed with an equation of state which gives a formula
of the pressure in terms of the densities of the two phases. This chapter focuses on
a linear pressure law derived under the assumption that the pressure of each phase
is a linear function of the densities. In the next chapter, we will consider a more
general pressure law defined as an arbitrary function of the densities. When the
model equation for the fluid is adopted, we consider a junction of a network as a
set of vectors intersecting at the origin. The vector length represents the pipe and
their meeting point is the junction. The dynamic of the flow of the fluid at the
junction is stable only if some suitable coupling conditions are prescribed. These
are usually derived from the physics of the problem and they play an important role
in the proof of the well-posedness of the Riemann problem at the junction. The

main results of this chapter are the well-posedness of the Riemann problem at the
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junction and numerical simulations of the dynamics of the flow at the junction for

the cases of three and four connected pipes. These results appeared in [10].

3.1 Introduction

We consider an isothermal no-slip drift-flur model for multiphase flows of the form:

Op1 + O0p(pru) = 0 (3.1a)
Opo + Op(pou) = 0 (3.1b)
Ou(ulps + pa)) + 0 (<p1 o)+ %)) ~ 0 (3.1

where p; and py are the density of phase 1 and phase 2, respectively, u is the common
velocity of the two phases and a is a constant which depends on both phases. This
model is derived from the drift-flux model [51] by making the simplifying assumption
that the closure law, the so called slip condition, has a vanishing slip function. The
slip condition is an algebraic relation that relates the two velocities of the two phases.
The drift-flux model in turn is derived from the two-fluid model by summing up the
balance laws for the momentum, in canonical form, for each phase. The choice of
this model has been motivated by the fact that we would like to concentrate on
some basic aspects of the model in order to analyze coupling conditions of pipes at a
junction in a network and devise a computational approach for approximating flow
at a junction.

The no-slip condition was considered by Evje and Flatten [50] when extending
the Weakly Implicit Mixture Flux (WIMF) scheme originally developed for the
two-fluid model, to the drift-flur model. In [52] Evje and Karlsen used the same
simplification as a basis for proving global existence of weak solutions for the viscous
form of the drift-flux model. This model has many applications in the chemical,
petroleum and nuclear industries [48, 46]. As a result there has been intense research
on such multiphase flows in the recent past. Different models for multiphase flows

have been proposed [1, 54, 63, 46, 51| and numerical methods for such models have
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been investigated [48, 49, 47, 46]. The mathematical study of the flow of gases in
networks is a young field of research and has been under investigation only recently.
The reader is referred to [32, 33, 41, 6, 7], in the context of gas networks. Work has
also been undertaken in the context of traffic flow networks, see for example [62].
In this chapter, we investigate the flow of an isothermal no-slip drift-fluz model (3.1)
in a network of pipes. Firstly, using the properties of Riemann problems for general
one dimensional systems of conservation laws, we derive a Riemann solver for the
model equation (3.1). Secondly, we consider the flow of (3.1) at the junction of a
network of pipes and prove the well-posedness of the resulting Riemann problem at
the vertex. Our proof relies on suitable conditions which couple the models from
each pipe at the junction. These coupling conditions are motivated by consideration
from the physics of the flow. For example, the conservation of mass at the junction
forms the cornerstone of such considerations. Similar work has been done for the p-
system by Colombo et al. [32, 33] and on the isothermal Euler equations by Banda
et al. [6, 7]. Here we consider the case of a multiphase fluid. The constructive
proof of our main result allows us to do some numerical simulations of junctions
connecting up to four pipes.

This chapter is organized as follows: In Section 3.2, we derive the model equation
given in (3.1), study the wave curves in one pipe and define a Riemann solver for the
model equation. Section 3.3 is devoted to the modeling of pipe to pipe intersections
and the proof of well-posedness of the model at an uncontrolled junction of a network.
Finally, we describe in Section 3.4 a numerical method used to solve the isothermal
no-slip drift-flux model on networks. Computational results on some carefully chosen

examples are presented and compared with theoretical results.
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3.2 Modeling of a single pipe flow and prelimi-

nary discussion

In this section we will briefly introduce the no-slip drift-flux model as discussed in
[51]. Mathematical properties of this model will be discussed. We will conclude with
the solution of a Riemann Problem for such a model in a single pipe. We consider
a multi-component fluid in a pipe modeled by the so—called drift-flux model. The
model arises from general two—fluid models like those presented in [51] by assuming
that the pressure for both phases is equal. We denote the volume fraction, the
density and the velocity of phase i at position x and time ¢, where i € {1,2} by
a; = ag(x,t), 0i(x,t), ui(z,t), respectively. We have

O[1+O[2:1,

and letting p be the common pressure for both phases, the drift-flux model reads

0 0
5(91041) + 8_20(91&1“1) = 0; (3.2a)
0 0
5(92042) + 8_20(92&2“2) = 0 (3.2b)
0 0
E(Qlaﬂh + 0209u2) + a_x(glalu% +oaouy +p) = Q. (32¢)

Here, the momentum sources that act on both phases are given by

Q= —(Ql + 92)9 sin 6 — f191u1|u1| - f292u2|uz| + ﬂ(umix)xaca

where ¢ is the gravitational constant, # is the inclination of the pipe, f; the friction

factor, p > 0 is the diffusion coefficient and wu,;xy = aju; + asup. The phasic

momentum satisfies a slip relation of the form u; — us = ®(p, uy, us).
As a further simplification, we discuss the case of a no—slip condition & = 0 [52],

no source term ¢) = 0, and an isothermal equation of state given by

CL2

5 (P14 p2). (3.3)

p
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Remark 3.1. The pressure law in (3.3) can be derived as follows: we assume

that the compressibility factors a; and as of the two phases are equal and satisfy
2

a . . . . .
a’ = a2 = —. Since each phase is isothermal, its pressure is given by
1 2 2 )

pi = a’o;, i € {1,2}, a; = const.
Moreover, we assume that the pressure p of the multiphase flow is such that p =
p1 = pa. From the volume fraction relation oy + as = 1, we obtain

PL P2 Gipy | a3p

01 02 p p

=1.

Hence with the above assumption on the compressibility, we obtain (3.3). Moreover,
in the case where we have different compressibility for the two phases (i.e. a? # a3)
the pressure takes the form p = aip; +asps. This latter pressure laws is investigated

in detail in Chapter 4.

Under these assumptions the model in (3.2) simplifies to the form

Op1 | Opru)

T o 0, (3.4a)

Op>  O(pou)

5 + i 0, (3.4b)
or o[, , a B

where
p1i= 0101,  p2i= 0202, p=p1+p2, 1 =pu

Remark 3.2. For smooth solutions with p; + pa # 0, one can derive an evolution

equation for the common velocity u in conservative form for both phases as

1 2
O + Oy (§u2 + % log(p1 + pg)) = 0. (3.5)

In the following we study the system (3.4a), (3.4b), (3.4c) in terms of the con-

servative variables
U:= (/)17 P2, [>
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The Jacobian matrix of the flux function

ISOTHERMAL DRIFT-FLUX MODELS IN
NETWORKS

We refer to [42, 78] for a general reference on the theory of hyperbolic equations.

pru
fU) = P2u
. 2
pu’ + %)
of the system (3.4) is given by
[ ups _up1 p1 ]
p1+p2 p1t+p2  p1tp2
— | _ _up up1 p2
Jf(U) - p1+p2 p1+p2 p1+p2
% —u? % —u?  2u

The eigenvalues for the Jacobian of the flux function are given by
a
\/57

and the corresponding eigenvectors by

P1 -1 P1
r=1ps|,"m2=1|11],7r3=1 p2
P 0 s

The first and the third field are genuinely nonlinear since VA, 3-71 3 = :F% # 0,
and the second field is linearly degenerate since VA, - ro = 0, see Section 2.2.2.

For a given state U° and i = 1,2, 3, we denote by & — L (&; U°) the i—th forward
Lax—curve through U? and by £ — L; (&; U°) the i-th backwards Lax—curve through
U° corresponding to the i-th characteristic field. We choose the parameterization of
the Lax-curves in such a way that L (1;U%) = U° and LF(0;U°) correspond to a
vacuum state. We assume for the rest of the Chapter that £ > 0 so that no vacuum
state is considered. For a given state U, the states that can be connected to the

right of U° by a 1—Lax curve are given by

(PR, p3, 07 + (0,0, 1€ = p°(€ = 1VER)T, €= 1

0 0 N\T O¢ _ ~0_a T (3.7&)
€(p17p270) +(07071§ P ﬁflog(f)) ’ §< L.

LT (& U0 :{
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The states that can be connected to the right of U° by 3—Lax curves satisfy

0PV, 5,007 + (0,0, 1€ + p°(€ = DVEH)", €< L
E(pY, 75,07 + (0,0, 1°¢ + p° 5 log ()", > 1.

The state that can be connected to a state U° by a contact discontinuity belongs to

Li(&U°%) = { (3.7b)

the curve defined by

Ly(§,U%) = (A€, (1 = &)p + 5. I°)", € € R. (3.7¢)

For a given state U°, the states that can be connected to the left of U° by a

1—Lax curve and a 3—Lax curve, are given by

0,09,0)" +(0,0,1% — p°(6 — 1)VESH)T, €<,
L1<§;U0):{ f(pé pé )T+ ( OS [jo(a WER) ¢ . (3.70)
(P, P9, 0)T +(0,0,1°€ — p° S€log(€))T,  £> 1
and
0 0 T 4+ 0 Ao o £ T .
Lg(g,UO) — { §<p(1)7p§70) (0 0 [0£+ Ao(a 1)\/_\/_) I fZ 17 (378)
(Y, 5,007 + (0,0, 1°¢ + p° € log(€))T, €< 1,

respectively. Note that we obtain 1-shocks for £ > 1 on L] and for £ < 1 on L.
Similarly, for £ < 1, we obtain a 3-shock along Lj and on L; we obtain a 3-shock
for £ > 1. The shock speeds are given by

5156 U) = g 7V

Further the contact discontinuity travels with speed

52(& U) = A& U) = u(§) =

b>|'\<

Remark 3.3. If we considered equations (3.4a), (3.4b) and (3.5) instead, the con-

served variable would be U = (py, pa, u) and we would obtain the shock speeds s 3

P1

51,3(5? P2 ):

u

2 —1)log(¢).
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Locally, around & = 1, an expansion in a series gives, up to order (£ — 1)2,

) 1o vz
3173(5,.)~u:|:a(\/§+ 4(§ 1)+...>

and similarly for s; 3
a

51,3(£;~)muq:\/§<1+%(£—1)+...).

A Riemann problem for (3.4a, 3.4b, 3.4¢) is a Cauchy problem for (x,t) € RxRT

with Heaviside initial data given by

U(2,0) UL, if 2<0;
x,0) =
ur, if x>0,

for constant states U' and U”. For the rest of the discussion, we assume that
there is no vacuum, that is, pl, pf > 0 for i € {1,2}. Hence, the system of partial
differential equations is strictly hyperbolic, the existence and uniqueness of a self-
similar solution U(x,t) = V(x/t) for |[U' — U"|| < 1 is guaranteed by classical

results, see for example [42].

1— 3sr
P2
2 —cd
pg 7777777777777777 '}‘\’,;’"‘ UT 1 — 387"
Um / '\i
p: Uml

U, ~ N
phi S e

phl p{ P1

Figure 3.1: Projected Laz—curves in the p1 — ps plane

If there is no vacuum state, i.e., pl,pf > 0, then the solution can be easily

constructed by the following procedure in the p; — po—phase space (see Figure 3.1).
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First we observe the following: in the p; — py—plane the projections of the 1- and

the 3-Lax—curves are straight lines and the projection of the rarefaction and shock

coincide; furthermore, the projections of the 1-Lax curve and the 3-Lax curves

coincide. Hence we consider a given left state U' = (p!, pb, I') and a given right

state U™ = (pf, ph, I"). We distinguish two cases:

(a)

If o0 = p" and I' = I", then U' and U" can be connected by a single 2-

contact discontinuity. The speed of the rarefaction is then s = g—;, recall that
ph = pi+ ph.

Denote by U,,, = L (&n,;UY) for some &,, € RT and U,,, = L3 ({5, UT)
for some &,,, € R*. We determine (&,,,,&m,) such that U,,, = (pi"t, p5't, ™)
and U,,, are connected by a 2-contact discontinuity. We solve the following

equations for (&, &m,)

[m1<§m1) = [m2(£m2>7 (3.8&)
ﬁml(gnu) = ﬁm2(€m2)' (38b)

In the case of no vacuum, the system (3.8) reduces to solving the nonlinear
equation (3.9) for £ € RT. Note that due to the particular structure of the
Lax-curves we have p™ (&m,) = Empt = Pl + ph. The solutions of (3.8) are
obtained as &,,, = %:f and &,,,, = £, where

AT

F“(%{)—Pm@):o (3.9)

In the numerical results later on, equation (3.9) is solved locally using Newton’s
method. The solution to the Riemann problem is a wave of the first family
connecting U' to U,,,, a contact discontinuity connecting U,,, and U,,, and
a wave of the third family connecting U,,, and U". Depending on the sign of

Em, — 1 and &, — 1, we either obtain shock or rarefaction waves, see (3.7).

Finally, we introduce the region of subsonic states in the phase—space that will

be critical in establishing the well-posedness of the model at the intersection of the
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pipes. We state the sets in terms of u = %.
A = {(p1, p2, )€R+><R+><R'u+%20andu§0},
Ay =A{(p1,p2, 1) € R+ X R+ xR: u<0}, (3.10)

A¥ = {(p1, pa, )ER+XR+XR u— 5 <0and u >0}

The following elementary result characterizes the speed of forward 1-shock and
backward 3-shock for subsonic initial data and will be used later for solutions at a

pipe—to—pipe intersection.

Lemma 3.1. Let U° be in the interior of Al or in the interior of Ay (respectively,
AY ) and assume that U° is not a vacuum state. Then, the velocity of a 1-shock wave
(respectively, 3-shock wave) connecting U° and U has non—positive (respectively,

non-negative) speed provided that ||U — U°||w is sufficiently small.

Proof. Consider a (right) state U = Lj (&; U°) connected to the left state U° by
a 1-Lax—shock, hence & > 1. The shock speed is

s1(&U°) —u——\/ U_TSO

Similarly, we obtain s3(&;U°) > 0, for & > 1, for U° € A$ and a (left) state
U=Ls (U m

Note that any state connected to U° in the interior of AJ by a 3-wave has non-
negative speed due to (3.6). Similarly, any state U in the interior of A; connected
to a left state U by a 1- or 2— wave has non—positive speed. This will be a key point

for verifying well-posedness for pipe-to—pipe conditions.

3.3 Modeling of pipe-to—pipe intersections

As in [32, 38], we model a single pipe-to—pipe intersection by a set of distinct vectors
v; € R2\ {0}, =1,...,n, with v;; > 0. Each v; is directed along the pipe j and

represents the direction of the pipe. We further choose v; such that ||v;|| equals the
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cross—section of the pipe. Each 7 = 1,...,n belongs either to the set 6~ C N of
incoming arcs or to the set * C N of outgoing arcs, see Figure 3.2 for an example.
We assume that there is at least one incoming and one outgoing pipe, which means
that [0%] > 1, where |A] is the number of elements of the set A. The jth pipe is
parameterized by x € R™, if j € 0~ and by z € RT, if j € 61, see Figure 3.2. The

parametrization is such that the vertex is located at x = 0 for all pipes. Along each

4

Uy Vni4+1

Figure 3.2: Junction with n pipes demonstrating the parametrization: the cross

section v; and sets 0% with 6~ ={1,...,n1} and 6" ={n; +1,...,n}

pipe j € {1,2,...,n}, we assume the flow is modeled by a no-slip drift-flux model,
that is, fort e R™(j € ") or z € RT(j € 1) and t > 0,

ol piw 0

ol pb | +0: phu’ =10 (3.11)
. N . ag
g (i +5)

along with initial conditions
Uj(l‘, O) = (p{,Oapé,Oa Ig)(l‘)a Va € Ri(j)' (312)

We further prescribe algebraic conditions at the junction x = 0 coupling the
dynamics on adjacent edges. Several possibilities for prescribing such conditions
exist. Our conditions in the context of the two—component model are motivated as

follows: It is assumed that neither mass of component one nor mass of component
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two is lost when passing through the junction. This yields the two conditions (M1)
and (M2) below. Furthermore, we assume that the junction does not introduce an
acceleration to the combined velocity. It follows that for the two gas components
in the adjacent pipes near the junctions, velocity differences vanish. This can be
modeled by assuming that the flux of the momentum remains constant along all
pipes near the intersection leading to the condition (Q). These assumptions could

also be obtained in a rigorous way by a similar procedure as in [77]:

(M1) Conservation of mass of phase 1: for t > 0 a.e.,

Y sl (ea?)(0,0) = > Iyl (p1u?)(0, ).

jES~ jeot

(M2) Conservation of mass of phase 2: for t > 0 a.e.,

D sl () (0,8) = > Iyl (phu?) (0, ).

jES~ jeot

Furthermore, we require as an additional condition which correspond to an equal

momentum along >, v; :

(Q) The flux of the momentum density remains constant at the intersection: for

t>0a.e.,

(7 (wr+5) )00 = (5 (wr+5)) 00 =P vits

Conditions (M1) and (M2) are compulsory and resemble Kirchoff’s law at the
intersection. They can be obtained by considering the weak formulation of (3.11).
Condition (Q) is also obtained from the weak formulation of (3.11) using a special
class of test functions as in [77]. However, other conditions can be proposed to
replace (Q), see also [41, 61, 7, 95]. Clearly, in the case n = 2, v, = —1p = —(1,0)7,

(Q) is equivalent to assuming:

(Q’) There is a single pressure p* at the intersection

% (#) (0,%) = p", Vj.
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2
If we consider the sum of (M1) and (M2) we obtain Z |vj||p’u’ = 0 and therefore

j=1

2 2
2p, - : . :
pQ vl E u; = 0 and E u; = 0. Combining this last equality and the equality of
a

j=1 j=1

momentum immediately yields (Q).

Remark 3.4. We present some discussion on condition (Q) similar to [32]. Con-

dition (Q) implies that the momentum over time [ty,1ts]:

to ) to ) ) a2 to
/ Pdt .= / P ((u?)? + 5)(O,t)dt = / Prdt = k.
t1 t1

t1

Therefore, we obtain
[2)
Plydt =k v;.
Jj€Es j€Ed
This is equivalent to the following:

1

Vn € Zl/j , Zle/j -n = 0.

jest jest

Hence, the linear momentum orthogonal to Z vj 18 conserved and the constraint
jest
acts parallel to Z vj.
jesE

In recent years there has been an intense discussion on existence of solutions to
coupled systems of hyperbolic conservation laws. Without giving a complete list of
references we mention the publications by Colombo et. al. [41, 33, 32]. Therein,
for gas and traffic flow networks, existence of solutions to a Riemann problem and,
depending on the application, to the Cauchy problem has been proven. We apply the
technique derived in [41] to prove existence to a Riemann problem under conditions
(M1) - (Q) for the no—slip multiphase model. As expected, the result is essentially
a perturbation result for constant data. The assertions are restrictive since the data

has to belong to certain sub—critical sets. Nevertheless, the importance of the result
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is the construction of a solution at the junction. This construction is used and
implemented later in the numerical scheme to compute the boundary values at the

junction and prevent boundary layer effects.

Proposition 3.1. Given n distinct vectors v; € R*\{0},v;1 > 0, and coupling
conditions given by (M1), (M2) and (Q). Let j = 1 € 6~ and assume constant
initial data U,y with the following properties: Uy o € /far, Ujo € AO# for j € 6" \{1},
Ujo € AO(J{ for j € 6% and let the constant states U, satisfy the conditions (M1),
(M2) and (Q). Moreover, assume that the initial data satisfies the technical condi-
tion det M # 0 for M given by (3.14) below.

Then, there exists 6, C' > 0 such that, for all states V; with ||V; — Ul < 6,
there exists self-similar functions U;(x,t) satisfying the weak formulation of (3.4a,
3.4b, 8.4c), the initial condition U;(x,0) = U; and such that the trace of U; at x =0
satisfies (M1), (M2) and (Q); furthermore, U satisfies the stability condition

||Uj_Uj’O||L <C||V}—Uj70||, f07” (le] €5_U5+. (313)

o ]
> (Rx[0,00),Ry xRy xR)

The matrix M in Proposition 3.1 is given by

Ay Ay Ay Az ... A,
BO Bl BQ B3 e Bn
bp b 0 0 ... =b,
M = (3.14)
0 0 b 0 ... —=b,
0O ... ... ... b1 —b,

where
Ao = |lnillXe(Uro)pr”,  Bo = lnllA2(Uro)py”,  bo = Aa(Uro) 1™,
i€dT izl A= |wlMUi)p”s Bi= vl M(Uio)ps”,  bi = A (Uio)p™,
i€, i>1: A= —|uls(Uso)pt®,  Bi= =il ds(Uio)ps°, b = N3(Us0)p™.
Proof. (of Proposition 3.1) Assume 6~ :={1,...,ny} and §* := {ny1+1,...,n}.
Consider a perturbation of Uj, Vj, such that V; € ffaL, Vi e ff# for j € 67\{1},
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V; € A for j € 6*. Let U; = (p}, p, I7) and consider the map ¥ : R¥ — R"+!
given by

>t lwsllenw? = 320 il i
>t lwillogw? =320 vl

2

(U)) = | AW+ %) = 5"((w")? = %)

K

() 4 ) — ()~ %)

Thanks to Lemma 3.1 we obtain for any fixed state V', parameters

(07 617 s 7§n) = (U’ (gla s 75711)7 (§n1+17 s 7571)) S (R+)n+1
such that

(0,81, &), (V) = U (La(o; L (&1, 1)), Ly (&, V2), . ..

; K i (3.15)
s ’Ll (57117 Vm)> L3 (§n1+17 Vn1+1)7 ) L3 (gnv Vn)) = 0.

Note that the function ¥ depends on the parameterization o,&;,...,&, and the
perturbed state V;. For o = & = --- =¢, =1 and V, = UJ-’O we have that W
vanishes due to the assumption that Uj,o satisfies the coupling conditions. We want
to apply the implicit function theorem and obtain a parameterization in terms of
the perturbed state V;. We compute the determinant of D¢, ) ¥ at 0 = & =
- =¢, = 1 and obtain

Ay Ay . Ay

By B . B,

bp b1 0 —bp,

detU(-)=det [ O 0 by O ... —by,
0O 0 0 - —b,

(0 0 0 0 b1 —by




CHAPTER 3. ISOTHERMAL DRIFT-FLUX MODELS IN
62 NETWORKS

where

Ag = [ A2 (Ur0)pr® <0,
By = [|n][A2(Ur0)p5° <0,
bo = Ao(Ur,0) I > 0,
i€, izl Ay = (vl (Uig)pr” <0, Bi = [l M (Uig)ps” <0,
bi = AN (Uio)p™* >0, 1> 1
iedt i>1: Ai=—|ulXa(Uig)py” <0, Bi = —|wilAs(Ui)ps” <0, i >1,
bi = N (Uig)p™® >0, i > 1

Since the initial data is in the interior of the subsonic sets (3.10), the inequalities
are strict, i.e., A;, B; are negative and b; are positive. Due to the assumption, this
determinant is non-zero. Hence, for any perturbation V; of U;o with ||V — U, ||
sufficiently small, we obtain values ¢ = & = --- = &, such that the coupling
conditions are fulfilled. The solution to the Riemann problem at the junction is now

constructed by using the states:

Vi = Lo(o; L (€ V1)), Vi = L{(§;;V5) for j € 67\ {1}, V; = Lz (&;;Vj) for j € 67
(3.16)
for o,¢; given by (3.15). Then for j € {1,...,n}, the solution U; is given by the

restriction to the real half-line of the solution to the Riemann problem

. Vi, <0
U = (ph, hup)(@,0)={ " " =" jes and (3.17)
Vi, x>0
- Vi, x<0
U= (p),ph,u)(x,0) =4 7 e ot 3.18
i = (p1, P2, u)(,0) {V} xZOJ ( )

By construction, the trace of the solution at the junction satisfies the coupling
conditions. The stability estimate (3.13) is derived from the C'-regularity of the

map V. [ ]
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3.4 Numerical Results

In this section we present practical tests of the coupling conditions that we propose
in Section 3.3. To achieve that, we design the section to serve two purposes: we
firstly verify that the numerical schemes we apply are appropriate for this kind of
problems; secondly we test the coupling conditions on different junction types and
discuss the qualitative behavior of the approach.

The numerical schemes we use to approximate homogeneous no-slip drift-flux
multiphase fluid flow models as defined in (3.4) are the second-order relaxed schemes
which were first developed in [69] and also discussed in [3]. In general, we assume
the pipes’ diameters to be ||| = 1 and the sound speed is a = 6 for all pipes in
all examples. Initial conditions are selected carefully in order for the conditions
of the proposition (Proposition 3.1) to be satisfied. Newton’s method is used to
solve the system in equation (3.15) which gives the values of the parameters used
to define the Lax-curves defining the coupling of flow fields at the junctions. We
wish to point out that the coupling conditions are necessary for defining boundary
conditions at the internal nodes of the network and populating the cells that are
used in approximating flow close to the junction i.e. to couple multiple pipes at the
junction. The coupling conditions in Section 3.3 must be satisfied and at each time
step, the system of coupling conditions is solved for the intermediate state V (see
(3.16)), the construction of such a solution is undertaken as described in the proof
of Proposition 3.1.

For time integration a semi-discrete approach is used and a second-order Runge-
Kutta scheme with strong-stability preserving (SSP) [56] property is applied. The

time step size is given dynamically by

B 0.75Ax
-~ max(o(df(U)/dU))

where the maximum is taken over all computational grid-points. The spatial step-
width is Az and o(0f(U)/0U)) is the spectral radius of the Jacobian of the flux

function f(U) with respect to the conserved variables, U.
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For the external (inlet to network or outlet from network) boundary conditions,

transparent boundary conditions are imposed.

3.4.1 Solution of two-phase Riemann problems

In this section, we test the numerical schemes that we use to approximate two-phase
problems. In [52] global existence of solutions for a viscous two-phase model for no-
slip drift-flux two-phase flow problems were discussed. Numerical results for both
inviscid and viscous extensions of the model were presented. In [52], it is assumed
that liquid phase is much heavier than the gas phase, p;/p, ~ 103, where p; is the
liquid density and p, is the gas density. As a result, the gas phase is ignored in
the mixture momentum equation (3.2c¢). In addition a non-linear pressure law is
employed which is in contrast to a linear pressure law applied here in (3.3).

The following example (persistent discontinuity in [52]) will be used to test if
the numerical schemes reproduce the expected results. In the subsequent sections
the numerical scheme will be used to test the practical validity of the coupling
conditions.

We consider a two phase Riemann problem with the data [52]:

U(z.0) U, = (500/9,0.95/18,0.17982), z < 0.5
Z, =
U, = (500/10,1/20,0.1998), 2 > 0.5

Take note that the last component of U; and U, is the common velocity.

Results are presented in Figure 3.3 on a mesh size of N € {400, 800,1600}. We
present the densities, the common velocity and the pressure of the two phases. The
plots of the densities demonstrate the two-phase characteristic of the flow as noted
in [52]. The difference is that the discontinuities are no longer persistent but are
transported in the same direction as documented in [52]. This demonstrates that
the numerical scheme is capable of producing correct results. Notably the shock
speeds and shock strengths were in general well resolved. The difference captured in
comparison to [52] can be attributed mainly to the non-linear pressure laws applied

there.



3.4. Numerical Results 65

00535
Initial Initial
- - N=400 - - N=400
- - N=800 0.053 - - N=800
——N=1600 ——N=1600

0.0525

0.052

0.0515

0.051

0.0505

2050 10
Initial s Init

- - N=400 - = = N=400

— = N=800 10.25 =="N=800 H

—— N=1600 |/ ——N=1600

= 1950
©
2
o
Q1900

1850

1800,
-1

-0.5 0 05 1 0 20 40 60 80 100

Figure 3.3: Snapshots of densities p; and ps, the common velocity vi = vy = u,

the common pressure p, att = 1.0.

The results of the relaxation scheme were also compared to the results of the
central schemes in [75, 70]. The two schemes produced very similar results in the

picture norm as shown in Figure 3.4.

3.4.2 Shock-tube problem and the case of one incoming and
one outgoing pipe

This example will be used as a tool to verify the qualitative behavior of the coupling
conditions. The results of the shock tube problem will be compared with the results

of coupling two connected horizontal pipes. Here we consider the Riemann data
U, = (1.81832,1.44174,—0.751082), U, = (2.01667,1.22004, —1.584711). (3.19)

The mesh size of N = 400 was employed in a single pipe on which the standard

Riemann solver was applied. For the coupled pipes the mesh size of N = 200
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Figure 3.4: Snapshots of densities p; and ps, the common velocity vi = vy = u,
the common pressure p, att = 1.0. A comparison of relazation schemes (relax) and

central schemes (central).

was applied in each pipe. The initial conditions for the Riemann problem at the

intersection is done as follows. We consider equal initial conditions in each pipe
Uro = Usp = (1.5259,0.7536, —0.9621),

so that the conditions of Proposition 3.1 are trivially satisfied. Then we perturb the
initial conditions with some little noise in each pipe in such a way that it remains in
the prescribed subsonic sets. The perturbed data are given by V; = U; and V, = U,
as in (3.19). With this new initial data, we solve numerically the Riemann problem
at the junction. The results are presented in Figure 3.5.

The densities, velocities and pressure are qualitatively similar in terms of the
wave profiles in the solution. This demonstrates that in the case of two coupled
pipes, the Riemann problem at the intersection reduces to the standard Riemann

problem. This is an important observation that validates our choice of the coupling
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Figure 3.5: Snapshots of densities p1 and ps, the common velocity vi = vo = u, the
common pressure p, at t = 0.013. A comparison of solutions computed by standard
relazation schemes (std. RP.) with relaxation schemes in which coupling conditions

are applied at the junction (coupled).

conditions as it was done in [7]. We can then have confidence in the application of
our coupling conditions for junctions with more than two pipes. Before we present
such examples, we perform a grid convergence analysis for our numerical scheme
for the solution of the flow equations. This ensures us that as the grid is refined,
our flow solver produce a more accurate solution of the flow equations, that is the
drift-flux model.

3.4.3 Grid convergence example

We simulate the dynamics of a junction with one incoming and one outgoing pipe
with initial data given by (3.19) on four different meshes with the number of grid-
points N € {40, 80, 160,320}. We compute up to time ¢ = +0.013 and present the
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density and velocity profile in Figure 3.6. For comparison, the quantities of the same
variables for the standard Riemann problem are plotted which is used as a reference
solution for comparing qualitative behavior. The reference solution is computed
using a mesh size of N = 2000. We note that the qualitative behavior for all mesh
sizes demonstrates convergent behavior. This justifies the choice of the mesh size

N =200 in the previous and subsequent examples.
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Figure 3.6: Densities of each phase, common pressures and velocities for different

mesh size at time t = 0.013.

3.4.4 Case of one incoming and two outgoing pipes

We consider three coupled pipes with one incoming and two outgoing forming a T’
junction. Such junctions are very common in flow networks.The network is described

with the vectors vy = (—1,0), v, = (0,+1) and v3 = (0, —1) with the junction at
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x = 0. The initial conditions applied here are

Uy = (1.0500, 2.8050, —11.2401),
Usp = (2.03,3.3578, —5.2842),
Uso = (0.9534,4.3508, —5.9559).
These initial data are chosen so as to satisfy the conditions of Proposition 3.1. As
discussed in Section 3.4.2, we perturb these initial data with a small random vector
in such a way that the states remain in the required subsonic regions given in (3.10).

We use the states
Vi =(1.1722,2.8192, —11.1772),

Vo = (2.1517,3.3928, —5.1600),
V3 = (1.0026, 4.4683, —5.8547).

We then solve numerically the Riemann problem at the intersection with initial
conditions in pipe j, V;. We present the snapshots of the densities (Figure 3.7), the
velocities and the pressures (Figure 3.8) in each pipe for times 0 < ¢ < 0.2. The
dynamics of the flow in the pipes are well resolved. As expected we have some waves
moving out of each pipes. The contact discontinuity wave is well resolved by our
numerical scheme and can be observed in the plots of the densities in Figure 3.7. The
wave pattern in each pipe is seen more clearly in the contour lines of the densities
where we clearly observe, as expected, two waves in pipe 1 and single waves in
the other pipes as shown in Figure 3.9. The pressure profile for the pipes is also

presented in Figure 3.10.

3.4.5 Case of four connected pipes

Here we consider a network with four connected pipes. The discretization of the
space variable is such that 1, = (=1,0), v = (4+1,0), v3 = (0,+1) and vy = (0, —1)
with the junction at x = 0. If we assume, for example, that we have one incoming
and three outgoing pipes, then we consider the following initial conditions which
satisfy coupling conditions:
Uio = (0.7836,0.7737, —6.2500), U, = (1.0987,1.0587, —5.5508),
Uso = (1.1210,1.8262, —0.04386), Ui = (1.7112,1.2384, —0.2606).
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Figure 3.7: Snapshots of densities for three coupled pipes with one incoming and

two outgoing pipes at different times t.

The perturbed data for the simulations are given by

Vi = (0.7939, 0.7894, —6.2093), Vs = (1.1395, 1.0640, —5.4566),
Vs = (1.1360, 1.8646, —0.4075), Vi = (1.7281, 1.3280, —0.2283).

Using Proposition 3.1, the solution of the Riemann problem at the junction can be
constructed from the V;. The snapshots of the densities in each pipe for 0 <¢ < 0.1
are given in Figure 3.12. We see two waves moving in Pipe 1 while there is only one

wave in the other pipes. The dynamics in Pipe 1 is more complex than in the other
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Figure 3.8: Snapshots of momentum and pressure for three coupled pipes with one

incoming and two outgoing pipes at different times t.

pipes. This can be explained by the fact that Pipe 1 is the only incoming pipe while

the other pipes are outgoing.

See also Figure 3.11 for the pressure profiles. The other configurations give qual-
itatively similar results. This is not surprising since the wave pattern in each pipe is
prescribed a-prioriin our main result: we always have two waves in the first pipe and
one wave in each of the other pipes. Above, the existence of a solution is confirmed

by the numerical results and the expected qualitative behavior is reproduced.
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Figure 3.9: Contour lines of densities for three coupled pipes with one incoming

and two outgoing pipes.

3.5 Concluding Remarks

We derived a conservative model for multiphase flow from the two-fluid model and
proposed some general coupling conditions at junctions in a network of pipes. A
well-posedness result at the intersection of the pipes was proposed and proved.

Numerical tests were designed and applied for different pipes configurations. This
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Figure 3.10: Snapshots of pressure for three coupled pipes with one incoming and

two outgoing pipes.
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Figure 3.11: Snapshots of pressure for four coupled pipes with one incoming and

three outgoing pipes at different times t.

served as a way of realizing the theoretical results in a practical setting. The nu-
merical results conform with the expected theoretical results. However, the model
seems to be restrictive since it assumes isothermal flow and equal velocity of different
phases. The isothermal condition is dropped in the next chapter where we also con-
sider the case of a discontinuous junction, that is, a junction where the connecting

pipes have different cross sections.
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Figure 3.12: Snapshots of densities for four coupled pipes with one incoming and

three outgoing pipes at different times t.



Chapter 4

The Multiphase Drift-Flux Model
with a General Equation of State

in Networks

In this chapter, we consider the drift-lux model describing a subsonic multiphase
fluid in a network of pipes. Differently from the work presented in Chapter 2, the
pressure law of the multiphase fluid is taken in a general form and it is expressed in
terms of the sonic speeds and densities of each phase. We discuss the well-posedness
of the Riemann problem at the junction and present some computational results
on the dynamics of the multiphase fluid in a network of pipes. Some results for a
discontinuous junction are presented. Some of the results presented in this chapter

appeared or are to appear in [9, 8].

75
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4.1 Introduction

We consider the flow in a network of pipes of a no-slip drift-flux model for multiphase

flow in the form

Op1 + Ox(pru)
Op2 + Oppou = 0 (4.1)
Aul(p1 + p2)u] + 05 ((p1 + p2)u® + p(p1, p2)) =

where p; and p, are the density of phase 1 and 2, respectively, u is the common
velocity of the two phases and p(p1, p2) is the pressure of the model given as a
function of the densities. This flow model is derived from the two-fluid model by
averaging the balance law for the momentum in the canonical form.

The mathematical study of flow of fluid in networks of pipes is a young field of
research and has been under investigation only recently. We refer the reader to
(32, 33, 41, 6, 7] for the case of gas networks, to [77, 99] for water networks and
[62] for traffic networks. The study of the multiphase case was first introduced in
[10] where the isothermal drift-flux model was considered. Therein, the physical
motivations of the coupling conditions, which are necessary for the solution of the
Cauchy problem or Riemann problem at the junction, were given. The coupling
conditions comprise the conservation of mass at the junction. Depending on the
fluid properties, one can add the equality of the so-called dynamic pressure or the
pressure itself at the junction. As was pointed out by Colombo et al. [33], the
equality of pressure for the p-system can lead to the loss of uniqueness of the solution
of the Cauchy problem at the junction.

In this chapter, we investigate the flow of the drift-flux model (4.1) in a network
of pipes. We first determine the admissible Lax curves that are paramount in the
single wave solution of the standard Riemann problem (RP). Secondly, we consider
the model (4.1) at the junction of a network of pipes. Using the coupling conditions
proposed in [10], we prove the well-posedness of the Riemann problem at the junction
for the case of two connected pipes and discuss briefly the general case. An important

contribution of this chapter is the use of a linearization of the Lax curves for the
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solution of the Riemann problem at the junction. This is motivated by the fact that
for some equations of state (pressure law as a function of densities), one can not
obtain an analytical expression of the rarefaction curves. We justify this approach by
solving numerically the Riemann problem at the junction for the isothermal model
whose solution is known. We find that the results are comparable and we then use
this new approach for the numerical solution of the isentropic drift-flux model at a

junction with three connected pipes.

The rest of the chapter is organized as follows. In Section 4.2, we briefly discuss
the derivation of the flow model equations and we solve the standard Riemann
problem. A junction of pipes in a network is considered in Section 4.3. We give
a rigorous definition of the Riemann problem at the junction and prove the well-
posedness of the Riemann problem at a junction of two connected pipes. We discuss
briefly the general case of a junction with m incoming pipes and p outgoing pipes.
Section 4.5 is devoted to some numerical simulations and results. We start by
investigating the effect of the sound speed of the two phases on the junction. Then
we present the linearization of the Lax curves and apply it to the solution of the
Riemann problem at the junction of three connected pipes. An example with a

discontinuous junction is presented.

4.2 Model Formulation and Preliminary results

We consider a mixture of two fluids with density, volume fraction, velocity and
pressure denoted by o;, a;, v;, p;, respectively. A common model for this multiphase

fluid is the drift-flux model [47] which reads

0 0
5(91041) + a_x(Qlalul) = 0, (4.2a)
0 0
5(92042) + a_x(QZOQUQ) = 0, (4.2b)
0 0
E(Qlaﬂh + 02002u9) + %(leui + omus +p) = Q. (4.2¢)
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Here, @) represents the sum of the momentum and source forces such as wall friction
or gravity acting on each phase separately. We assume that the two fluids are
immiscible and, therefore, denote the total density of each phase as p; = aj0; and
P2 = anpo. We assume for the analysis that ) = 0. This is not a restriction since
a system of conservation laws with source terms can be handled with the fractional
step method [79] which consists in considering separately the convective part and
the source part of the equation. For simplicity, we restrict ourselves to a flow regime
where the pressure and the velocity of the two phases are equal [52]. This leads to

the system of equations

p1l _
atpl + ax p1j—p2 o

Qipa + 02— = 0 (4.3)

2
Ol + 0, (,HITPQ +p(p1,p2)> = 0.

where I = (p; + p2)u is the momentum of the mixture. The system (4.3) needs to
be completed by an equation of state expressing the pressure of the multiphase fluid
in terms of the density of each phase. Keeping the general case in mind, we will use

for illustrations the following two equations of state.

Isothermal drift-flux model

Assume that each phase is isothermal with an equation of state of the form

p=pi(o;) = G?Qz‘, i€ {1,2}, (4.4)

where the positive constant a; is the compressibility factor or sound speed of phase

1. The relation oy + a9 = 1 can then be written as

pL P2 pdd | pads
01 02 p p
Hence
p = prai + pads. (4.5)
When we substitute (4.5) in (4.3), we obtain the isothermal drift-flux model. When

a? = a3 = a®/2, we obtain the model presented in Chapter 3.
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Isentropic drift-flux model

For isentropic gases p = kp” where &~ and ~ are constants. We assume that each
component of the multiphase fluid is isentropic with the equation of state of the

form
where the positive constant a; is as above. For simplicity, we take for the two phases

the same ratio of the specific heats «v. One can consider different s for each phase

in a similar way. The relation a; + as = 1 leads to

pRy__ A P

1y 1y
PO () (v/a)

Hence
2 277
p= {plaf +p2a3} : (4.7)

Before discussing in details the dynamics of a junction of pipes, we start by
solving the standard Riemann problem for the model equation (4.3). The exact
solution is constructed as a set of constant states separated by some wave curves,
see Section 2.2.

The eigenvalues A; 53 and the eigenvectors 3 of the drift-flux model (4.3) are

given by
I O1p + p20 I
Ma(U)==F \/w7 A (U) = =
P P
P1 Oop
r3(U) = P2 , 1ma(U) = —01p . (4.8)
/3)‘1,3([]) (8217 - alp))\2<U)

The 2-field is always linearly degenerate (see Section 2.2) since VAy(w).ro(U) = 0.
For the 1- and 3-field, we have that

_ ]pr O11p + p3 Ozap + 2p1p2 012D + 2(p1 O1p + p2 Oap)

VA 3(U). U
1,3( )7”173( ) 2\/,5(p181p+,0232p)

, (49
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where we have used the notations

Op = aplp(pl,pz) Ohp = amp(pl,pz) Di2p = 5.25520(P1, 2)

(4.10)
Oup = apgp(/)h/)z), Oaap = 3pgp<plap2)-

To ensure hyperbolicity and genuine nonlinearity (Section 2.2), we consider pressure
laws which satisfy

p101p + pabap >0, Vpy, p2 >0 (4.11)

and
p1011p + p30aap + 2p1p2012p + 2(p101p + padap) # 0. (4.12)

The conditions (4.11) and (4.12) are both fulfilled if we choose a pressure law p(p1, p2)
satisfying

p(0,0) =0, 01p(p1, p2), Oap(p1, p2) > 0 and Hess(p) is semi-positive definite,
(4.13)
where Hess(p) is the Hessian of the map p. Condition (4.13) is a direct generalization
for multiphase flow of a similar condition for single phase flow, see [32, 61, 41].
Indeed, this condition is fulfilled by the isothermal pressure law given in (4.5) and

the isentropic pressure law in (4.7).

Remark 4.1. e For completeness we present the derivatives of the isentropic

pressure law.

op = a2 (@ py + a2 pa)

a
o = a3 (@i py +a/p)'H
oup = (v -1)ay" (@ p +a/p)”*2'
Op = ~(y—1)a}"a) (a7 S

Oop = (v —1)ay " (a1 p1 + a3 pa)”

p1+ a; p2) ;

o [f one takes v, # 7o the pressure law now satisfies

a2 pip e — pl 4 g2y = 0,
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The partial derivatives needed for the discussion above can be calculated im-

plicitly using the following equations:

a?/“/l [p(w—w)/(%w) + (71 — 72)plp(%_W)/(%W)_lalp} _ 72—1p1/“/2—181p = 0;
Y172

a?/% <71717:/2>p§“/1 ~2)/(v172)— a WD — 73 1p1/'y2 19 WD+ a2/v2 —0:

CL?/W [(71 72>p(71 v2)/(v172)— 1@ + (71 72) {p(%—w)/(%w)—lalp_'_
Y172 Y172

(717_772 1>pp(“fl 72)/(12)=2(9, p)? 4 pyp )/ (n72) 101117}]
172

—Vo <(72 1)101/72 2(8 p) prlm2 181117) =0

2/“/1 ( ) ( )plp((%—72)/(7172)—2)82])2 +
Y172 Y172

PO D — a1 (35 = )pt > 2 + p Do) = 0

a?”l( ) [ ((m=v2)/(m7v2)— 82]9 +
’71’72

( ) ((m—2)/(v1v2)— 31pp2 + plp(('n v2)/(v1v2)— 312]9}
Y172

—v5 ((’6 L 1)pt 2720, p0op + pY/ ”2*181219) =0.

These can be solved using appropriate numerical approaches. In the following

discussion we only consider the case where y; = 7s.

Now we discuss the Lax curves as a preliminary step for the solution of the

standard Riemann problem for (4.3).

4.2.1 Shock curves

The Lax shock curves are derived from the Rankine-Hugoniot jump conditions as
presented in Section 2.2.2. Indeed, let U be a given state and assume that another
state U is connected to U by a 1,3-shock wave of shock speed s. Then U and U
satisfy

f(U) = F(0) = 5(U - 0). (4.14)
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This system defines a one-parameter family of curves found to be

S13(&U) = (pi&, p2€, L15(6))" (4.15)

with

Lia(&) = IE F V/p (€2 =€) (p(pé, pa) — p(p1, p2)) (4.16)

and the shock speed is given by

I &, pak) — plp1, p2))
s13(§;U) = = :
3(&U) 5 e D)

For the isothermal pressure law given in (4.5), the shock curves are given by

(4.17)

p1§
S13(&U) = Do (4.18a)
IEF (€ — 1)VE/platpy + adpa)

with shock speed

~

I a?p; + a2 I ,
81’3<§;U):E:F\/g %Z_:F\/g ]w (4.18b)

Using the Lax admissibility conditions (see Section 2.2), the forward and backward
admissible 1-shock curves are obtained as S;(&;w) in (4.18) with £ > 1 and ¢ <
1, respectively. Similarly, the forward and backward 3-shock curves are given by
S3(&w) in (4.18) with € <1 and € > 1, respectively.

4.2.2 Contact discontinuity

Let U be a given state. We want to find the set of states that can be connected to
U on the contact discontinuity curve. Using the linear degeneracy of the 2-field and
the Rankine-Hugoniot jump condition (4.14), we show that a state U belongs to the

2-curve or the 2-contact discontinuity curve emanating from U if

U—U=¢r(U), ¢€R.
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Hence,

p1 = p1+£0p,

p2 = p1 — §O1P,

I =T+&(0ap — 01p)a(0).
Therein, the notations d1p = ip(p1, p2) and ap = Aap(p1, p2) are used. We elimi-
nate £ in this system and after a suitable scaling, we show that the contact discon-

tinuity wave emanating from any state U is given by the curve

. dopp1€
Ly(&U) = B Dappa — O1p(€ — 1)py , (4.19)
5 (Dap(p1 + p2) + (Dop — O1p)pr (€ — 1))
and with speed
5 (Dap(p1 + p2) + (Oop — O1p)p1(§ — 1)) I
= = = A (U).
p1(0ep — O1p)§ + (p1O1p + p202p) p1+ p2
For the pressure law given in (4.5), the contact discontinuity curve is found to be
1 azpé
Ly(&U) = P azps +ai(l —&)py : (4.20)

L(@pr + adpn + (& — )
Note that we have continuity of the pressure along the contact discontinuity as for

the Euler equations.

4.2.3 Rarefaction curves

As introduced in Section 2.2.2; the rarefaction curves are the integral curves of the
eigenvectors of the flux function, in the sense that they solve the ordinary differential

equation
dUu ri3(U ()

A VAU ©)rsU©)
with & 3 = Ay 3(U). This yields

§ > &3,

P1 =
d 24/ (p2 Oap + p1 O1p)

_ =F
de | 1 p3 0up + p3 Onap + 2p1p2 D12p + 2(p1 O1p + p2 Oap) | P2
I pA+(U)

P1

) 525#



84 CHAPTER 4. DRIFT-FLUX MODELS IN NETWORKS

This system of ODEs is difficult to solve for a general pressure law. However, for a
pressure law satisfying (4.13), a solution exists, see [59]. For the simple case of the

isothermal pressure law given in (4.5), the rarefaction curves are given by

015
Ri3(&U) = P2k . (4.21)
1€ 7 Elog(€)/plaipr + a3ps)

The forward and backward admissible 1-rarefaction curves for (4.21) are obtained
using the Lax admissibility condition as Ry (&;w) with £ < 1, and £ > 1, respectively.
Similarly, the forward and backward 3-rarefaction curves are given by S3(§; w) with
¢ > 1, and £ < 1, respectively.

In summary the Lax-curves for the model (4.3) with the equation of state (4.5) are

given by
+/e _ Sl(g;U)a SZL Ny _ S3(§;U)v §§1,
L&) {Rl(ﬁ;U), £< 1 L&Y {R3<§;U>, £> 1 (4.22)
_ Sl<§;U)7 ggl; _ S3(£;U>7 5217
Ly (&U) = L; (&U) = 4.22b
H&U) {Rl@w, e>1, 69 {R?,(g;U)’ ety 2

4.2.4 Solution to the standard Riemann problem

The solution to the standard Riemann problem for a system of conservation laws

has been presented extensively for example in the books [42, 78, 79].
Proposition 4.1. We consider the Riemann problem for (4.3) with initial data

Ut if x>0,
U(z,0) = (4.23)

U~ iftx<O.
For Ut — U~ | sufficiently small, there exist a unique weak self-similar solution to
this Riemann problem with small total variation. This solution comprises 4 constant
states Uy = U~ , Uy, Uy, Us = Ut. When the i-th characteristic family is genuinely

nonlinear U; is joined to U;,_1 by either an i-rarefaction wave or an i-shock, while
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when the 1-characteristic family is linearly degenerate, U; is joined to U;_1 by an

1-contact discontinuity.

We briefly discuss the construction of the solution of the Riemann problem for
the model (4.1) with the pressure law given in (4.5). We assume that the left and
right states U~ and U™ are given and satisfy the conditions of Proposition 4.1. We
call Uy and U, the intermediary states. We can then find &, & and &5 such that

= Lf(gl, U7>, and U2 = L2<§27 U1>, and U2 = L;(&g, U+) (424)

For simplicity, we denote the momentum components of U; and Us as [;(£;; U~ ) and
I3(&5; UT), respectively. The solution for the Riemann problem is found if we can

solve for &1, & and &3 the system

piés = p1 &1y,
ps &3 = ;o +3 (1—€z)p1§1, (4.25)
L& UY) = % ((atpy + a3 &1 + (a3 — af)pr&as)

One can solve the first two equations in (4.25) and find & and &3 in terms of &;.

+ — —
P\pP1
£ = P1 (p1,p3) €4 — P1

p(pi.p3)
py p(pi . p3)’ Py pp p(of, p3) " (4.26)
9

)

Replacing these expressions in the third equation in (4.25), we obtain a scalar equa-

P2
+
P2

tion to solve for &; given by

7. (Plersp) ,U+): L(&:U7) < - oy o P(ors o)
’ <p(p1+,p2+)§1’ a3(py + p7) Plprspa) (@ —ai)p, p(pf,pi)£1 o

If we assume for example that U; is connected to U~ with a 1-shock curve and that
U, is connected to U by a 3-rarefaction curve (see Figure 4.1), we find that the

map

g(&; U, UY) = I3 (p(pl pgg UJr)

(ot
_M (p(m ,py) + (a3 — >m*i§’21 ,)2;&1)

a3(pT +py)

(4.28)
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Figure 4.1: Wave structure for the solution of the Riemann problem for the Drift-

flux model in the x — t plane.

satisfy ¢(1;U,U) = 0 and

dg _ ol
og, LU U M=oy = %

provided that U satisfy the condition of Lemma 4.1 below. The cases corresponding

2 2
ap — 4y

2 2\/@0? +aipipz + azpy # 0
2

to other wave structures in the solution lead to the same conditions. We have then

proven the following result.

Lemma 4.1. Assume that we have a multiphase fluid described with the equation of

state in the form p = p(p1, p2). Let U be a state that satisfies the following condition

p11 O1p — Oap

p Oap
Then, for U~ and U" close to U, the standard Riemann problem with data (U~,UT)

admits a solution.

+24/p(p101p + p20ap) # 0. (4.29)

4.3 Pipe-to-pipe intersections

The network of pipes is considered as an oriented graph with the arcs representing
the pipes and the vertices representing the pipe intersections. Moreover, we consider

a junction as a set of non-zero vectors of R® meeting at the origin considered as the



4.3. Pipe-to-pipe intersections 87

junction. Along the arcs, the flow is governed by a copy of the drift-flux model (4.3).

At the junction located at x = 0, some coupling conditions in the form
U (Ur(t,0—);Up(t,04+)) =0 (4.30)

are prescribed. In (4.30), U;(t,0—) (respectively Up(t,0+)) represents the traces of
the flow in all the incoming (respectively outgoing) pipes at the junction. In many
physical systems related for example to gas dynamics the stationary solutions of the
flow equation (4.3) play an important role in the precise definition of the coupling

condition map W. For the drift-flux model, they satisfy

p1l _
xpljrpz o 0’
p2! _
R (4.31)

ax (PlIJrPQ +p(p1+p2)> = 0.

4.3.1 A junction connecting two pipes

In this section and the rest of the chapter, we will use the notations Rt = [0, +o0]
o+
and R =]0, +oo[. We consider only one junction here. A more complex network

can be treated by considering each junction separately. The flow in each pipe is

governed by the drift-flux model equations (4.3) written in the compact form

o(U) +9,(f(U)) =0, (4.32a)
with
P1 171
v=1|p|. o= = | (4.32D)
I % + p(p17 p2)
and
p=p1+p, I=up. (4.32¢)

At the junction, we assume that some coupling conditions in the form

U (U (t,0-); Ut (t,04)) =0 (4.33)
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are prescribed. Therein, U~ and U™ are the flow variable in the left and right pipe,
respectively. We assume that the junction is located at z = 0. The map ¥ will be
called the map of the coupling conditions. Note that in general, U has as many
arguments as the number of pipes meeting at the junction. For clarity, we develop
the theory below for a junction of two connected pipes. In Remark 4.2, we will
discuss briefly the general case of a junction with more than two pipes.

We will require the state variables to belong in the subsonic region defined as
o+ o+

Ay={UeR xR xR: X\{U)<0<XU) <)} (4.34)
For later use, we define the quantities
Flow of the density of phase 1: MU) = pfjrlm,
Flow of the density of phase 2: N{U) = pfilpz’
2

Flow of the linear momentum: P(U) = "= + p(p1, p2)-

We have the following elementary lemma.

Lemma 4.2. Let U = (p1,p2, 1) € Ao and assume that the Laz curves are defined
as in (4.22). The following hold.

(i) £P(Luol& V) _, = MU
(ii) M (L1(&0)),_, = M(0)p1, &M (Ls(§;0))

(iii) N (Li(& V)., = M(U)pa, 5N (Ls(&: 1))

le=1 —

(i) d%M(Lz(f; U))k:l = Ao (U)p1,
EM(Lo(&0)),_, = Xa(U)p2, &P (La(& 1), = Z5LEN(U)?pr.

1

= A3(U)py;

= X3(U)p2;

le=1 —

le=1 le=1

Proof.

(i) By the chain rule, we may write

d op d, .\

d—SP(Ll,s(f;U)) = 8—,01(L1’3(€;U))d_§(L1’3(§’U))
P d, .,
+8—p2 (L13(&0)) dé (L34(&0))

oP d s .
+W (L1,3(§:0)) d_f (L173(fa U))
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where L§73 is the i-th component of L; 3. Proceeding with the calculations, we

have

d
d_§P (L1,3(§§ U))

- ([72+8 )+ (Lw )+ 2 s
PN o2 ) TP o ) T

le=1

I .
= T o (2pA1,3(U) = I) 4 p101p + p202p

[2
= 2IM3(U) — 7 + p101p + pa0ap

L (2I03(U) I p1Owp + palap

p p p

(20 (T 1

I? i p101D + /)23229)

~

p? p
7 2] 5 2
p* T ?\/,02 Orp + p1 (Gap + O1p) p2 + p1 O1p +

= p(As(U)).

Il
>

p101p + /)2321?)

(ii) Likewise to (i) above, we have

d
d—gN(M(S; U))

I pil ) < pil ) P1 N
— - +oo (- + M (U
. <P1 T (mtm?) P\ )2 oL+ pat 1(U)

p1l p1+ p2
= — 1l + oM (U
o+ P2 P1 (o1 + po)? p1A(U)

= pM(U)

le=1

(iii) change the roles of p; and py in (7).

(iv) Similar to the previous case.
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|
In general, for two connected pipes at a junction, we are interested in W-solutions,
that is, weak solutions depending on the coupling conditions map W. We consider a

map U defined as

(4.35)

. U~ ifz<0 , WU~ U =0,
Ulx)=1¢ . A
Ut ifz>0 U, Ut € A,.

The existence of Ut for a given U~ is guaranteed by Lemma 4.3 below. The following
definition is a direct extension for the model (4.1) of [40, Definition 2.2].

Definition 4.1. A weak V-solution of (4.3,4.33) is a map

R o+ o+
UecCY <R+;U—|—L1(R;R x R XR))

o+ o+ (436)
Ult)=U(t,-) e BV(R;R xR xR) forae teR"
such that
o+
i) for allp € CL R x R;R | whose support does not intersect x = 0
(1) f peC pp
P1 ’L,;I
/ / pa| O+ | 2L | Oup | ddt = 0; (4.37)
R+ JR P
I P(U)

(i1) for a.e. t € RY, the coupling condition is fulfilled

W(U(t,0-); U(t,0+)) = 0.

In a neighborhood of the junction, one can integrate the stationary solution of

(4.3) given by (4.31) and obtain the coupling conditions map

U (UUY) = | NUY)-NU) |, (4.38)
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which express the conservation of mass of each phase and the equality of the dynamic
pressure at the junction. Similar conditions were obtained in [32, 33, 61]. We prove
that when a stationary flow U~ is prescribed in the incoming pipe, we can solve for
the flow in the outgoing pipe which is also stationary. Indeed, we have the following

result.

Lemma 4.3. Let U € Ay. Then there exists a positive constant § and a Lipschitz

map

T : B(U;6) — Ay, (4.39)
where B(U;6) is the ball centered at U and radius &, such that

U(U—UT)=0

U-. U+ € BU.5) } S UT=TU). (4.40)

Proof. The proof is straightforward and uses the implicit function theorem. We
obviously have that ¥(U;U) = 0 and moreover we have that

Det (Dy+® (U~ U+))

I(U;U)

D M(U*) D MUY DMUY)
1 P2

=| DsN(U*) DyN(U*) DiN(U*)
D P(UY) D,PU*) DPU")

l(@;0)

Z(UY)  —Za(UY) <t
= | ~Z(UT)  Z(U) %
Dsi Ds> <)\2<U+) —|—p+) l(@.0)
= M (U)X (U)A3(U) # 0.
with
Dy = —M(UHA(U) + oypt — LLOPT TP O™
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and
P o™ + p3 Oop™

Dy = =M(UT)A(UT) + op™ — ot

]
This result is similar to a result presented by Colombo and Marcellini [40] in the
context of the p-system. Therein, the pipe was considered as being of variable
cross-section. Moreover, Lemma 4.3 ensures for the case of the Riemann problem
at the junction the ”additivity” property as for the Standard Lax Riemann solver
[42, 33] which states that if (U~,U®) and (U°, U") are Riemann data for a stationary
solution of the Riemann problem at the junction, then so is the case for (U~,U™).
Now we present another approach for the well-posedness of the Riemann problem
at the junction. The argument used here is standard and has been developed in
[32, 7] for the case of isothermal Euler equations and in [61, 41] for the case of the
Euler equations. The importance of this result comes from the extension to the case
of a junction with more than two pipes. For the case of the drift-flux model, more
conditions are needed on the initial data in each pipe as presented in the following

result.

Proposition 4.2. Let Uy, U, € Ay be the data in the incoming and outgoing pipes

connected at x = 0. We assume further that the following condition is satisfied:

QL%M(UQ )\2(02) )\3(02) (AQ(UZ)P%(@ - a%) - As(@)ﬂﬁiﬁ%)) (,5%,53 - ﬁ%ﬁ%) # 0.
(4.41)

Then, there exists a constant > 0 such that for any states U, and Uy with \Ui—Ui| <

§ fori=1,2, the Riemann problem at the junction with data (Uy,Us) has a unique

solution.

Proof. Consider some perturbations V; and V5 of Ul and U2 which belong to the
subsonic space Ag. We want to find some states ‘71 and ‘72 such that the restriction of
the solution of the standard Riemann problem with data (V1, V}) on z < 0 consists of
waves of non-positive speed only and the restriction of the solution of the standard

Riemann problem with data (‘72, V,) on x > 0 consists of waves of non-negative speed



4.3. Pipe-to-pipe intersections 93

only. Based on the expressions of the Lax waves curves presented in the previous

section, the possible choices for V; and Vs are the following:

Vi=L{(&;01), and Vi = Ly (& La(&; ).

Moreover, we want the states V; and V; to satisfy the coupling conditions given in
(4.38). This results in a system of three equations for the three unknowns &;, & and
¢3. The determinant D of the Jacobian matrix of the resulting map satisfies, using

Lemma 4.2,

—\ (Uh) Ao (Un) 2 SWUAY:
D = —M(Ur)py Ao (Us)p3 A3 (Us) p2
—(M(UD))*(py+p3)  (X2(U2))%p7 (As(U2))?*(pT + p3)

= é)\l(ﬁl) AQ(UQ) >\3(U2) (AQ(@)P%(Q% - a%) - )\3(02)29(,5%7/33)) (ﬁ%ﬁ% - ,5515%)

By using the implicit function theorem and the condition (4.41), and proceeding
as in the proof of Proposition 3.1 in Chapter 3, we obtain an existence and uniqueness
result for the & and then for the V; in the neighborhood of the data Uy and U. m
This result can be extended in a straightforward way to a sequence of junctions
in a linear pipe. This can be interpreted as a junction with a piece-wise constant
cross-section. Before giving more details on the piece-wise constant cross section

case, we discuss some remarks on a junction with more than two pipes.

Remark 4.2. Let us consider a junction with m incoming pipes with the flow vari-
ables in those pipes denoted by Uy, ..., U, and p outgoing pipes with the flow vari-

ables denoted by Upy1, ..., Untp. One example of the coupling condition map here
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s given by

\I](Ul, ey Um’ Um+1, ey Uerp) —
m p
Zjl M(U;(t,0—)) - Zjl M (Uy,ii(t,04))

ilN(Ui(t,O—)) - iN(Um+i(taO+))
P(U\(t,0-)) —  P(Uy(t,0-))
P(Up_1(t,0-)) — P(Upn(t,0-))
P(Un(t,0-)) = P(Unt1(t,04))
P(Uerl(t, O+)) - P<Um+2 (tv O+))
P(Um+p_1(t,0+)) - P(Um+p(ta0+))

The first two rows of W are compulsory. They express the conservation of mass
of each phase at the junction. The last m + p — 1 rows of W express the equality
of the dynamic pressure at the junction. Similar conditions have been proposed
in [33, 32, 7]. Some other conditions used in the literature are the equality of the
pressure at the junction. For the p-system, many other conditions were proposed
and compared in [34]. The proof of the well-posedness of the Riemann problem at
the junction in this general case proceeds as in the proof of Proposition 4.2 or in the
proof of the main result of Chapter 3. It consists of considering the waves in each
pipe to be described by some Lax curves and considering a composition of these Lax
curves and the coupling condition map W. This is done in such a way that one can
solve ¥ = 0 for some parameters of the Lax curve. This gives some intermediary
states (like the © in the proof of Proposition 4.2) that ensure the well-posedness and
play an important role in the numerical simulation of the dynamics of the fluid in the
pipes. With this approach in mind, it is therefore important to have an expression
for the Lax curves for any system we want to investigate. As pointed out above, the
exact solution of the ODE giving the rarefaction curve is not easy. We next propose
an approach which consists of linearizing the Lax curves in order to compute the

solution of the Riemann problem at the junction.
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4.4 Linearization of the Lax curves

The technique that we have described above for the solution of the Riemann problem
at the junction fails in general when one cannot find an exact expression for the Lax
curves. It turns out that this is generally the case when the pressure law for the drift-
flux model is nonlinear. The integration of the differential equation describing the
rarefaction curve is not trivial and therefore one can not have the exact expression
for the rarefaction curve. We claim that one can still solve numerically the problem
in this case. Indeed, we propose the use of the linearized Lax curves. We recall that
the Lax curves through a given state U are given for example by

L&) = { SGU), £21 (4.42)

Ri(&U), £<1

where & — S;(&;U) and € — R;(&;U) are the i-shock and the i-rarefaction curves
through U, respectively. With the parameterization of these curves, they have a

tangency of second order at the point U, i.e.
Ri(&U) = Si(&:U) = O(%). (4.43)

Hence, the composite function, L;(&;U) in (4.42) is smooth for £ # 1, and twice
continuously differentiable at & = 1. Moreover, its second derivatives are Lipschitz-
continuous functions of £ and U, see [19]. We then write the Taylor expansion of
Li(&U) about € =1 as

Li(&;U) = U + (¢ = Vri(U) + O((€ = 1)), (4.44)

where r;(U) are the eigenvectors given in (4.8). For £ close to 1, we use the expression
of the Lax curves in (4.44) instead of the exact Lax curves for the computation of

the solution of the Riemann problem at the junction.

Dynamics for a pipe with a piece-wise constant cross-section

We now consider a pipe with a piecewise constant section
n—1

C= COX}foo,:vl] + Z CjX]mj,mj+1} + CnX]mn,+oo[
j=1
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for a suitable number n of discontinuities in the cross-section map ¢. The fluid in each
pipe obeys the balance law (4.3) and at each junction x;, the coupling conditions

now have the form

\I/(cj_l,U»_;cj,U;’) =0forallj=1,...,n and UjjE = lim U;(t,z), forall t > 0.

J T—rit
(4.45)
Now, the coupling condition map has the form
c"MUT) — e M(U)
U (c,Usct,UT) = | ¢"N(UT) — ¢ N(U™)
crP(UY)—c P(U)
When ¢~ = ¢t = 1, we recover the previous coupling conditions: ¥ (1,U;1,U") =

U (U~;U"). The solution of the Riemann problem in the pipe is an iteration of
Definition 4.1 at each point of jump z; of the cross sectional map c(x). We will show a
numerical result for this case in the next section. Since the coupling conditions apply
locally in the neighborhood of the junction, the analysis presented in the case of a
smooth junction above can be extended to this case iteratively in a straightforward

way.

4.5 Numerical simulations and results

The set up for this section is similar to that of Chapter 3, Section 3.4. The numerical
integration of the multiphase fluid flow model defined in (4.3) is done with a second-
order relaxed scheme [69]. In this section, we assume in general that the pipes have
a constant cross-section and the sound speed, unless stated otherwise, for phase
1 is taken as a? = 16.0 and for phase 2, a3 = 1.0. Initial conditions are usually
some perturbation of some stationary solutions. Newton’s method is used to solve
the system in equation (4.38) combined with the Lax curves as described in the
proof of Proposition 4.2 which gives the boundary conditions at the internal nodes
of the network at the junction. This insures that at every time step, the coupling

conditions at the junction are satisfied. For the external (inlet to network or outlet
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from network) boundary conditions, we use the transparent boundary conditions.
For time integration we use a second-order Runge-Kutta scheme with the strong-
stability preserving (SSP) [56] property. The time step size is given dynamically

by
B 0.75Ax

— max(o(df(W)/0W))
where the maximum is taken over all computational grid-points. We recall that Ax

is the spatial step-width and o(0f(W)/0W)) is the spectral radius of the Jacobian
of the flux function f(W) with respect to the conserved variables, W.

4.5.1 Two connected pipes and the standard Riemann prob-

lem

This section serves to verify the qualitative behavior of the coupling conditions
and to validate the use of the linearized Lax curves for a junction connecting two
pipes. To achieve that goal, we consider the isothermal pressure law in (4.5) which
is the same as the isentropic pressure law (4.7) for v = 1. We solve independently
the standard Riemann problem, the Riemann problem at the junction with two
horizontal pipes and with the exact Lax curves and then with the linearized Lax
curves. It is expected that the three results will agree. The choice of the isothermal
pressure law for this test is motivated by the fact that we have already determined

the exact expressions for the Lax curves. Here we consider the Riemann data

U, = (1.4712300, 2.2832400, 3.2928117), U, = (0.8070800, 1.2525284, 2.2928117).
(4.46)

For the Riemann problem at the junction, U; = U; and U, = U, are considered
as the data in each pipe such that the conditions of Proposition 4.2 are satisfied.
The mesh size of N = 400 was employed on a single pipe on which the standard
Riemann solver was applied. For the Riemann problem at the junction, the mesh
size of N = 200 was applied in each pipe. The results computed at time ¢t = 0.05
for the standard Riemann, the Riemann problem at the junction with the exact

Lax curves and the linearized Lax curves are presented in Figure 4.2. These two
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Figure 4.2: Profiles of the densities py and py, the momentum I, the common pres-
sure p for the standard Riemann problem (continuous line), the Riemann problem
at the junction with the use of the exact Lax curves (crosses) and the linearized Lax

curves (circles).

results are in good agreement. This proves two things. First, that qualitatively the
solution of Riemann problem at the junction with the coupling conditions proposed
here is the same as the solution of the Sod shock tube problem and secondly, that
the linearization of the Lax curves is a good approximation for the solution of the
Riemann problem at the junction.

Now we consider an example with the isentropic pressure law. Here, we take v = 5/3
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and we consider the following initial data
Uy = (1.81832,1.44174, —0.751082), U, = (2.01667,1.22004, —1.584711) (4.47)

which is the same as the data used in Chapter 3, Eq. (3.19). The results are
presented in Figure 4.3. We see here that the results for the solution of the standard
Riemann problem and the coupled pipes are in good agreement. The shock and
rarefaction waves are well resolved. There is a small error in the position of the
contact discontinuity. We suspect that this is due to the linearization of the Lax

curves.

4.5.2 Effect of the sound speed on the flow

Here we consider the case of a standard Riemann problem for the model equation
(4.3) with the isentropic pressure law (4.7) and with v = 5.0/3. We investigate
the effect of changes in the compressibility factors of each phase on the multiphase

model. The Riemann data is taken as

U~ = (3.17123,3.38324,3.71816) = < 0.5
U(z,0) = (4.48)

Ut = (2.70708, 4.0434, 3.5629) x > 0.5.

We present in Figure 4.4 the plots of the densities, the momentum and the pressure
at time ¢ = 0.1, for the sound speed ratio % =1 with a? = 6, % < 1 with a} = 16
and a2 = 1, and % > 1 with a? = 1 and a2 = 16. The results for the case % =1
compare well with those obtained in [10]. We note also that the qualitative behavior
of the solution for a? < a2 is comparable to the case a? = a3. Also, the flow is more

compressive for a? < a3.

4.5.3 A pipe with piece-wise constant cross section

Here we consider two connected pipes with a jump in the cross section. We investi-
gate the effect of the discontinuity of the cross-section on the flow. We recall that
the analytical setup here was discussed in Section 4.4. The initial conditions are

taken to be
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Figure 4.3: Profiles of the densities p; and py, the momentum I, the common
pressure p for the solution of standard Riemann problem (continuous line) and the

Riemann problem at the junction with the use of the linearized Laz curves (crosses).

Uy = (2.2173, 1.3735, 1.5805), U, = (0.4362, 1.5711, 3.7245).

The cross sections at the left and at the right of the junction are given by
¢ =050, ct =15, (4.49)

respectively. In Figure 4.5, we display for comparison the results for the pipes with
the cross sections given in (4.49) and for the case ¢© = ¢t . It is clear that the
change in the pipes cross sections influences the flow in the pipes. The jump in the

junction decreases the pressures in the pipes.



4.5. Numerical simulations and results 101

Density of phase 1 Density of phase 2
T —

42 ———— ==
o Injtial o njtial ’
i) .

4.2

Momentum Common Pressure
6 T 220 T

Figure 4.4: Profiles of the densities, the momentum and the pressure for the Rie-
mann problem for the drift flur model with different compressibility factors plotted
at ttme t = 0.1.

4.5.4 A junction with one incoming and two outgoing pipes

In this section we consider the nonlinear pressure law given in (4.7) and a junction
with three pipes with one incoming and two outgoing pipes. We use for the numerical

solution of the Riemann problem at the junction the linearization of the Lax curves
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Figure 4.5: Profiles of the densities, momentum and the pressure for a continuous

and a discontinuous junction plotted at time t = 0.08.

described above. The initial data in the pipes are taken as

Uy
Us
Us

is stable and our simulation results agree with some real life observations.

(3.4500000, 2.4050000, 6.5056726);
(2.1300000, 4.1578000, 3.5720977);
(2.2534000, 2.4191412, 2.9335749).

(4.50)

These initial data satisfy the coupling conditions and belong to the subsonic re-

gion (4.34). The results are presented in Figure 4.6 for the densities and in Figure 4.7

for the momentum and pressure for times 0 < ¢ < 0.08. The dynamics are stable and

we can see a wave moving in each pipe. Similar results were observed for the sim-



4.6. Concluding Remarks 103

Figure 4.6: Snapshots of the densities for the solution of the Riemann problem at
the junction with one incoming and two outgoing pipes. The coupling conditions and

the linearization of the Lax curves are used.

ulation of the isothermal Euler equation in [7, 6]. Therein, the coupling conditions
map were combined with the demand and supply function. Here the linearization of
the Lax curves combined with the coupling conditions produce comparable results

for the drift-flux model.

4.6 Concluding Remarks

In this chapter, the Riemann problem at a junction for the drift flux model with a
general pressure law was solved. The linearization of the Lax curves have been used
in an efficient way to compute the numerical solutions for some standard junctions.
We have investigated the influence of the sonic speeds of each phase of the gas at the
junction. We have proven that when the inflow is given and the coupling conditions

are defined in a suitable way, one can solve for the outflow in the outgoing pipe.
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Snapshots of the momentum (top) and pressure (bottom) in each pipe

Figure 4.7

for the solution of the Riemann problem at the junction with one incoming and two

outgoing pipes.
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Chapter 5

Time Domain Simulations of the

Dynamics of River Networks

This chapter deals with the modeling and simulations of river networks. For each
component of the network, the flow of water is described by the shallow water equa-
tions. At the intersections of connected rivers, we propose some coupling conditions
that express, for example, the conservation of the mass of water or the equality of
the water height. These coupling conditions are then used for the simulation of some

classical river confluences. The results presented in this chapter appeared in [76].

5.1 Introduction

We consider the simulation over time of the dynamics of river networks. We assume
that the flow in each river is described by the shallow water equations [43] and
we resolve the dynamics by using some coupling conditions at the confluences of
the rivers. Other approaches have been considered in the literature. Schulz and
Steinebach [97] propose the use of two dimensional models in the case study of the
Rhine river in Germany. Rissoan et al. [94] and Goutal et al. [57] suggested the
use of a coupling of a two dimensional model and a one dimensional model at the

confluence of the rivers.

106
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Here we consider a one dimensional shallow water equations for the flow of water in
each component of the network and at the confluence or junction, we use the the

coupling conditions proposed by Rademacher et al. [99].

These coupling conditions are algebraic equations describing the relationship
between the connected rivers at the intersection. The dynamics of the volume of
water in a reservoir or a storage basin is modeled by a function of the flux of water
into and out of the reservoir. This can be described by a system of differential

equations.

The numerical integration of the shallow water equation plays an important role
in the numerical simulations. Here we use a well-balanced upwind scheme. There
exists several numerical methods for the numerical solution of the shallow water
equations. The basic ideas have been discussed in Section 2.4. Moreover, these
schemes need to satisfy some specific conditions, namely, the well-balanced property
which requires that for steady state solutions, the convective part of the system
of conservation law balances the source term; the positivity of the water height
property which requires that at each step of the computation, the water height
remain positive. This later property ensures that the computed solution remain
physically relevant. Examples of such schemes can be found in [85, 108, 44, 45| or

in the recent publications [2, 18].

The rest of this chapter is organized as follows. In Section 5.2, we introduce
the formulation of the shallow water equations used to model the flow of water in
the rivers. The properties of this system of conservation laws is reviewed and some
parameters describing the characteristics of the flow are introduced. In Section 5.3,
we present the coupling conditions used at the confluence of rivers’ reaches. These
are mainly the continuity of the water level at the intersection and the conservation
of mass of water through the junction. In Section 5.4, numerical schemes used
to solve the flow equation and the implementation of the coupling conditions are
discussed. Some numerical examples are used to demonstrate the robustness and

the efficiency of this approach.
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5.2 Modeling the Dynamics of a River

An open channel flow is a flow system in which the top surface of the fluid is exposed
to the atmosphere. Rivers and dams fall under this definition. In this section, we
will present the modeling of the rivers, dams and thereafter define the coupling

conditions necessary for a network.

5.2.1 The Shallow Water Model

To model the flow of water in a river the conservation of mass and momentum
of the flow is considered. The model is derived from the depth averaging of the
incompressible flow models. In general, to model the conservation of mass along the
flow direction in a channel of arbitrary cross-section one considers the cross-sectional
area of water A [L?], at time ¢[s] and point x [L] as presented in Figure 5.1. At any
position z along the river, the rate of change of the cross-sectional area of the river
is a result of the gradient of the total volume flow rate also known as discharge
(). This might be balanced by other mass source or sink terms S,, (for example,
rainfall, evaporation, seepage, runoff) to give equation (5.1a) in which 0, is a partial
derivative with respect to time and 0, is a partial derivative with respect to space.
One also refers to S, [L?/T] as the volume flux per unit length into the stream.
Equation (5.1b) describes the balance of momentum: the rate of change of the
discharge depends on the flow of momentum, Q*/A, the hydrostatic pressure term
I, the effect of the forces exerted by the channel walls on the flow I, the bottom
slope of the channel Sy, and the frictional forces at the bottom S;.

OA+0,Q = Sm (5.1a)
2
8,Q + 9, <% + g[l) = g(L+A(So—Sy)). (5.1b)

Here, A(z,t) is the wetted cross-section area:

B(x)+h(z,t)
Az, t) = / o(z,y) dy,
B(z)
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Figure 5.1: Cross section at x (left) and side view of the river (right)

while z is the longitudinal position in the river. The river is assumed to be of

length L and t is time. The hydrostatic pressure term, I; = I1(x, h) is defined as

h=[ =y, (5.2)

where o is the channel breadth, h the channel depth and y the coordinate in the
vertical direction. On the other hand Iy = Iy(z, h) is the term that accounts for
the forces exerted by the channel walls at the contractions and expansions due to

longitudinal width variations

B(z)+h o
L= [ (h— )2 (z. )y (5.3)

B(z) T

Note that h = h(x, A) is the water depth. Due to their geometric interpretation, we
have that
o(xz,y) >0 for all z € [0, L] and y > 0. (5.4)

The bottom slope S5 is given by
dB
So=—F(x 5.5
b= (@) (55)
where B = B(x) describes the bottom topography (bottom elevation) of the chan-
nel. Any erosion effects are likely to happen in a much longer time scale than the
dynamics of interest in this chapter. The friction term is given as

n,,Q|Q)
Sp=- AZRA/3 (5.6)
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where n,, is the Manning’s roughness coefficient, given in tables, see for example
[84]; and the hydraulic radius R = A/P, P being the wetted perimeter of the river
at position z.

When the channel cross section is locally rectangular, triangular or trapezoidal, the

pressure force integrals I; and Is can be expressed as

hZ 1 0o h
L=r(2+22), L=p(22,27
! <2+3)’ ? <28x+3$

where oy is the channel bottom width (with oy = o for rectangular channel) and Z
is the slope of the channel (vertical to horizontal). For the case of rectangular cross

section, the model (5.1) takes the simplified form

KA+0,Q = S, (5.7a)
Q2 ]' 2 1 / /
0Q + 0, T + agoh = gh ého —oB' ), (5.7b)

where the prime stands for the derivative with respect to the space variable x. The
convective part of the model (5.7), that is the model (5.7), with a vanishing right

hand side, is strictly hyperbolic. Indeed, the Jacobian matrix of the flux function is

(0
g2 —u* 2u ’

where u = @)/A is the stream-wise velocity of the fluid. The eigenvalues and eigen-
vectors are given by Ay = u F 1/gA/o and e = (1, Ax)T, respectively. Therefore
when A/o > 0, the system (5.7) is strictly hyperbolic.

given by

We assume a rectangular channel, so that
A=och and Q=Au=ochu

and substituting in (5.7) we recover, by dividing by ¢ and assuming that S, = 0,

the usual form of the shallow water equations in terms of the water height h,

5.8
O(hu) + 0, (hu? + 40%) = —ghB 58)
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In the rest of this chapter, we will be mainly interested in the water height w = h+ B
(see Figure 5.1) and the quantity hu that we denote again for clarity as @) = hu.
Simple algebra helps to transform (5.8) to

0Q + O, <wQTQB + 2 (w — B)Q) = —g(w—B)B. (5.9)

It is this form of the shallow water equations that we will later use for the numerical
simulations.

Since the original form of the shallow water equations [44] are derived under
the assumptions of the conservation of the volume of water without taking into
account the effect of rainfall, evaporation and seepage, we choose the source term
in the mass balance equation to account for these effects. To fix ideas, we choose a
source term that takes into account rainfall, evaporation, seepage and infiltration.
This information is obtained by measurement and is given in the literature by coarse
models derived from the interpolation of data [57, 65] . The rainfall rate, r(t), can be
obtained from a meteorological station situated near the river. The evaporation rate,
e(t) depends on the surface of the river and the weather. Seepage and infiltration
rate, s(t), depend on soil water content and groundwater resources. Putting these

together, the source term is then given by
Sm(t) = r(t) —e(t) — s(t).

We conclude this section by pointing out some flow behaviors that arise in the

simulation of river flows.

5.2.2 Characteristics of the flow

We briefly discuss the characteristic of the flow in open-channels. One parameter
that characterizes the flow in an open channel is the Reynolds number. It is given

by
_ ulR

14

Ng (5.10)
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where u is the average velocity of the flow, R is the hydraulic radius and v is the
kinematic viscosity of the fluid. Laminar flow occurs when Ng < 500 and turbulent
flow occurs when Ng > 2000. The transition region corresponds to the Reynolds
number in the range 500 to 2000, see [84]. Besides the viscosity versus inertial forces
that are captured by the Reynolds number, the ratio of inertial forces to gravity
forces, given by the Froude number, plays an important role in the characterization

of open channel flows. It is given by

|ul
vV 9Yn

where yj, called the hydraulic depth, is given by y, = A/T with A being the wetted

Np = (5.11)

cross-section area and T' being the width of the free surface of the fluid at the top
of the channel. When the Froude number is equal to 1.0, that is, when |u| = /gy,
the flow is called a critical flow. When Np < 1.0, the flow is subcritical (or fluvial)
and the flow is dubbed supercritical (or torrential) when N > 1.0, see [84].
When one consider a channel with a locally rectangular cross section, the Froude
number simplifies to
|ul

NF — T
Vgh

where h is the water height. This expression is closely related to the eigenvalues of

the flux function of the shallow water equations in this case.

5.3 Coupling of confluencing rivers

We index the rivers and the quantities associated with them by i € Z = {1,...,n}.
We label the locations of the end points of the canals and dams, which we shall refer
to asnodes, by j € J = {1,...,m}. We distinguish between multiple nodes, indexed
by 7 € Ju, at which various rivers come together, and simple nodes, indexed by

j € Js, which are endpoints of a single river. For j € J, we introduce

Z; = {i € T : the i""river meets the j™ node}.
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For each river i € Z, the dynamics is described by the model (5.9), that is,

Q2 ]_ 2 /
i Zg(w: — B; = —g(w; — B;)B, .12b
- + 29(10@ 2) g(wz z) i (5 )

Qi + 0y <

where B; is the bottom elevation in channel 7. We will look at different common

types of intersection that are encountered in real life water networks.

5.3.1 Intersection of three rivers with the same strength

Here we consider three rivers of equal strength (i.e. similar breadths and wetted
cross-sectional areas) meeting at a node 1. The configuration is depicted in Fig-
ure 5.2.

In this case, we prescribe the Rankine-Hugoniot condition at the junction:

Q3= Q1+ Q2.

This condition simply ensures that the volume flux in reach 3 at the intersection is
equal to the volume flux from reach 1 and reach 2. We also impose equal water level

at the intersection, that is, we have at the junction,
W3 = W2 = Wq.

These conditions are physically motivated and ensure the conservation of mass of

water as well as the continuity of the water height at the junction.

5.3.2 Intersection of a river and a tributary

Now we consider the confluence of a large river and a small tributary as shown in
Figure 5.3. The width of the tributary is assumed to be small compared to that of
the main river. We are mainly interested in the influence of the tributary on the
main river downstream from the confluence point. One can consider a model for

which the water flow in the tributary is computed first and then, the data is used as
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Node 1

Figure 5.2: Junction of three rivers of equal strength

a source term for the computation in the main river. With this one way coupling, it
is hardly possible to take into account flow information from the large river into the
model of the tributary. We will assume here that the rivers are well instrumented.
Precisely, we assume that there is a gauge station located directly downstream the
relevant tributary at the confluence point . Therefore, the water level information

w,(t), from the gauge station is used for a lower boundary condition for the tributary,
wi(t, ) = wy(t). (5.13)

Once the tributary model has been run, its calculated outflow at the junction @ (¢, x)

must be considered as a lateral inflow

g . 0 ifr <z,
" ot a) /(e —3) ife >z,

to the main river after the confluent point. This ensures that the tributary affects
the main river near to the junction only. Far from the junction, the effect of the
tributary on the main river vanishes. For the implementation, the condition x—x < 0
may be replaced by the more practical one |z — Z| < € where € > 0 is a very small

number.
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&I

Figure 5.3: A riwver and its tributary

5.3.3 Coupling conditions for a weir and a storage basin

A weir is modeled by splitting the river into a reach upstream and a reach down-
stream the weir. The downstream boundary condition of the upstream reach is given

as in (5.13), that is

wupstream = f(Qupstream; t)

Some rivers are steered in a way that the water level directly upstream of the weir

is practically constant over time. This translates in the new coupling condition
Wypstream = Constant.

In any case, the upstream water level at the downstream reach needs to be smaller
than the water level downstream of the upstream reach. When floods occur, this
condition can be violated. Then, to ensure a good resolution of the flow equation,
the boundary condition at the downstream of the upstream reach needs to have the
form [99]:

wupstream(t) = max {wdownstream (t)a f(Qupstreama t)} .

For the discharge, we prescribe naturally the conservation of mass at the interface:

Qupstream - Qdownstrearn-

The effective flow area is treated as interconnecting storage basins, for which a
relation between storage volume and water level is known or assumed. The flow

calculation between the basins is based on the continuity of volume for each basin
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and non-inertial flow laws between basins. Continuity of volume in a reservoir or
storage basin j is expressed as [57]

n

v,
== > Qi (5.14)
=1

where V; [m?] is the volume of water in the basin j; n is the number of connections
leading to basin j, Q;;[m?/s] is the discharge from basin ¢ to basin j or from river

¢ to basin j.

5.4 Numerical Approach to Approximate Net-

work Dynamics

A simple discretization of the shallow water equation may follow a standard finite

volume approach as presented in Section 2.2. From the cell averages

1 Tjr1/2
v,

;= A—ZL‘j v(z, t)dx

Tj—1/2

an integration of the non homogeneous conservation law
O + 0, f(v) = g(v)

over I; = [x;_1/2, %j11/2] leads to

ﬁ (f(u(@jpaye,t) = f(o(zjo1/0,1))) + AL% o g(v)dzr.  (5.15)

J Tj—1/2

aﬂ)j = —

As in Section 2.4, one can write the scheme (5.15) in the semi-discrete form

iv, = _M
dt ’ Ax
where H; 41 is the numerical flux and G is an approximations of the source term

in the cell I},

NI

+ G, (5.16)

1 Tjr1/2
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G can be obtained with an integration quadrature. Here we use the mid-point rule.
The shallow water equation admits steady states solution (lake at rest, for example);
therefore a numerical solution should preserve such a solution and, more generally,
its small perturbations. A numerical scheme that satisfies this condition is known
as a well-balanced scheme. Another desirable property for a numerical scheme for
the shallow water equation is that of positivity preserving. This property ensures a
correct resolution of dry bed where the water depth is very small. In this case, due
to inherent numerical oscillations, the water height can take a non-positive value
and can lead to nonphysical solutions. Some example of schemes satisfying these
properties are presented in [108, 44, 45, 74]. In [45] the numerical solution of the
shallow water equation was found as the kinetic limit of a relaxation system.

For the simulation of confluencing rivers, we discretize the simulation time t;
according to the mesh ¢, = nAt for n = 0,1,..., N where N satisfies t, = NAt.
For each simulation step, we solve the flow equation for ¢ € [t,,t,11], we adjust
the coupling and boundary conditions and iterate the process. These steps are

summarized in the flow diagram presented in Table 5.1.

e Start with initial data in each river such that the coupling and boundary

conditions are satisfied.
e For each simulation time interval [t,,,.1] do the following:

e Solve the flow equation for each river for ¢t € [t,, t,11];

e Adjust the boundary and coupling conditions.

Table 5.1: Flow diagram for the computer program for the simulations

5.5 Numerical Examples and Results

Now we consider some examples of water network simulations.
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5.5.1 Dam-break wave simulation

We consider the dam-break problem in a rectangular channel with flat bottom B = 0.
This is a well known problem in water waves simulation. For more details, we refer
the interested reader to [44, 108, 98].

We compute the solution on a channel with length L = 2000 m for time ¢t = 20s and

with initial condition

u(z,0) =0,

h(z,0) hy, x < 1000
z,0) =
ho, x> 1000.

with hy > hg. We consider two cases both with h; = 10 m: Case (a) the depth ratio
ho/hy = 0.7 and case (b) the depth ratio ho/h; = 0.01. The dam collapse at time
t = 0 and we have a shock wave (bore) traveling downstream, a rarefaction wave
(depression wave) traveling upstream (see Figure 5.4).

For case(a), the flow remains subcritical throughout the channel where as for
case (b) the flow is supercritical in the vicinity of the dam and subcritical far away

from the dam which is situated at x = 1000, see Figure 5.5.

5.5.2 Simulation of three connected rivers of equal strength

The setup for this simulation is as described in Section 5.3.1. We consider three
rivers of equal strength meeting at the junction. The flow in each river reach is
simulated by the numerical discretization of the shallow water as described above
and the coupling conditions are introduced as interior boundary conditions. Here
as in the case of the dam-break wave simulation, we assume that the rivers have a
flat bottom. To drive the flow, we introduce a dam—break in each river.

We assume that the three rivers have equal length L = 2000m. The bottom
topography is the same in each river i.e B = By = B3 = 0.5 m. The first and second
river are incoming to the junction and the third river is outgoing. The confluence
is at * = 0. The results for the numerical simulations for the water levels and the

discharges in each river are shown in Figure 5.6 and Figure 5.7. There appears a
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Figure 5.4: Water level (left) and discharge (right) for the dam-break problems

hydraulic jump in the first river which dissipates at the intersection. The flow in

the third river is more uniform. This results from the effect of the intersection. The

complex dynamics in the first river and the second river lead to a more stable and

uniform flow in the third river.

5.5.3 Simulation of a main river with a tributary

Here we use the coupling mechanism presented in Section 5.3.2. The width of the

tributary is chosen so that it is a tenth of the width of the main river. The elevations

of the river beds are assumed to be constant. Here we are interested in the effect of
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Figure 5.5: Froude Number for the dam-break problem with the depth ratio hy/hy =
0.7 (left) and ho/hy = 0.01 (right)
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Figure 5.6: Water level in each river at time t = 40s for the simulation of three

rivers of same strength
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Figure 5.7: Discharge in each river for the simulation of three rivers of same

strength

the tributary on the main river. A dam break is driving the flow in the tributary river
with the downstream initial water height being h = 4m. We start the simulation
with water flowing at constant height and velocity in the main river. The initial
water height is h = 4.0m and the initial discharge is ¢ = 0.45m?/s. We plotted in
Figure 5.8 the water levels and the discharge in the main river. We can see that the
influence of the tributary on the main river is limited to the neighborhood of the

confluence region located at x = 1000 m downstream the main river.

5.5.4 Simulation of a reservoir or a storage basin

Here we consider a reservoir with arbitrary geometry. We assume that a river, say
river 1 flows into the reservoir and another river, river 2, flows out of the reservoir.
We are interested in the volume of water in the reservoir. The dynamics of that

volume of water follows the model equation (5.14) with n = 2. Here one can assume
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Figure 5.8: Water height (left) and discharge (right) in the main river at time
t = 15s. The influence of the tributary on the main river is more relevant about
x € (950, 1200), that is a neighborhood of the location of the tributary.

that there is a pumping station located upstream of river 1. When the filling capacity
of the reservoir is reached, the pump is switched off and the water level in river 1 and
river 2 remain constant with the same discharge; leading to a constant volume of
water in the reservoir. This behavior is well seen in the simulation results presented
in Figure 5.9. The initial volume of water in the reservoir is given by V; = 1000m?

and the simulation is carried out for time span of ¢, = 80 seconds.

5.6 Concluding Remarks

In this Chapter, we have reviewed and implemented some coupling mechanisms at
the confluences of a river network. The proposed coupling conditions for the case
of three confluencing rivers are very similar to the cases studied by Colombo et al.
[33, 32, 38] for the p-system or by Banda et al [10] for the multiphase drift-flux
model. These authors considered the case of a network of pipes. Further work will

include the coupling of supercritical flow, or the case of time dependent flow beds.
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Chapter 6

The Use of the Shallow Water
Equations for the Simulation of
Pooled Stepped Chutes

6.1 Introduction

In recent years, stepped spillways have become more popular to discharge flood
waters because of their good energy dissipation and low cavity risks. Important
research in the hydraulic community has focused on the investigation of the complex
flow and provided guidelines for the design of such hydraulic structures. These
structures have been tested and validated experimentally, and some empiric formula
were derived by Boes and Hager [13] to find the water height at any point in a canal
with pooled stepped chutes.

In this chapter, we consider the flow of water in such canals with pooled stepped
chutes. Differently from the hydraulic community, we consider that the water flow
is modeled by the shallow water equations. Moreover, we compute independently
the water flow between the horizontal steps and we coupled the dynamics using
suitable coupling conditions. This work has two important objectives. Firstly, we

validate the coupling conditions of the type discussed in the previous chapters with

124
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the results from the literature and secondly, we propose a new computational tool
for the analysis of pooled stepped chutes. The rest of the chapter is organized as
follows. The formulation of the water model is presented in Section 6.2. Also,
in the same section, we solve analytically and numerically the standard Riemann
problem. This is an important preliminary step for the solution for coupled rivers.
In Section 6.3, we present the dynamics for two coupled rivers in the framework of
a Riemann problem at the dam. We propose some coupling conditions motivated
by the physics of the problem and we prove a result for the existence of a solution
satisfying some technical conditions. In Section 6.4, we present some numerical
results of the simulation of the dynamics. Moreover we compare the water height at
the dam obtained with the coupling conditions and an empirical formula obtained
in the hydraulic community via experiments. The two results agree in the sense that

the error is “small”.

6.2 Model formulation and preliminary results
Here we are interested in the shallow water equation in 1D given by

oh+0.,q = 0,
2 t 1 2q (6.1)
01q + 0 (% + 59h%) = 0,
where h is the water height and ¢ = hu is the discharge. A source term that accounts
for the bottom topography or friction can be added to this model depending on the
applications. As discussed in Chapter 5, the flow is generally characterized by the

Froude number defined as

The flux function for the shallow water equation f(h,q) = (¢, hu® + %ghz)T enjoys

the following properties. The eigenvalues and eigenvectors of the Jacobian matrix
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of the flux function are given by

Al(haQ) = % - \/g_h, Tl(haQ) = ()\ (}11, q)> ;

1 (6.2)
)\Q(h, q) = % + \/g_h, T1(h, q) = ()\ (h q)) .

In the rest of the chapter, we restrict ourselves to the subsonic region of the states
(h,q) such that

MR, q) < 0 < Xo(hq). (6.3)

The 1- and the 2- field are genuinely nonlinear since Vi (h,q) - ri(h,q) = —3,/2
and Vs (h, q) - r2(h, q) = /2. The (standard) Riemann problem for (6.1) conS.lsts

of the conservation law equation (6.1) and a Heaviside-type initial data

(hlaql) if z< 07

6.4
(hy,qr) if x>0, (6.4)

(h,q)(x,0) = {

where the left state U; = (h;, q;) and the right state U, = (h,,q.) are given. The
construction of the exact solution of the Riemann problem follow the standard tech-
niques. One introduces the admissible Lax shock curves, ng, emanating from a
state (h,q) as the solution of the Rankine-Hugoniot jump condition [78] and the
admissible rarefaction curves, sz, as integral curves of the eigenvectors ry and ry

and obtain the admissible Lax curves given by

LHh B Si(hyh,q) = Th — B0 /2g(R2h+ hh2) h > (6.52)
5 10y = — _ — _ .0
1 ! Rf(h,h,q) = 2h —2/g(Vh — Vh)h h < b
P Sy (hyh,q) = $h — B0 /2g(R2h+ hh2) h <
Ll (h7 h,Q): _ - _ = = — (65b)
Ry (h,h,q) = 2h —2./g(Vh — Vh)h h > h;
LR S5 (hyh,q) = $h + B0 2g(h2h+ hh2) h <h (6.50)
,q) = - = — .0C
Ry (h,h,q) = Th + f(f VI)h h>h:
I Sy (hyh,q) = $h+ Yol /2g(R2h+ hk2) h>h
Ly(hhog)=q ~— " . (6.5d)
Ry (h,h,q) = $h + f(f—f) h < h.
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The shock speeds are given by
S12 = % =S h—@ hh(h + R). (6.6)
The solution of the Riemann problem is then found as a juxtaposition of fixed
states separated by the Lax curves. For given left and right states, the solution
for the Riemann problem is constructed as in Figure 6.1 where we present also a
numerical computation of the water height using a Godunov scheme. As expected
the solution consists of a rarefaction wave traveling to the left and a shock wave

moving to the right.

U =(7.1,105) U =(3.115), H =43 7F
T T T

ALf
— =2
RIS 651
- -2

L L L L L L L L L L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10 0 200 400 600 800 1000 1200 1400 1600 1800 2000
h X

Figure 6.1: The exact construction of the solution of the Riemann problem for the

shallow water equation via the Lax curves(left) and a computed numerical solution
(right).

Remark 6.1. From the subsonic hypotheses (6.3), we see that waves traveling on
the 1-Laz curve have non-positive speed. Indeed, we have

dsi,, - _ 1 V2g(h + 2h)

——(h,h,q) = . ~ <0 Vh,h>0. 6.7
dh( 2 4\/ghh(h + h) (6.7)

Therefore, along the 1-shock curve, the shock speed is decreasing. Moreover,
si(h,h,q) = M(h,q) < 0. Hence, the shock speed remains non-positive for h > h.
The rarefaction curves travel at the characteristic speed \i(h, q) which is non-positive

in the subsonic region (6.3).
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6.3 Dynamics at the stepped chute

Now we consider a pooled stepped chute as illustrated in Figure 6.2. We assume
that the upstream reach (or river) is represented by the interval < 0 and the
downstream reach by z > 0 and the step, that we call a dam, is located at x = 0.
This is a standard step in a pooled stepped chute canal. The step has a height of

Hym and a weir of height H; m is added above the step. In each river, the shallow

Figure 6.2: A pooled stepped chute with a weir(dam,).

water equation is assumed to govern the flow. The Riemann problem at the dam is
defined as followed.

Definition 6.1. The Riemann problem at the dam consists of the shallow water
model (6.1)
oh+0.,q = 0,
{ Qg + 0.(% + 1gh?) = 0,
in the upstream river x < 0 from the dam and in the downstream river x > 0 from
the dam with constant initial data, that is, U(x,0) = Uy o = (h1o,q10) for x < 0 and
U(x,0) = Uz = (hayp, q20) for x> 0.

It is clear that the case Hy, = H; = 0 corresponds to the standard Riemann
problem presented in the previous section. We start the analysis of the problem
by considering the case where Hy = 0. This leads to the situation presented in

Figure 6.3. The solution of the Riemann problem at the dam is defined as follows.
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| - -

Figure 6.3: Two connected rivers with a dam and Hy = 0.

Definition 6.2. A function U : R x [0,T] — R" X R is said to be a solution to the
Riemann problem at the dam with initial data Uy o = (h1, q1,0) and Uz = (ha, g2,0)
if U coincides with the restriction on x < 0 of the solution to the standard Riemann

problem with initial data

UL(] if <0
lim U(z,t) if >0

z—0~

U(z,0) =

and with the restriction for x > 0 of the solution to the standard Riemann problem

with initial data

lim U(z,t) if <0
U(x’ O) = z—0t
U270 if >0

and the left and right limits { lim U(x,t), lim U(x,t)} satisfy coupling conditions
z—0~ z—0
to be defined below .

We are interested in finding suitable coupling conditions for the construction of
an admissible solution of the Riemann problem at the dam. As the first possible
and straightforward coupling condition, we prescribe the conservation of the mass
of water and conservation of momentum at the dam. We do that in a very subtle
way since we are modeling a flooding phenomenon. Unlike the case of flow of gas
at an intersection of pipes where the conservation of mass assume that all the gas
that comes in goes out, here only the mass of water that is above the dam of height

H; is conserved at the dam. So the coupling conditions read

[(h1 — Hy)uq] (0,t) — (houg)(0,£) =0 Vt >0, (6.8)
(hy — Hy)u? + %g(hl — Hl)Q] (0,t) — [hgug + %gh%} (0,t)=0, Vt>0. (6.9)
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The coupling conditions (6.8) and (6.9) can be written in the form of a map, omitting

(0,t)
\I’(h17Q1,h27Q2;H1) = (@17‘1’2) =0, (6-1())

where the two components of ¥, W, and Wy are given respectively by the left hand
side of the equalities (6.8) and (6.9).

It is expected that in the absence of the dam, the two connected rivers behave
like a standard Riemann problem. Therefore, we consider intermediary states U} =
(hf,q) on the forward 1l-curve through U; and U} = (h},q}) on the backward 2-

curves through U, :

QI* = Li—(hikuthI% (611&)
¢ = Ly(hy b ), (6.11D)

and the Riemann problem at the dam is solved if these intermediary states satisfy

the coupling conditions, i.e.,

There are two cases to consider in this analysis. One is when the upstream
water height is above the dam h; > H; > h, and the other case corresponds to the
situation when the water height at both sides of the dam are less than the dam
height i.e. by < H; and h, < H;. In this later case, we have simply two uncoupled
half line boundary value problems. We then focus below only on the first case that

is of interest here

6.3.1 Case 1: hy > H; > h,
We assume that
Hy=h,+a(hy—h,), aec(0,1)

such that we obviously have h, < H; < h;. We want to find the states U and U}
as in (6.11) which satisfy the coupling conditions (6.8)-(6.9). We assume that the

intermediary states U] belong to the forward 1-rarefaction through U; and U to the
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2-shock curve through U,. When we instead have a 1-shock connection to the left

state U; and a 2-rarefaction connection to the right state U,., similar arguments apply.

We have that

a 3
th (h; by, qp) ———3\/ h+2+/gh; and WR (h;hl,ql):——g_

Moreover, we know that &R (0; hy, q) = i+ 2ygh > 0 and LR (hys by, q) =
L —Vghy = M(U) < 0 thanks to the subsonic conditions (6.3). Therefore,
= R1 (h; by, q) is a decreasing function ranging from a positive number to a negative
number. We can then find a water height value h such that %Rf(h; hi,q) = 0. h

can be determined explicitly as

We choose h# such that hi € (h, ;) and k¥ such that h* € [h,, b, + ).
To conclude, we use the implicit function theorem in the open set (iz, hi +¢€) x

(h, — e, hy +¢€) with € > 0 a small number, and the map
@(h, k, U, Uy) = W (h, L{ (h; hu, ), k, Ly (ks hey gr), Hy) -
Provided the initial data satisfy the coupling conditions, we have
®(ht, qi, by gy Hi) = 0

and the Jacobian matrix

. DO(h, kU, U,)
J = D(h. k) |(hok)= (i) (6.12)
satisfy
1
Det(]) = 77 (MM @A) Mo U) v/ B+ /i h — Hy)|

+\/7 (AQ Vol [ Hy ql) + (hi — Hl)\/g(b%hrhl) .

One can choose the data U; and U, as well as the dam height such that Det(J) # 0.
By the implicit function theorem, we obtain the existence of a unique solution of

the equation W(h}, ¢, ht, ¢ Hy) = 0. We have then proven the following result.
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Theorem 6.1. Let U; and U, be two subsonic states satisfying the coupling con-
ditions (6.8)—(6.9) and such that hy > Hy > h,. Assume, furthermore, that
Det(J) # 0, where J is the Jacobian matriz in (6.12). Then the Riemann prob-

lem at the dam admits a solution in the sense of Definition 6.2.

Other coupling conditions can be prescribed instead of (6.9). As in the case of
the p-system, a model which share many properties with the shallow water model,

in [7], we assume the equality of pressure at the dam and then have instead of (6.9)
(hy — H,)? = h2. (6.13)

Note that this expression comes from the fact that the hydrostatic pressure at a loca-
tion is proportional to the water height. Also, due to gravitational forces, we might
expect that the momentum in the downstream river results from the momentum in
the upstream river and a momentum due to an additional gravitational energy. This
additional momentum is proportional to the height difference between the upstream
reach and the downstream reach at the junction. If we call 3 the proportionality

constant, we obtain the following coupling conditions

(= i) + Jol0s = H: ] 0.0) + Byl — 1)0.0) i + 312 (0.0) =0

(6.14)

The constant (3 is determined from the fraction of the mass of the water that flows
from the upstream reach to the downstream reach.

These coupling conditions are combined with the Lax curves determined above to

find intermediary states that are used as internal boundary conditions for the nu-

merical solution of the dynamics of the flow at the dam.

Remark 6.2. If u; = uy, then the coupling conditions (6.8, 6.9) are equivalent to
(6.8, 6.13). Indeed, by (6.8), we have

(h1 — Hl)ul = h2u2 or (h1 — Hl)U% = h2u2u1.
Now (6.9) reads

1 1
(hy — Hy)u? + ég(fh — Hy)* — (houj + éghg) =0
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which is equivalent to
1 1
houguy + ég(hl — Hy)? — (hauj + §gh§) =0
or
1 2 1o
ég(hl — Hl) — éghQ = h2u2(u2 - Ul) =0
and the last equation is the same as (6.13).

It is worth noting that when the initial data satisfy h; > H; > h,, then the
intermediary states b and h} satisfy the same condition.This is made precise in the

following result.

Proposition 6.1. Let UY = (R, q)) and U? = (h2,q°) be given subsonic states such
that h) > Hy > hY and furthermore satisfy the coupling conditions (6.10):

U(h,q), hY,q% Hy) = 0 (6.15)

as well as Det(J) # 0 where J is the Jacobian matriz in (6.12). Then there exists a
constant § > 0 and neighborhoods of the states U and UL such that for any initial
data U} and U} in the respective neighborhood, the Riemann problem at the dam,
see Definition 6.1, admits a solution (Uy,Us) in the sense of Definition 6.2, with
hy > Hy > hs.

Proof. Let us consider some perturbations U; = (h,q) and U, = (k,q,) of
U2 = (h),q) and U? = (hY, ¢°), respectively, such that

g =Lf(UY) and g = Ly (k,07).

Since the initial data satisfy the coupling conditions, we then have that the map
<h7 k) = \Il(h'7 qi, ka qr; Hl)

is smooth and satisfy

DU
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By the implicit function theorem, we can find some neighborhoods of the states U
and U, denoted as B and BY, respectively, and a constant § > 0 such that for all
(Ur,Ur) € BY x BY, there exists some heights (h, k) € Bs(h?, h?) and the solution
to the Riemann problem at the dam (Uj, Us) is constructed as the restrictions to
the dam of the standard Riemann problem with data U and (h, L] (h; U;")) for the
upstream reach and (k, Ly (h; U})) and U for the downstream reach. Moreover, we

can choose 0 such that h; > H; > hy. This complete the proof of the proposition. m

6.3.2 The general case with H; # 0

A sketch of the situation here is depicted in Figure 6.2. We denote by hi = hy + Hy
the water height in the upstream reach of the river from the common reference level
taken to be the bottom level of the downstream river. One can take the water
velocity in the upstream river to be the same as that of the case Hy = 0 so that
uy = up. By inserting (izl, @) in the shallow water equations, we obtain an evolution

equation for (hy, ;) as

Ohy + 0y (M) = Ho0yin (6.16a)
~ ~ 1 -~ ~

This resulting system is not conservative due to the presence of a source term that
involves the derivatives of the flow variables. This situation poses serious problems
in the analysis due to the fact that for steady state solutions, we need to balance the
source term with the flow gradient. One can solve the problem by directly solving
the flow equation for the case Hy = 0 to obtain (hy,u;) and then obtain the flow

variable in the case Hy # 0 as ﬁl = h; + Hy and 4y = u;.

6.4 Numerical Results

Here, we test the efficiency of the coupling conditions proposed above by implement-

ing some examples. We discretize in the finite volume framework the shallow water
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equation using a Godunov type scheme. The space domain is subdivided into cells

Iy = [z;,_1,2;,1], with a constant mesh size Az = ;1 — x;_1 and the time domain
2 2 2

1 —
3 K3

in cells [t,,t,41], with the time step At = t,,1 — t,, chosen so as to satisfy the CFL

condition [79]. Considering the cell averages

m@:i%ﬁ@mw

the first order Godunov scheme for a conservation law d;v + 0, f(v) = 0 reads

v"“:v"—%(ﬂ%‘ﬂ—%) (6.17)
Therein, the numerical flux function Fj 1= F(v;,0;11) is a map that depends on
the values of the flow in the neighboring cells of the interface x;,1/, as was discussed
in Chapter 2. For the simulations, at each time step, we evolve the flow equations
for each river reach and adjust the boundary conditions. For the external boundary
conditions, we use the transparent boundary conditions. At the dam, we solve
numerically the coupling conditions presented in the previous section to obtain the
intermediary states that are used as internal boundary conditions at the dam. The

nonlinear solver used is a Broyden’s method with a Sherman-Morrison formula, see

[53].

6.4.1 The Riemann problem at the dam and the pooled
stepped chutes

To validate the coupling conditions proposed here for the shallow water equations
at the dam, we use some heuristic formulas from the engineering literature. These
formulas come from experiments and play an important role in the dynamics of
pooled stepped chutes.

The set up here is a channel with some pooled stepped chutes where each of the
steps has the form presented in Figure 6.4. From the hydraulic literature, see for
example [13, 101], one can compute the water height at any point x of the channel
with the formula [101]

z T

—:M%ﬁ+@ﬁ+m (6.18)

H
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Figure 6.4: Geometry of the step with a dam.

and
z x x
o :kA(E)2+kBﬁ+kc+kD, (6.19)
with the constant k4, kg, kc, kp given as
ko = —043+025-%
4 ’ T 29H
u? u? u?
kg = 0.41—1.60 —4/1.57 2-0.89 0.13
& 2gH \/ <29H) 2gH +
02
ke = 0.15—0.45
¢ 2gH
u? 2
kp = 0.57—2 —0.21] e!0*/Cgi)-021)
v (29H ) ‘

Here z is the water height at x = 0, H is the water height above the dam initially
and u is the velocity of the water at the dam, see Figure 6.4.

As we have seen before, the coupling conditions given by the equality of the
dynamic pressure and that of the equality of the water height give the same results
provided that the velocity on the left of the dam and on the right are equal. So we
consider in the numerical simulations only the two cases corresponding to (6.8, 6.9)
and (6.8, 6.14). In this section, we compare the result obtained with the coupling

conditions described above with the formula from the hydraulic literature (6.18)
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and (6.19). We assume that the upstream river corresponds to the interval [—20, 0]
and the downstream river corresponds to [0,20] with the step or dam sitting at
x = 0. The results obtained with (6.19) compare well with that obtained with the
coupling conditions (6.8,6.9) and (6.8,6.14), see Table 6.1 and Table 6.2. In the
tables, the first column represent the dam height H;, the second column the initial
water height upstream the dam, the third column represent water height at the
dam 2}, obtained with our simulation routine, the fourth column is the water
height at the dam 22 obtained from the experimental formula (6.19) and the last
column shows the absolute value of the difference of the two water heights at the
dam |23, — 23,.,|- We see in these tables that the absolute error increases with the
dam height. However, the relative error with respect to the dam height, that is not

shown in the table, remains in the same range for the different dam heights.

Table 6.1: The water height at the dam obtained with the coupling conditions and

the experiments. The Lax curves and the coupling conditions (6.8),(6.9) are used.

H, hy 2. (simulation) | 23 (experiments, (6.19)) | |23, — 23..]
8.00000 | 9.50000 6.24526 6.57208 0.32682
10.00000 | 12.50000 6.88066 8.49585 1.61519
15.00000 | 25.50000 15.65344 17.47017 1.81673
25.00000 | 27.50000 16.07635 18.87659 2.80024
35.00000 | 35.50000 21.12556 24.44513 3.31957
55.00000 | 59.80000 37.89507 41.37519 3.48012

For the two tests, we run the simulation up to time 7" = 0.5 seconds and we used

for the downstream flow hy = 0.5, ¢ = 0.0, ¢ = 2.5

6.4.2 Dynamics with a small water height above the step

We consider a pooled stepped problem modeled as above with the data given by

U =(9.5,25), U, =(L500), H =8.0.
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Table 6.2: The water height at the dam obtained with the coupling conditions and

the experiments. The Lax curves and the coupling conditions (6.8),(6.13) are used

with 3 = 0.0002

H, hy Zham (simulation) | 23, . (experiments, (6.19)) | |23, — Zdam]
8.00000 | 9.50000 6.23834 6.57140 0.33306
10.00000 | 12.50000 6.82623 8.48875 1.66252
15.00000 | 25.50000 15.65283 17.47009 1.81726
25.00000 | 27.50000 16.07545 18.87649 2.80104
35.00000 | 35.50000 21.12486 24.44506 3.3202
55.00000 | 59.80000 37.89465 41.37515 3.4805

We compute the dynamics of the water heights and that of the discharge ¢ = hu and

we present the results in Figure 6.5. To gain more insight into the dynamics of the

Figure 6.5: Water height(left) and discharge (right) the solution of the Riemann

problem at the dam with the coupling conditions (6.8)-(6.9).

dam, we introduce a perturbation in the upstream reach of the river and investigate

how it influences the flow downstream of the dam. From the data reported above,

we replace the water height with a perturbation in the form

h; — hl + 5&[,67,4]
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where £4 is the characteristic function taking the value 1 in the set A and zero else-
where and with 6 = 0.5. We present in Figure 6.6 the water height and the discharge
at the final time and in Figure 6.7 we plot the contour lines and the snapshot of
the water height. We see that the introduced perturbation moves backwards and
have a very small influence at the dam. From the perturbation, we have waves with
considerable strength moving backwards and waves of very small strength that ar-
rive at the dam. Those waves do not influence significantly the water height at the

downstream reach which remains steady.

Figure 6.6: Water height(left) and discharge (right) with a perturbation in the

upstream river.

6.4.3 The general case

Now we consider some data for the Riemann problem at the dam given as

U = (52.5,2.5), U, =(05,00), H =25 (6.20)

We expect the effect of the dam to be seen clearly. At the upstream reach, because of
the small reaction of the dam and the free motion of water, there is a decrease in the
water height upstream with a rarefaction wave that forms and moves backward. At

the downstream reach, the water height increases because of the action of the water
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Figure 6.7: Contour lines and snapshots of the water heights for the perturbed
problem. The perturbations do not affect the dam.

pouring. A shock wave originates there and moves downstream. The flow properties

look steady far from the dam. The numerical results are depicted in Figure 6.8.

T T T T T T T
sof 4
200+

150

100+

Figure 6.8: Flow variables for the solution of the Riemann problem at the dam for
the data in (6.20).

Now we test a case where the water level in both rivers are nearly equal.
U = (52.5,1.5), U, =(50.0,0.0), H;=25. (6.21)

The results are presented in Figure 6.9. The qualitative behavior of the solution is

similar to that of the previous example.
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N
8
q=hu
| | .

Figure 6.9: Flow variables for the solution of the Riemann problem at the dam for
the data in (6.21).

For the two previous examples, we present the solution of the Riemann problem
at the dam in the zt-plane in Figure 6.10. One sees clearly that the admissible
solution has a shock wave moving backward (from the dam) and a rarefaction wave

moving forward.

Figure 6.10: Solutions of the Riemann problem at the dam in the xt-plane. The
characteristic of the water height is plotted.
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6.5 Concluding Remarks

In this chapter, we have proposed a new approach to the simulation of pooled stepped
chutes. We assume that the flow is governed by the shallow water equations and the
dynamics are resolved by the use of some coupling conditions at each step or dam
in the channel. The results presented here have been validated using an empirical
formula obtained from experiments. In this chapter, we have concentrated on the
case of one step in the channel. The results can be extended to the case of a channel

with many steps in a straightforward way.
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Chapter 7

A Multi-scale Approach to the
Control of Systems Governed by

Partial differential Equations

The treatment of control problems governed by a system of conservation laws poses
serious challenges for the analysis and the numerical simulations. This is due mainly
to wave interaction that occur in the solution of nonlinear systems of conservation
laws. To solve that problem, we propose in this chapter the use of a linear approxima-
tion of the nonlinear system, specifically a lattice Boltzmann equations approach.
The idea of the lattice Boltzmann approach is to retain the simplest microscopic
description that gives macroscopic behavior of interest. By selecting appropriate
number of speeds and the appropriate form of the equilibrium distribution func-
tion, one may match the equations that result from the lattice Boltzmann method
with those of the traditional kinetic theory of interest to the desired level. In this
work, we are concerned with the optimal control of systems governed by the Euler
equations. We use an adjoint method and derive the optimality system using the
lattice Boltzmann equation at the microscopic level. The result is obtained at the
macroscopic limit using a multi-scale technique. Moreover, we consider the discrete

form of the optimization problem and prove that the solution of the optimization

144
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problems with the flow computed with first order and second order schemes are
similar. This allows us to use the first order scheme to solve more robustly some
practical test problems of interest. Part of the results presented in this chapter led
to [86, 106].

7.1 Introduction

The control of systems governed by a system of conservation laws is of great interest,
for example in aerodynamics [96, 66] and in shape optimization [90, 67, 91]. It is
usually formulated as an inverse problem where given some flow properties at the
final time T, one determines the initial flow that leads to the desired flow properties.
In aerodynamics, the problem in general consists of determining the shape of a
body (airplane, helicopter rotors) such that the lift is maximized or the drag is
minimized, the flow surrounding the body being given by a system of conservation
laws. It is known that in general the semi-group generated by a conservation law
is non—differentiable in L' even in the scalar, one-dimensional case. A differential
structure on general BV —solutions for hyperbolic conservation laws in one space
dimension has been introduced and discussed in [12, 22, 25, 27, 104]. Based on the
derived calculus first—order optimality conditions for systems have been given in [29].
Theoretical discussion on the resulting non—conservative equations can be found in
[15, 16, 17]. Numerical results in the scalar, one-dimensional case with distributed
control are also presented in [103, 104, 105]. Work on advection equations has been
presented in [82]. Derivative-based approaches to control problems associated with
partial differential equations follow the usual Lagrangian approach. [58]. They all
start with a Lagrangian formulation and a formal derivation of the optimality system
that consist in general of the original constraints (systems of conservation laws)
which are recovered as the vanishing variation of the Lagrangian with respect to the
Lagrange multipliers or adjoint variable, the adjoint system or co-state equations
which are obtained when the variation of the Lagrangian with respect to the state

variable vanishes and the optimality conditions which come from the variation of
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the Lagrangian with respect to the control. For simple problems, one can solve
”in one shot” the optimality system and obtain a solution of the control problem.
This approach is considered as a solution of a control problem without optimization.
The two other approaches are iterative methods which consist of solving iteratively
the state equations and the adjoint equations or sensitivity equations and updating
the control using the optimality conditions. The sensitivity approach is suitable
when one has a finite and small number of controls [90] since one has as many
sensitivity equations as the number of controls. In the other case, one uses the
adjoint method for which one solves only one adjoint equation independently of
the number of controls. It appears then that the adjoint method is suitable for
problems with distributed controls that are effective in all the flow domain. For
these iterative methods, the flow equations are solved forward in time and the adjoint
system backward in time for unsteady problems. Due to the nonlinearity of the flux
function, some wave interactions can occur in the solution of the flow equations
and while solving the adjoint equations backward following the characteristics, the
interaction point of the wave poses a serious problem to the backward solver. One
might think of solving this problem by taking very small time steps that avoid these
wave interactions. However, this leads to a stability problem since those small time

steps can violate the CFL conditions.

In this chapter, we consider a control problem associated with the Euler equa-
tion and we propose for the solution of this problem the use of a linearization of the
flow equation. It consists of replacing the Euler equations by its kinetic approxima-
tion in the form of the lattice Boltzmann equation (LBE) [92, 93, 71]. In [5], the
same problem was considered for scalar conservation laws and a relaxation approach
was used[11, 14, 69]. In general, the Lattice Boltzmann Method solves the kinetic
equation of the discrete-molecular-velocity type such that the macroscopic variables
satisfy the fluid dynamics type of equations. The lattice Boltzmann model differs
from the macroscopic model in that it is linear in the transport term and therefore
can resolve the problem of wave interactions. The nonlinear effect is captured in the

so-called collision operator which appears as a source term in the LBE. The adjoint
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approach to the control problem is derived at the microscopic level using the LBE
and the macroscopic result is obtained at the hydrodynamic limit as the Knudsen
number goes to zero. We obtained a robust method that works well for many test
problems of interest.

The rest of this chapter is organized as follows. The formulation of the optimal
control problem as an optimization problem with partial differential equations is
presented in Section 7.2. We postulate that one can replace the PDE with its kinetics
approximation formulated as a Lattice Boltzmann problem. For the Euler equation,
more details on the finite velocities as well as the equilibrium distribution are given
in Section 7.3. We briefly in the same section discuss the convergence of the kinetic
model toward the hydrodynamic model. The derivation of the adjoint calculus
using the microscopic model formulation is presented in Section 7.3.2. Numerical
formulation of the optimization problem as well as the test of the method on practical
problems of interest are documented in Section 7.5. Some concluding remarks and

some future extensions are presented in Section 7.6.

7.2 Problem formulation
Here we consider the optimization problem
Minimize J(u(T),.), up; ug) (7.1)
uo

where J(u(T).), up; uy) is a cost functional to be made precise later and

u = (p, pu, p(bRO + u?)) solves the Euler equations in the form

Jp  Opu
A s 2
ot tor ~ Y (7:20)
dpu  I(pu?® + p)
= 2
e 0 (7.2b)
5 2
2
8p(bR§t+ u?) N d (pu(bRH ;:Cu )+ 2pu) _ 0 (7.2¢)

with the initial conditions

u = ug = (po, potio, po (bR + u3)) at ¢ =0, (7.3)
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where t € [0,T], x € R, po, ug, by are given initial density, velocity and temperature
as function of the space variable z. In (7.1), u, represents a desired state that needs
to be approximately achieved at time ¢ = 7. We will denote the momentum as
m = pu and the energy as E = p(bf + u?). The cost functional J(u(T,.),ug;uy)

can then be written more explicitly as

J(T,.),up;uy) = %/RHU(:L’,T)—ud(:U)sz:L’
= 4 [0T0) = pule) + (T ) = ) (T

+(E(T, z) — Ey4(x))?| du.

The solution of the optimal control problem (7.1) poses serious problems in practice
due to wave interaction that can occur in the solution of the flow equation (7.2).
These wave interactions are mainly due to the nonlinearity of the flow equations. We
then suggest in this chapter the use of a linear approximation of the flow equation,
the lattice-Boltzmann (LB) approximation, for the solution of the problem. This
leads to a multiscale problem with the kinetic LB equation at the microscopic level
and the Euler equation at the macroscopic level. We will derive the adjoint equations
using the microscopic model and obtain the results at the macroscopic level by a

multiscale technique.

7.3 A kinetic approximation of the Euler equation

In this section, we review for the purpose of the optimal control problem the Lattice
Boltzmann approximation of the Euler equation proposed by Kataoka and Tsuta-
hara [71]. In view of an extension of the problem for multidimensional situations,
we consider the Euler equation in more than one dimension and we introduce the

Greek subscripts «, = 1,2,..., D for the space dimensions with D = 1,2,3. We
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then write the Euler equations as

dp  Opua
ot o " 0 (7.5a)
Opue  Opuqug ~ Op
ot Oz +8$a - (7:30)
2) 9 (pug(bRO + u2) + 2puy,
Ip(bRO + u2) + (o u5) + 2pua) - 0 (7.5¢)

8t 837 Ié;

where t is time, z, is the spatial coordinate, p, u,, ¢ and
p = pRY

are the density, the flow velocity in the z, direction, the temperature and the pres-
. . . 2 .
sure of a gas, respectively. The specific gas constant is denoted by R and b = o7 s
a given constant with v the specific heat ratio. Recall that a and  are subscripts
and the Einstein summation convention is used, i.e., repeated subscripts mean a

summation over the space coordinates. The initial conditions are
p=po, Ug=1Uso, 0=0" at t=0, (7.6)

where pg, Uq.0, 0° are given function of the space variable z,. A lattice-Boltzmann
approximation to the compressible Euler equations (7.5) is described as follows. Let
N + 1 be the number of particles. We denote by &, the molecular velocity of the
1—th particle of density f; in the z, direction. We introduce the variable 7; to
control the specific heat ratio and we denote by f;(¢, z,) the velocity distribution

function of the ith particle. The macroscopic variables p, u, and 6 are defined by

N N N
p=> fir pua=Y &ali and p(bRO+ul)=> (& +n)fi  (T.7)
i=0 i=0 i=0
Now we denote as f = (fo,..., fnv—1) the vectors of all particles densities and we
consider the initial-value problem for the kinetic equation
ofi Ofi .
ia=—— = (f), =0,...,N. 7.8
S Gt = u(f), =0 (79)
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where the collision operator €;(f) is of the Bhatnager-Gross-Krook (BGK)-type

fieq(pa Uq, 0) - fz

Qi(f) = .
(f) - (79)
and the initial conditions are given by

fi= 710" u2, 0% at t=0. (7.10)

In (7.9), 7 is a given constant called the relazation time and the local equilibrium
distribution function f{4(p, u.,0) is a given function of the macroscopic variables.
One can integrate the Lattice Boltzmann model (7.8) along characteristics to obtain
the classical form of the model [92]:

filt + At 20 + §iaA) = filt,ma) 7 (p, U0, 0) — fi

A = . : (7.11)

where At is the discrete time step of order 7. In general, (7.11) is viewed as the two
steps process made of a collision step
N eq 9) — f
fz<t,$a):fl(t,l’a)+Atfl (p7uom ) f’l7 (712>

T

and a propagation step
filt + At o + EAL) = fi(t, 24). (7.13)

The form (7.11) is only one finite difference discretization of the Lattice Boltzmann
model (7.8). Therefore, for the purpose of deriving an adjoint calculus for the lattice
Boltzmann model, we consider the general form (7.8) in the rest of the presentation.
To recover from the lattice Boltzmann equation the Euler equation at the hydro-
dynamic limits, the following constraints are imposed on the moments of the local

equilibrium distribution f* [71]:
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N
YT = p, (7.14a)
=0
N
Y e = pua, (7.14b)
=0
N
Zfiquiagiﬁ = péaﬁ + puqg, (714C)
N
Zfl (& +m) = p(bRO+ul), (7.14d)
=
Z (4108 = p([(b+2)RO+ pu2] . (7.14¢)

It is convenient to use the non-dimensional form of the lattice Boltzmann model
(7.8). For that purpose, let L, py and 6y be a reference length, density, and the

temperature,respectively. Then the non-dimensional variables are defined as

i ¢ L §ia . i
= y Lo = e i — ) i = )
LT, L Ro, " \/Rb,
s fi e ST
fi = %7 fz 1= E;
o ) e b ) P (7.15)
pP=— Uo = —F——=, 9:_7 D= ——;
Po RO, to po R0y
0 0 . iy 0
Po “  VRb, to po R0,
The non-dimensional compressible Euler equations then read
0p | Opua
0 7.16
at + al_a Y ( a)
Opti,, ~ Oplgtg — Op
- = 0, 7.16b
of " oz, | O (7.16b)
op(b+a2) O (Pita(bd+ i) + 25,
pLbo + i) = 0, (7.16¢)

ot dig
where p = /3@ and the initial conditions are

p=p", Ga=02, 0=0" at {=0. (7.17)
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The non-dimensional macroscopic variables are

N N N
p= fir Pla= Ciafi and pO+a2) = (& +0))fi  (7.18)
i=0 i=0 i=0

The kinetic equation (7.8) and its initial data in non-dimensional form are

ofi o 0fi _ f'(pia0)~ fi
; == , =0,...,N—1, 7.19
5 +&in » 5 i (7.19)
where € = @ is the Knudsen number and the initial conditions are given by
fi = fp°,05,6°) at £=0. (7.20)

The non dimensional equilibrium distribution ffq satisfy similar constraints as in
(7.14) with a hat on each flow variable and also on 7;. Moreover, the factor R is
omitted in (7.14d) and (7.14e).

7.3.1 One dimensional lattice Boltzmann and the Euler

equation

In this section and in the rest of this chapter, we restrict ourselves to the one
dimensional model for the lattice Boltzmann model and we omit the subscripts «,
representing the space variables. Precisely, we consider the one dimensional and five

velocities (D1Q5) model with the velocities given by
0. i=0
£ - vycos[(i — Dm], i=1,2 (7.21)
vy cos[(i — D7), i=3,4.

The non-dimensional form of the constant n is given as

A Mo, 1=0
"TV0 i=1234
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Therein vy and vy, with 15 # vy, and 1 are given nonzero constants. The equilibrium

distribution is given in the form

fieq = p(A; + B; ﬂg@)a (7.22)
where
0
V2 A ~ .
Ai=1S srom [Tt (b—l)n—%+1 0+a*, i=1,2, (7.23a)
m -2+ (b—l)g—%+1 0+a%, i=34,
and
0, 1 =0,
24 (b+2)0+a2 .
B’i — W, 1 = 1, 2, (723b)

2 a2
—vi+(b+2)0+1 .
21/%(1/%71/%) y L= 3’ 4.

We show below that with this set of discrete velocities, the lattice Boltzmann equa-
tions (7.19) converges in the hydrodynamic limits toward an equilibrium distribu-
tion, whose macroscopic variables solve the Euler equations. We will consider from
now on the non dimensional model and we will omit the hat on the non dimensional

flow variables. The weak solution of the Euler equations (7.2) satisfies

p p
d — — dt
A T A A WY
p(b0 + u?) pu(b0 + u?) + 2pu
L
+/ pOul ¥(z,0)de =0, (7.24)

P08 + ()

where ¢ (t, ) is a smooth test function of ¢ and x which vanishes for ¢ 4 |z| large
enough. To obtain the weak solution of the Euler equation from the kinetic equation

system (7.19), we consider as well the weak form of the lattice Boltzmann equation
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(7.19) in the form

o o aw aw fz‘eq<p7u7‘9) - fz
/_de/{; [(E_'_&%) fi+ - 1/1 dt

[ gt 0.0 = (7.25)

where 1) is a test function independent of . It was proven in [71] that the finite
difference form of the kinetic equation (7.19) is consistent with the above integral
form (7.25) even if the mesh width is of order O(e). According to the analysis
of the Boltzmann equation, shock waves and contact discontinuities are not real
discontinuities in the realm of lattice Boltzmann simulation, but thin layers of width
O(e) across which the variable makes an appreciable variation [71]. The following
result ensures that in the presence of shock and contact discontinuities, the weak
form of the kinetic equation (7.25) converges in the hydrodynamic limit to the weak

form of the Euler equations (7.24).

Proposition 7.1. Consider a case where the solution f; contains shock or contact
discontinuities in some region where the order of variation of f; in the space and
time variable is O(g). In other regions, f; has a moderate variation in the order of
unity. Then the solution f; of (7.25) in the limit ¢ — 0 is given by f; = f{(p,u,0)
whose macroscopic variable p, u, 0 satisfy the weak form of the Euler equation given

by (7.24) and its initial conditions.

For completeness, we highlight the main ideas of the proof along the line of [71].
Proof. We will use the subscripts S and E for the flow variables in the region where
the order of variation of f; in space and time is O(e) and unity, respectively. The
proof uses the Chapman-Enskog expansion of the microscopic and the macroscopic
variables. This technique is also referred to as the multiscale technique. We expand

the distribution f;, fig, fis in the form

where the components fi(m) are of the same order as unity. Macroscopic variables

are also expanded as
h=hO 4 en® £ 2p@ (7.27)
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where h stands for p, pu or E. The components functions here also have the mag-

nitude of unity and moreover, they satisfy the equations of the form

N
pm = N, (7.28a)
=0
N
pu™m = N, (7.28D)
i=0
N
P (um)? 4 ptm) = N g2 (7.28¢)
1=0
N
PO + (™)) = N (@ 4n?),  (7.284)
1=0

N
o [(b+ 20 4 oM P = 37 p)e (7.280)

where m is an integer. We substitute the expanded function f; and f{ in the kinetic

equation (7.25) and collect the leading order terms to get

/ dx/ fO — ey = o,

[ / K?;f% ¢) 0 4 (4D (0 O 9O _ D )v} i

(e 9]

/ (0%, u®, 60°)p(0, ) da—+
//D zs - zS 0))—(f¢(g)—sz )} wdxdt = {7.29)

where Dg indicates where the variation of f; in the xt plane is of the order of €.

From the leading order term we get

F = a0 W o). (7.30)

The next-order equation can be seen as a linear inhomogeneous equation for fl%)
The constrains (7.28) apply also for the equilibrium particles. It follows that
SV G (FAM — fDy = 0, where g; = 1, &, €2, 2412 ... Therefore, equation (7.29)
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has a solution only when its inhomogeneous term satisfy the following solvability

[l (3

/ p u”,0°)(0, v)dz+
[ [ (09 - - ] vasarf =0 @y

Substituting (7.30) into (7.31) and using (7.28), we get the integral form of the Euler
(0)

condition

equation (7.24) for the leading order macroscopic variables py u E , Qg) , and p

]
For the rest of this chapter, the vector of conserved variables for the Euler equations

is u = (p, pu, p(bd + u?)) which correspond to the nondimensional model.

7.3.2 Derivation of an adjoint calculus at the microscopic

level

The Lagrangian at the microscopic level is given by

L(f, )\) = j(u(T, .), Uy, ud) - Z/O /]R; [8th + §Zamfz — Qz<f)] )\Zda:dt, (732)

where ); is the Lagrange multiplier or the adjoint velocity distribution. Integrating

by parts, (7.32) becomes

—Z/R (fiT, )N(T, ) = f77(0° (), u*(x), 0°(2)) i 0, 7)) dr. (7.33)

By taking the variation of the Lagrangian with respect to the state variable f; and

taking into account (7.7), we arrive at the adjoint system

—Op i — EiOp ) —Z a f A (7.34)
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with a terminal condition

B dp om oF
N(T, )= (p— pd)afi + (m — my) oF + (E — Ed)a—fi, z €R, (7.35)
with
op om oE 5,
=1 =& = & 2. )

The adjoint equation (7.34) has the same structure as the original model (7.8) and
we can, therefore, call the term in the right hand side of (7.34) the adjoint collision

operator. In the BGK formulation, the adjoint collision operator has the form

(), 1= Of
N = =( N —A). (7.37)
jz; ofi T ]Z% ofi !

For the equilibrium functional given in (7.22), one can write that

Of" _ 08" 0p  Of"om 0L} OF
df, ~ Op of;  om 0f, ' OE of,

(7.38)

The partial derivatives g—}’ﬁ, g—;?, g—f are already given in (7.36) and then we re-

main with the partial derivatives of the equilibrium functional with respect to the

macroscopic variables. They can be obtained as

o1l OA. OB,
aLjp = A+ pa—pj + mé}-a—pj, (7.39)
of;’ DA, OB,
arjn = pa—TrZ + & B + fjma—wj, (7.40)
af" DA, 9B,
= poag HEma A1
with
b—1 Ep—2m? .
oA _W pbp3 ’ J=Y
' v3(b-1) om? By om? o
8p] = 2(u$1ﬂ,§) e e O v =) i=12, (7.42a)
v2(b— m2— m?2 .
2(1/%1_”%) ( 1(:;(2) 2 + 1)2 bpSEp - 2? y J = 3747
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5 0, j=0,
B 1 4m34+E .
apj =y 22022 b8 L, j=12, (7.42Db)

1 4m?+Ep s
2(wi-v?) bpd ) J = 3’4’

TR b J=0,
% =\ W _(Vf(%l) HE - ), j=12, (7.42¢)
TR —<V1(§g_1) + 1) -2 =34,
9B, " | 77 v
om ) Ewan I L2 (7.42d)
_ug(ygl—m v J =34,
b i=0,
% zw%l—ug)(”i(% Lrng =12 (7.42e)
sorm (M + D 4= 3.4,
and
0, j=0,
% = FEH e = L2 (7.42f)

B2 =34

vi(vi—vi) bp
We can then define the adjoint equilibrium distribution as

N-1 afeq

A= 5 JJC ;. (7.43)

J=0

Now at the microscopic level, one can solve the lattice-Boltzmann equations, and
obtain solutions f;. One then takes the moments to obtain the macroscopic variables
at any time 0 < ¢ < T'. These are then used to solve backward in time the microscopic
adjoint equation (7.34) for the adjoint variable \;. These are eventually used together
with the optimality condition to obtain the gradient of the cost function with respect

to the control uy.
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7.3.3 Hydrodynamic limits of the adjoint microscopic model

In this section, we find the hydrodynamic limit of the microscopic adjoint equations.

We introduce the following notations for the macroscopic adjoint variables

N N
A=) "N A=) &N (7.44)
=0 =0

N
Applying > to (7.34), leads to the equation
i=0

N
1
—Oh\ — O A = — AT — ). 7.45
A= 0= 23N - (7.45)
Therefore, if one needs a ”conservation of mass” at the adjoint level, the adjoint

equilibrium distribution in (7.43) should satisfy the constraint

N

D oONT= (7.46)

=0

Similarly, applying multiplying (7.34) by &; and taking the sum over i from 0 to N

leads to the equation

N N
—OWNL— 0, Y &N = % (Z ENT — )«1) : (7.47)
=0 =0

As above if we want exact conservation of momentum, the equilibrium distribution

needs to satisfy

N
D GA = M. (7.48)
=0
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In order to close the adjoint system, we postulate that the adjoint equilibrium dis-

tribution satisfies (7.46), (7.45) and the relations

N
D OEXT = p+ A, (7.49a)
=0
N
D@ +TNT = Al + Ni?), (7.49b)
=0
N
SaE@+Nt = A|o+2)0+ 3@ (7.49¢)
=0

where p, 0, 7 are some adjoint pressure, temperature and a constant similar to n. To

close the momentum equation, we assume as for the flow equations that

N N
doENmY ENT=p+ i
1=0 1=0

and we obtain

N
1
=0\t — O, (p+ At) = — A= Au |, 7.50
i = (e ) (750
N
By multiplying (7.34) by >_ (&2 +17?), we obtain, using similar closure law as above,
i=0

0, [0+ xa)] — 8, {X [0+ 2)0 + i ) .
— (M0 + 307 - 3@ ) 720

The final conditions at time ¢t =T are given as

A= N(p—pa)+(E—Eq)>n}+&),
i = (m—mg) Y, &+ (E— Eq) Y, &m?,
M+ N2 = (p—pa) X0 + &) + (m—ma) 3, &m?
+(E = Eq) >, (7 + &),

Note that in the previous equation, the flow variables are obtained from the solution

att=T. (7.52)

of the flow equation at time 7. They should then be seen as p(T,-), 6(T,-) and so
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on. We remark that the hydrodynamic limits of the adjoint microscopic system
leads to a nonlinear system of conservation laws with source term. The source term
can vanish if the adjoint equilibrium functional satisfies the constraints proposed in
(7.46), (7.48) and (7.49). One has now to solve that system for the adjoint variables
A, 2 and 0.

7.3.4 The formal macroscopic adjoint system

In this section, we consider the Euler equation in one dimension (7.16) in its con-

servative form given by

op+0,m = 0,

Om+0, | £+ = o, (7.53)
@E+@F§+@%?ﬁ = 0,

where the conservative variables u = (p, m, F) are related to the primitive variables

(p,u, 6) by
m=pu, E = p(b+u?). (7.54)

Equation (7.53) can be written in a compact form as:
w + f(u), =0 (7.55)

where the flux function f(u) can be easily extracted. The Jacobian matrix of f(u)

with respect to u is given by

0 1 0
flw)=] - sl (7.56)
_ m(pE(b+2)—4m?)  pE(b+2)—6m?  m(b+2)
bp? bp? bp

The system (7.53) is strictly hyperbolic since the eigenvalues of the Jacobian matrix

f'(a),

M) = 2 DGR = dew) =2 Nalw) = Dot BT DB = )
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are real and distinct.
To derive the adjoint system, we assume that u is a column vector and we introduce
the column matrix of Lagrange multipliers n = [, 72, n3]" and write the Lagrangian

as

L(u(T,),up;ug,n) = T (u(T,-),up;uy) — /0 /Rnt [u; + f(u),] dedt.

The superscript ¢ stand for the matrix transpose! so that u‘v denote the usual dot
product of the column vector u and v. We keep a matrix notation throughout this
section. One can integrate by part the integral in the Lagrangian expression to have
that

T
L(U(T, ')7 Up; udvn) = j(ll(T, '),llo; ud) +/ /7);“ + n;f(u)dxdt
0 R

[ 2 2) 0,2 w0,

By taking formally the variation of the Lagrangian with respect to the flow variable

u, we obtain the adjoint equation

—n; — f'(0)'n, = 0. (7.57)

We assume for the sake of generality that the cost functional has the integral form
J((T, ), w;uq) = / (T, z))dr,
R

where ¢ : R3 — R* is a given functional which depends possibly on some other

function. The final condition for the adjoint equation can then be written as

t

o) = (G (7.5
One can specify in a straightforward way this adjoint system for the Euler equations.
We point out that we performed the above computation only formally since in
general the flow generated by a system of conservation laws is not differentiable, see
[29].

! Remark that this notation can be conflicting with that of the time ¢, but the difference between

the two is clear from the context.
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7.4 Relation between the microscopic-adjoint and

the macroscopic-adjoint equations

In this section, we investigate the commutativity of the diagram given in Figure 7.1.
In the previous section, we have derived formally the adjoint system related to the
optimization of Fuler flows. We obtained a backward linear system of conservation
laws in the adjoint variables (7.57). On the other hand, we considered the moments
of the adjoint Lattice Boltzmann system and obtained the microscopic-macroscopic
adjoint system (7.45, 7.47, 7.51). The result is a nonlinear system of conservation
laws with a source term which depends on the moments of the adjoint equilibrium

distribution. With a suitable choice of the adjoint equilibrium distribution, this

Latti .
Boﬁ:zrlr(ieemn Hydrodynamics . Elﬂteir .
Equation (LBE) quatio
Adjoint Adjoint
Calculus Calculus
(LBE)* Hydrodynamics ( (LB]EE);>hydro
((LBE)hydro)*

Figure 7.1: Microscopic and macroscopic model: do they agree?

source term can vanish. This amounts to require for example that A = E?L—Ol A
However, one does not have many degrees of freedom in the choice of the equilibrium
distributions. It is important to keep in mind that in general, the equilibrium
distribution functional is found as a minimum of the entropy function under the
constraints of conservation of mass and conservation of momentum [31, 30]. Since
the adjoint collision operator is found as a linear combination of the derivatives of
the equilibrium distribution functional, fjeq, with respect to the velocity distributions

function f;, this amounts to impose some constraints on both the equilibrium and
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its derivatives. We found that this is meaningful only if the equilibrium functional is
linear in the density and molecular velocities. But this case is not of much interest

in practical problems.

7.5 Numerical Results

7.5.1 Solution of the flow equations

We point out that, for each particle ¢ with speed &;, the lattice Boltzmann equa-
tions (7.8) and its adjoint form (7.34) are transport equation with the source term.
Therefore, we discretize them in the finite volume framework with a second order
integration in time and a second order upwind integration in space with the minmod
slope limiters [79] as briefly described below. We consider the advection equation in

the general form

{ vtav, = g(v), () €[0,1]x[0,T], (7.59)

v(0,z) = x), z€]0,1],

where a is the wave speed and g(v) is a source term. We discretize the space domain
[0,1] with a uniform mesh as in Section 2.4. In the finite volume framework, we

consider a second order scheme in the semi-discrete form [79]

dv  Fii—Fy
kL , 7.60
where g; is the cell average of the source term, and the numerical flux is given by
_ 1 alAt
Fj+%:a Uj+1+a+vj+§|a,| <1—|A—x)0']+%, (761)
where a™ = max{a,0} and a~ = min{a, 0} and the slope limiters o 11 are defined
as
o= Minmod (v; — v_1,vVj4+1 — v;) if a >0, (7.62)
2 Minmod (vj41 — v;, V42 — vj41) if a <0,
with

Mimmod(r, y) = 3 (sen(x) + san(y)) - min(ja], o).
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The mesh size in time is set as At = /4 where ¢ is the Knudsen number. This choice
ensures that the CFL condition is satisfied for appropriate values of the Knudsen
number. For the numerical results, we used € = 10~*. For the source term, we use
the mid-point rule quadrature.

We test the proposed flow solver on solution of the Lax shock tube problem
described as follows: A tube is filled with a gas initially divided by a membrane
into two sections. The gas has a higher density and pressure in one half of the tube
than in the other, with zero velocity everywhere. At time ¢ = 0, the membrane is
suddenly removed and the gas is allowed to flow. We expect a net motion in the
direction of the lower pressure. Assuming uniform flow across the tube, there is
variation only in one direction and the 1-D Euler equations apply. For the lattice

Boltzmann simulations, the initial macroscopic variables are taken as

() = { (1,0,3) forx <0 (7.63)

] (3,0,15) fora >0

As a reference solution, we use the second order in space and time central scheme of
Kurganov and Tadmor [75] computed on a grid of N = 400 points with CF L = 0.74.
We present the numerical solution obtained with the lattice Boltzmann model and
the relaxation method in Figure 7.2 computed up to time ¢ = 0.15. The solution
obtained with a D1Q5 lattice Boltzmann model (circle) compares well with that
obtained in the central scheme of Kurganov (solid line), the shock, contact discon-
tinuity and the rarefaction waves are well resolved. Also, a comparison with the

scheme presented in [85, 78, 75| proves satisfactory.

7.5.2 Grid convergence analysis

In this section, we investigate the convergence of the lattice Boltzmann method
when the grid size increases. This is important since we want the result of solu-
tion of the flow equation computed with the LBE to reproduce the hydrodynamic
behavior independently of the mesh used. For this purpose, we solve numerically

approximation of the Euler equation given by the LBE equation using the finite
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Figure 7.2: Plot of the density, velocity, pressure and temperature computed at
time t = 0.15 with a central scheme and the D1Q5 lattice Boltzmann model for the

FEuler equations.

volume scheme discussed above for meshes of size N € {80, 160, 320, 640} and we
compute the reference solution with a finer grid of N = 1280 points. We use the

following Riemann data:

(0.445,0.311,8.928) for = < 0.5,

ug(z) = (7.64)
(0.5,0.10,1.4275)  for > 0.5.

This problem can be described physically as the Lax shock tube problem, with a
gas with non-zero velocity on each side of the membrane. We show in Figure 7.3

the profile of the conservative variables given by the density, the momentum, the
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energy as well as the pressure.
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Figure 7.3: Plot of the density, momentum, energy and pressure computed at time

t = 0.15 with meshes of multiple sizes.

The LBE flow solver used here is convergent and, as the grid is refined, the

solution is more and more accurate.

Moreover, the solutions obtained with the

different grid as depicted in Figure 7.3 have the same qualitative behavior, that is,

an expansion or rarefaction wave moving to the left, a contact discontinuity wave in

the middle and a shock wave moving to the right.
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7.5.3 The discrete form of the optimization problem

With the space and time discretization described above, the discrete form of the

objective function can then be written as
K
j(U(',T), Uo, ud) - sz ||llf{ - udin'
i=1

Recall that the vector u = (p, m, F) contains the conservative variables which are the
density, the momentum and the energy. For a given initial data ug, one can solve
numerically the flow equations for the state variable u(7),-)(ug) using the lattice
Boltzmann method and the optimization problem (7.1) can be re-written as an
unconstrained minimization for the reduced cost functional J = J (u(T, -)(ug); ug) .
One can then compute the gradient of this reduced cost using the finite difference
method. At each grid point, the gradient of the cost functional is computed using the
adjoint method proposed in the previous sections. From the optimality conditions,
we obtain that the gradient of the reduced cost functional satisfies

N-1
. HF(p0 0, 6O
vvo,ij = Ax f] (p “ )

J=0

811071- )\j(O, SL’Z> (765)

Using this gradient information, we can compute the solution of the optimization
problem using a descent algorithm with a line search algorithm. Here we used the

Armijo line search algorithm [72, 88]. The test for convergence is done as
|\7(u(7 T)a Up, ud)| < tOl,

where tol < 1 is a given tolerance.

7.5.4 An example with smooth data

We start the numerical investigations with the case of smooth data in the domain
[0,1] x [0, T]. We are searching for an optimal control (initial data) such that the

flow properties at time 7" match the flow initially given by

pao(r) = 62> — Tz + 3.2, mgo(z) =1.2, Ego =2+ 1.2 for x € [0,1].  (7.66)
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We start the optimization algorithm with the initial data

P’(z) = 62° —Tx + 3, m’(z) = 1.0, E°x) =2+ 1.0 for z € [0, 1]. (7.67)
The optimization problem is solved with a tolerance tol = 10~%. The initial, target

and optimized states are presented in Figure 7.4. The target state is attained and

the optimization routine presented here performs very well on this simple problem.
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Figure 7.4: Density, momentum, energy and pressure: Initial, target and Opti-

mized values at time T' = 0.01 for the example with smooth data.
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7.5.5 The inverse design of flow in a shock tube

The examples presented in this section involve the inverse design of a flow in a
1D shock-tube. Given a set of measurements of some actual flow at time t = T,
determine the best estimate for the initial state that leads to the observed flow be-
havior at the final time. This problem has been explored before by many authors
[64, 58, 66], but unlike them, we use the lattice Boltzmann approach for the solution
of the flow equation and the derivation of the adjoint calculus based on the micro-
scopic variable. We now consider numerical example derived from the Sod shock
tube problem. The target flow is obtained as the solution of a Riemann problem.
This is mainly for consistency because the objective function is evaluated only in
the “dual” space which here is , the space of solution of the flow equation computed
at time 7. For the optimal control of the Sod problem, we consider the initial data

and desired initial data given as

(1.0, 0, 3.0) if £ <0.5,
— (7.68a)
(0.125, 0, 0.375) if & > 0.5,
and
1.1,0,3.3) if £ <0.5
40 = (11,0, 3.3) if x ’ (7.68b)
(0.2, 0, 0.6) if 2 > 0.5,

respectively. We consider a time horizon of 7' = 0.03 in non-dimensional units and
we solve the control problem related to the Sod problem with data in (7.68). We
used a second order scheme as described in Section 7.5.1 with a mesh size of N = 300
cells. The results of the optimization problem are presented in Figure 7.5.

We used a tolerance tol = 1074, We see that the optimization routine performs
very well and the optimum is reached after 38 design iterations with a fix opti-
mization step of o = 0.047. We solve the same problem with the first order scheme
switching off the limiters o, 1 in the numerical fluxes (7.61). We present in Fig-
ure 7.6 the profile of the density and pressure.

The contact discontinuity wave in the solution of the flow equations is not well
resolved due to the smearing that usually appears with first order schemes. Never-

theless, the values of the gradients and the objective function, presented in Figure 7.7
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Figure 7.5: Density, momentum, energy and pressure: initial, optimized and target

flow variables at t = 0.03. for the inverse design of flow in a shock tube problem.

show that the first order and second order scheme lead to similar values of the cost
functional. This is important to notice because the optimization method failed for
some test problems to compute the solution when the second order scheme was used.
We remark also that the distributed gradient of the objective function have the same
qualitative behavior for both schemes even if the exact values are not always the
same. In Figure 7.8 we display the gradients of the cost functional at time 7" = 0.03
in term of the flow variable.

The failure of the second order scheme was pointed out by Banda and Herty [5]

and Ulbrich [104] for scalar conservation laws. The second order schemes neverthe-
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Figure 7.6: Profile of the density(left) and energy(right) for the optimization prob-
lem with data (7.68) with the flow equation computed with a first order scheme.
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Figure 7.7: Values of the objective function and the L? norm of the gradient com-

puted with the first order and second order scheme.

less performs well for the solution of the optimization problem. The drawback is
that it works only for small times. Moreover, we solved the Sod problem for a longer
time T" = 0.15 with the first order scheme as it was done by Homescu and Navon

[64]. The profile of the density and energy are presented in Figure 7.9.

The results presented here compare very well with those obtained in [64].
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Figure 7.8: Gradients of the cost functional with respect to the control variables at

time T = 0.03.
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Figure 7.9: Profile of the density and energy for the optimization problem at time
T = 0.15 with the flow equation computed with a first order scheme.
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Note that we consider as control variables here, the conservative variables
uy = (po, Mo, Ep) which are distributed along the flow domain. In [64], only the

densities and the pressures were considered as control variables.

7.5.6 Convergence and CPU time

Here we investigate the convergence of the optimization method using the lattice
Boltzmann method in terms of the number of grid points for a given tolerance. We
consider here the example on the inverse design of flow in a shock tube with initial
data (7.68). For a tolerance of tol = 10~* we compute up to the time 7 = 0.03 the
solution of the optimal control problem related to the Euler equation with the grid
size in {50,100, 150, 200, 250, 300}. The value of the cost function, the L? norm of
the gradient of the cost functional, the number of optimization iterations (Nb It.)
and the CPU time are presented in Table 7.1. The notable observation is that the
number of optimization iterations does not depend on the grid size. This shows that
the LB method does not depend on the chosen lattice. The differences in the values
of the objective function are mainly due to the error related to the solution of the

flow equation.

N | J(u(T,-),up;uy) | VT (u(T,-), up;ug)|| | Nb It. | CPU time (in sec.)
50 9.088619¢-05 3.814747e-04 37 6.426500e+02
100 9.186854e-05 3.797603e-04 37 1.087600e+03
150 9.199552e-05 3.781883e-04 37 1.497710e+03
200 9.310957e-05 3.813341e-04 37 1.916500e+-03
250 9.211987e-05 3.805600e-04 37 2.322430e+03
300 9.049610e-05 3.430007e-04 37 2.823490e+03

Table 7.1: Convergence and CPU time for the solution of the inverse design of

flow in a shock tube.
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7.6 Concluding Remarks

We have presented in this chapter an adjoint calculus for the optimization of Euler
flows using the Lattice Boltzmann Equations. We have proved that the LBM con-
verges to the Euler equations using the Chapman-Enskog expansion. We studied the
hydrodynamic limits of the adjoint system and propose some closure relations in or-
der to have a consistent system in the macroscopic adjoint variables. This method
is easy to implement and allows extension to higher order and multidimensional
problems. An interesting fact about the results proposed here is that the number
of optimization iterations needed to achieve convergence does not depend on the
grid size. The numerical results compare well with those obtained by Rumpfkeil
and Zingg [96], Homescu and Navon [64] on a similar problem. Moreover, it appears
clear that the approach presented here, using the lattice Boltzmann model has no
problem dealing with discontinuity such as shocks, rarefaction or contact disconti-
nuities in the solution of the flow equations. There is no need for us to detect the
discontinuity in the solution or to consider the shock position as a control variable
as was done in [64] to solve the problem. This is an improvement on the results

presented by Homescu and Navon [64].



Chapter 8
Summary and Future Work

In this thesis, we presented some classical results pertaining to the analysis and
numerical integration of systems of conservation laws. We presented basic definitions
and the construction of the solution to the standard Riemann problem. Some basic
results and the general assumptions for the solution of the Cauchy problem at the
junction were introduced. We briefly presented the upwind and central schemes and
emphasized the conservative properties and the stability of these schemes for the

numerical solution of systems of conservation laws.

Our first application was the study of the drift-flur model in a network of pipes.
We derived the model equations from the two-fluid model and the assumption of
vanishing slip-function and source term. We solved the Riemann problem at the
junction for a simple pressure law and then did the same for a general pressure law
by deriving carefully the Lax curves. We proposed, for a network of pipes, suitable
coupling conditions for the solution of the Riemann problem at the junction. We
proved a well-posedness result for the Riemann problem at the junction. Our con-
structive proof led to the numerical simulation of some junctions of interest. We
used an upwind second order relaxation scheme for the solution of the flow equations
and the Newton method to find the zeros of our coupling conditions map.

As future work in this direction, one can consider the Cauchy problem at the junc-

tion. Based on previous work on the p-system and on the Euler equation by Colombo
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et al. [33, 41], it might be possible to develop a complete theory for the solution
of the Cauchy problem at the junction for the drift-flux model. In order to drop
the no-slip condition, one might have to go back to the two-fluid model and rather

consider a 4 x 4 system of conservation laws.

Our second application dealt with the dynamics of the shallow water equations
in a network of rivers. We first introduced the model equations for the flow and
presented some general properties of the flow. We discussed the solution of the
Riemann problem at junction for the shallow water equations in a network of rivers.
We presented numerical results for the case of a confluence of three connected rivers,
that of a river and a tributary and that of a storage basin. Still in this part, we
considered the dynamics of pooled stepped chutes, a geometry used in dams to
discharge flood water. Our approach here was to compute independently the water
flow between the horizontal stepped chutes and to couple the dynamics with suitable
coupling conditions. We compared the water height at the dam computed with our
method with that obtained in the hydraulic community via experiments. The two

results agreed and we then obtained a validation of our coupling conditions.

Finally, as a preliminary step for the control of fluid in networks, we solved
an optimization problem with an objective function of a matching type and with
constraints being the Euler equations. The novelty here was the linearization of
the flow equations using the lattice Boltzmann equations (LBE). We derived the
optimality condition using the microscopic model, the LBE, and we obtained our
optimal macroscopic states using a multiscale technique. Precisely, we considered
the hydrodynamic limit of our microscopic result as the Knudsen number goes to
zero. We then obtain a new method for the solution of the optimization problems
with the Euler equation as constraints on the flow. We implemented our method
and we used it to solve some interesting problems in fluid mechanics. Future work
in this area may consist of using the same method to solve two dimensional or three
dimensional control problems related to the Euler equations. The analysis done here
for the one dimensional case can be use with some straightforward changes. Also,

one might attempt to solve control problems related to the Euler equations in a
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network of pipes using the LBE method presented here. The big question is how
can the coupling conditions, that are given in terms of the macroscopic variables, be
included in the microscopic model? As demonstrated in this thesis, an open mind
to the offerings of different points of view can serve to strengthen our ability to

confront these open problems in our future work.
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