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Modélisation Mathématique et Analyse Numérique

A MULTILAYER SAINT-VENANT SYSTEM WITH MASS EXCHANGES FOR
SHALLOW WATER FLOWS.
DERIVATION AND NUMERICAL VALIDATION *

E. Aupusse!, M.O. BrisTEAUZ, B. PERTHAME? 3 AND J. SAINTE-MARIE? *

Abstract. The standard multilayer Saint-Venant system consists in introducing fluid layers that are
advected by the interfacial velocities. As a consequence there is no mass exchanges between these
layers and each layer is described by its height and its average velocity.

Here we introduce another multilayer system with mass exchanges between the neighborhing layers
where the unknowns are a total height of water and an average velocity per layer. We derive it from
Navier-Stokes system with an hydrostatic pressure and prove energy and hyperbolicity properties of
the model. We also give a kinetic interpretation leading to effective numerical schemes with positivity
and energy properties. Numerical tests show the versatility of the approach and its ability to compute
recirculation cases with wind forcing.

2000 Mathematics Subject Classification. 35Q30, 35Q35, 76D05.

The dates will be set by the publisher.

1. INTRODUCTION

Due to computational issues associated with the free surface Navier-Stokes or Euler equations, the simulations
of geophysical flows are often carried out with shallow water type models of reduced complexity. Indeed,
for vertically averaged models such as the Saint-Venant system [7], efficient and robust numerical techniques
(relaxation schemes [10], kinetic schemes [22],...) are available and avoid to deal with moving meshes.

Non-linear shallow water equations model the dynamics of a shallow, rotating layer of homogeneous incom-
pressible fluid and are typically used to describe vertically averaged flows in two or three dimensional domains,
in terms of horizontal velocity and depth variation, see Fig. 1.

The classical Saint-Venant system [7] with viscosity and friction [14-16, 18] is well suited for the modeling
of dam breaks or hydraulic jumps. The extended version of the Saint-Venant system proposed by Bristeau
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Navier-Stokes equations
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FIGURE 1. Averaged models derived from Navier-Stokes equations.

and Sainte-Marie [11] dropping the hydrostatic assumption is well adapted for the modeling of gravity waves
propagation.

Considering flows with large friction coefficients, with significant water depth or with important wind effects,
the horizontal velocity can hardly be approximated — as in the Saint-Venant system — by a vertically constant
velocity [24]. To drop this limitation a multilayer Saint-Venant model is often used where each layer is described
by its own height, its own velocity and is advected by the flow (see [1,5,6] and the references therein). This
advection property induces that there is no mass exchanges between neighborhing layers and makes a close
relation to models for two non-miscible fluids (see [9,12,13]) for instance). In [1] the multilayer strategy was
formally derived from the Navier-Stokes system with hydrostatic hypothesis departing from an earlier work [6]
introducing a vertical partition of water height.

Here, we derive another and simpler multilayer model where we prescribe the vertical discretization of the
layers taking in to account the (unknown) total height of water. Using a Galerkin approximation in lagrangian
formulation, we obtain a system where the only additional unknowns are the layers velocities. This leads to a
global continuity equation and allows mass exchanges between layers.

The objective of the paper is to present the derivation of this new multilayer model and to exhibit its main
properties (hyperbolicity, energy equality, ...). Some simulations performed with a kinetic scheme [4] are
presented at the end of the paper.

The paper is organized as follows. In Section 2, we first present, in a simplified case, the formulation of the
new multilayer Saint-Venant system starting from the hydrostatic Euler equations. In Section 3, we recall the
Navier-Stokes system with a free moving boundary and its closure, and the Shallow Water system. We also
introduce the multilayer formulation in the context of the hydrostatic assumption. In Section 4 we examine
the main properties of the multilayer system and present a kinetic interpretation of the proposed model. This
kinetic formulation leads to a numerical scheme detailed in Section 5 where some numerical simulations are also
shown.

2. A SIMPLIFIED CASE

Before deriving the complete version of the multilayer system, we illustrate the approach in a simple situation.
Moreover this case emphasizes the main differences with the multilayer system proposed by Audusse [1].
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We depart from the free surface hydrostatic Euler system

ou Ow
D T 2.1
5$+ 0z 0, (2.1)
ou Ou® Ouw Op
o et —© (22)
Jp
-y _ _ 2.
3 g (2.3)

for

t>t05 ‘TER, Zb(:r) §Z§77($7t)a
where 7(z,t) represents the free surface elevation, u = (u,w)? the velocity. The water height is H = 1 — 2, see
Fig. 2.

We add the two classical kinematic boundary conditions. At the free surface, we prescribe

on an B
5 + us% —Ws = 07 (24)

where the subscript s denotes the value of the considered quantity at the free surface. At the bottom, the
impermeability condition gives

up—— — wp = 0, 2.5

e b (25)

where the subscript b denotes the value of the considered quantity at the bottom.

We consider that the flow domain is divided in the vertical direction into N layers of thickness h, with N 4 1
interfaces zq41/2(,1), « =0,..., N (see Fig. 2) so that

N
H=>" ha, (2.6)

and

Zari (1) = 2(2) + Z hj(z,t). (2.7)

z
Free surface
Zur1je = (2, t) - T x
0 ug(,t e
‘ n(z,t ) L/)’ _____ ‘Xil-( 1)
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FIGURE 2. Notations for the multilayer approach.
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We consider the average velocities u,, o = 1,..., N defined by
1 zZa+1/2
Ua(x, 1) = h_/ u(z, z, t)dz, (2.8)
QO JzZa—1)2

we also denote

1 ZaJrl/Q
<u? >, (z,t) = h_/ u?(z, 2, t)dz, (2.9)
@ Jza—1)2
and
ua+1/2 = U((E, Za+1/2at)a (210)

the value of the velocity at the interface z41/2-

Proposition 2.1. With these notations, an integration of (2.1)-(2.3) over the layers [zo_1/2, 2a41/2), @ =
1,..., N leads to the following system of balance laws

Ohy  Ohoug

W + (9:6 - Ga+1/2 — Gafl/g, (211)
Ohalg 0 OH 0zp
5 + 9 (ha <u®>q) + gha% = _gha% + tat1/2Gat1/2 — Ua—1/2Ga—1/2- (2.12)

The expression of the exchange terms G192 is given in the following.

Proof. The proof relies on simple calculus based on the Leibniz rule. Using the incompressibility condition (2.1)
integrated over the interval [24_1 /2, Za41/2], We deduce the mass equation (2.11) where we exhibit the kinematic
of the interface on the right hand side

0za41)2 Dzat1)2
Ga+1/2: T:/+ua+l/2Tz/fw(xvza+l/27t)a OéZO,...,N. (213)

The relation (2.13) gives the mass flux leaving/entering the layer o through the interface zq41 /2.

Then we consider the velocity equation (2.2). We first observe that from the hydrostatic assumption (2.3) one
can compute the pressure as a function of the water height :

p(z,z,t) = g(n(z,t) — 2).
Now we integrate the equation (2.2) over the interval [z,_1 /2, Zo41/2] and we obtain the relation

Ohgtg 0 an
ot T gghe <U >a) +ghag = tas1/sCasriz ~ta-1/2Ca-1/2; (2.14)

and with the definition of H, this is equivalent to (2.12). Then the kinematic boundary conditions (2.4) and
(2.5) can be written

Gl/g =0, GN+1/2 =0. (2.15)
These equations just express that there is no loss/supply of mass through the bottom and the free surface.
Notice also that one can compute Gg41/2, just adding up the equations (2.11) for j < o and using the first
equality of (2.15)
G zgza:hwl—ﬁza:hu» a=1 N (2.16)
a+1/2 at_j—l j axj_l g, A .

O
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The standard multilayer Saint-Venant system [1] is obtained by prescribing
Ga+1/2 =0. (217)

This choice is clearly natural for inmiscible fluids but is not justified if the multilayer system is seen as a
numerical approximation of the hydrostaic Euler equations. Indeed there is no reason to prevent the water
exchanges between connected layers. Moreover it is exhibited in [1] that this choice may lead to the development
of instabilities at the interfaces.

Here we drop this assumption and we only keep the two physical kinematic boundary conditions (2.15). The
equation (2.11) is then no nore meaningful since the quantity 6;; , appears on both side of the equality. Nev-
ertheless the sum of the equations (2.11) for all the layers is still relevant and the boundary condition (2.15)
leads to a global continuity equation for the total water height H

- + — Z hattq =0, (2.18)

and each layer depth h, is then deduced from the total water height by the relation

he = I H, (2.19)
with l,, @« = 1,..., N a given number satisfying
N
lo>0, Y la=1 (2.20)
a=1
Thus the momentum equation (2.12) becomes
Ohotia O gh? 9z
o + o (h <u? >, +Z_T) = —gha—— o +Uag1/2Gat1/2 — Ua—1/2Ga—1/2- (2.21)

Using (2.18),(2.19), the expression of G 11,2 given by (2.16) can also be written

[ Ohiu, Ohiu;
Gati1/2 = Z ( 8Jz Ly Z ) : (2.22)

j=1

Finally we have to define the quantities hq < u? >, and Uq41/2 appearing in (2.12). As usual in the derivation
of such systems, we have considered h, < u? >, hou?, this will be discussed in details in paragraph 3.5. The

velocities Uuq41/2, @ =1,..., N — 1 are obtained using an upwinding
Uey if Ga+1/2 >0
= . 2.2
Ua+1/2 { Ugt1 if Ga+1/2 < 0. ( 3)

To illustrate the formulation of the new model, we compare it with the system proposed in [1] in the simple
case of a two-layer formulation. Neglecting the viscosity and friction, the formulation obtained by Audusse [1]
corresponds to (2.11),(2.12) with (2.17), i.e.

% ahlul —0 % 8h2u2

ot or ot or 0 (2.24)
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Ohjuy 6h1uf 6(h1 + hg) . 0z
Ohous 6h2u§ 6(h1 + hg) 0z
e - 2.2
ot - ox +ghe ox ghs ox’ (2.26)

with hy + hy = H. The preceding formulation corresponds to a superposition of two single layer Saint-Venant
systems (see also [9,12,13] where a very similar model is considered in a bi-fluid framework).

With our approach (2.18),(2.21), the two-layer formulation reads

8H 8h1u1 8h2u2

—_— = 2.2
ot oz oz 0, (2.27)
8h1u1 8h1u% g@th - (9Zb 8H 8Hu1

ot T or T2 or - Iy e\l i ) (2.28)
8h2u2 8h2u§ gath - (9Zb 8H 8Hu1

ot T or T2 or - ey e\l tir ) (2.29)
where hy = IH, hy=(1—0)H, (2.30)

with [ € (0,1) prescribed. The velocity at the interface, denoted uss, is calculated using upwinding, following
the sign of the mass exchange between the layers. It is important to notice that, in the new formulation (2.27)-
(2.30), we obtain directly a left hand side term written in conservative form with the topography and the mass
exchange as source terms whereas the pressure term of (2.24)-(2.26) has to be modified [1] to get a conservative
form. Moreover we prove in Section 4 that the system (2.27)-(2.30) is hyperbolic, which is not the case for
system (2.24)-(2.26).

The difference between (2.27)-(2.30) and (2.24)-(2.26) mainly comes from the physical definition of the layers.
Audusse introduces a physical discretization where each layer has its own continuity equation. These N conti-
nuity equations mean the layers are isolated each other, this situation corresponds to the case of N non miscible
fluids. In the formulation (2.27)-(2.30), the discretization correponds to a finite elements approximation — of
Py type — of the velocity u. In this case, the definition of the layers does not correspond to a physical partition
of the flow but is related to the quality of the desired approximation over u. Thus we have only one continuity
equation meaning the fluid can circulate form one layer to another.

3. DERIVATION OF THE VISCOUS MULTILAYER SHALLOW WATER SYSTEM

In this section we will apply to the Navier-Stokes equations the multilayer approach presented in the preceding
section.

3.1. The Navier-Stokes equations

Let us start with the incompressible Navier-Stokes system [17] restricted to two dimensions with gravity in
which the z axis represents the vertical direction. For simplicity, the viscosity will be kept constant and
isotropic throughout the paper (we refer the reader to [14] for a more general framework). Therefore we have
the following general formulation:

ou Ow

9 + F 0, (3.31)
ou ou Ou Op 0% 0%

LR T S M el v (8:32)
ow ow ow Op 0¥,, 0X,.

tu—tw—+ - =—9+

ot ox 0z 0Oz g ox 0z’ (3.33)
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and we consider this system for
t>ty, zeR, z(z,t) <z<nxt).

We use the same notations as in the previous section. We now consider the bathymetry z, can vary with respect
to abscissa x and also with respect to time . The chosen form of the viscosity tensor is symetric

ou ou  Ow
zzz—2l/£; Emz_l/(&""%)a

ow ou  Ow
222—21/55 Ezz—l/(&""%)a

with v the viscosity coefficient.

3.2. Boundary conditions

The system (3.31)-(3.33) is complete with boundary conditions. The outward and upward unit normals to the
free surface ny and to the bottom n; are given by

1 _9n 1 _ 9z
e g (F) e (F)
1+ (92) 14 (22)

Let X7 be the total stress tensor with
2 Efl/‘fl/‘ ZIZ
T 7p]d ( EZ(E EZZ > ’

At the free surface we have the kinematic boundary condition (2.4). Considering the air viscosity is negligible,
the continuity of stresses at the free boundary imposes

Yrng = —ping, (3.34)

where p* = p%(x,t) is a given function corresponding to the atmospheric pressure. Relation (3.34) is equivalent
to

n,.Xrn, = —p%, and t,.Xrng =0,
ts being orthogonal to n;.

Since we now consider the bottom can vary with respect to time ¢, the kinematic boundary condition reads

8zb (92’1, o
E 4+ Ub% — Wp = 0, (335)

where (z,t) — zp(z,t) is a given function. Notice that the equation (3.35) reduces to a classical no-penetration
condition (2.5) when z, does not depend on time ¢. For the stresses at the bottom we consider a wall law under
the form

ETnb — (nb.ZTnb)nb = H(Vb, H)Vb, (336)
with v, = up — (0, %)T the relative velocity between the water and the bottom. If k(vp, H) is constant then

we recover a Navier friction condition as in [16]. Introducing k; laminar and k; turbulent friction coefficients,
we use the expression

K(Vb,H) =k + ktH|Vb|,
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corresponding to the boundary condition used in [18]. Another form of k(vy, H) is used in [10] and for other
wall laws, the reader can also refer to [19]. Due to thermomechanical considerations, in the sequel we suppose
k(vb, H) > 0 and k(vp, H) is often simply denoted by k.

Let t;, satisfying t;.n, = 0 then when multiplied by t, and n;, Equation (3.36) leads to

tb.ZTnb = KVb.tb, and Vp.Np = 0.

3.3. The rescaled system

The physical system is rescaled using the quantities

e h and A, two characteristic dimensions along the z and = axis respectively,
e a, the typical wave amplitude, a the typical bathymetry variation,
e (' = /gh the typical horizontal wave speed.

Classically for the derivation of the Saint-Venant system, we introduce the small parameter

h
= —.

A
When considering long waves propagation, another important parameter needs be considered, namely

Qs
0=—,
h

and we consider for the bathymetry 9% = O(d). Notice that ¢ is related to a priori informations only associated
to geometrical features whereas as and accordingly ¢ deal with the state variables of the problem.

Depending on the application, § can be considered or not as a small parameter. For finite amplitude wave
theory and assuming 2,(z,t) = ), one considers ¢ < 1, § = O(1) whereas the Boussinesq waves theory requires

d<1l, el and U,=0(1)

where U, is the Ursell number defined by U, = E%, see [25]. All along this work, we consider ¢ < 1 whereas,
even if the parameter § is introduced in the rescaling, the assumption é < 1 is not considered except when
explictly mentioned.

As for the Saint-Venant system [16, 18], we introduce some characteristic quantities : 7" = \/C for the time,
W = as/T = e§C for the vertical velocity, U = W/e = 6C, for the horizontal velocity, P = C? for the pressure.
This leads to the following dimensionless quantities

.z .z - n 7 t
€r = — Zz = — = — = —
A? h) 77 as) T’

~ p . u d ~ w
= = U= — an W= —.
p P7 U’ ITr

Notice that the definition of the charateristic velocities implies § = % so § also corresponds to the Froude

number. When § = O(1) we have U ~ C and we recover the classical rescaling used for the Saint-Venant
system. For the bathymetry z;, we write zp(z,t) = Zy(x) + b(t) and we introduce 2z, = Z,/h and b = b/ay. This

leads to B _
azb ob ob azb aéb
o~ Vo ot M o~ o
The different rescaling applied to the time and space derivatives of z; means that a classical shallow water

assumption is made concerning the space variations of the bottom profile whereas we assume the time variations
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of z, lie in the framework of the Boussinesq assumption and are consistent with the rescaling applied to the
velocity w.

We also introduce 7 = = and we set & = &. Notice that the definitions for the dimensionless quantities are
consistent with the one used for the Boussinesq system [21 26]. Notice also that the rescaling used by Nwogu [20]

differs from the preceding one since Nwogu uses w = Ww

As in [16, 18], we suppose we are in the following asymptotic regime

U = €1y, and R = €Ky,

with ko = k1,0 + €ke,0(Ve, H), k1,0 being constant.

This non-dimensionalization of the Navier-Stokes system (3.31)-(3.33) leads to

ou  Ow
- Lo - —0, (3.37)
% 5 012 28uw @ 9 2 ot 0 @ 5. OW
) 57 +ed r +&d 52 +€a§j =¢ 58:6 21/0890 + = EE 5V0(’)~ + %0y — 2 ) (3.38)
ow ouw ow? op 0 o1 ow 0 ow
g2 ouw ow™ op s ou 3;0W o ow
5 ( a 5 a~ 5 az > =+ a., 1 4+ a <€5V06~ —+ Vo€ 56 > + € 56 (21/0 62) y (339)

where we use the divergence free condition to write velocity equations (3.38) and (3.39) in a conservative form.
The associated boundary conditions (2.4), (3.34), (3.35) and (3.36) become

% + Bty gz i, =0, (3.40)
2e10 ZZ P —5521/0% (% S 2 % ) = —65°, (3.41)
v (%‘ e % ) —55% (25(»0 % S —]58) — 42 gZp , (3.42)
g—if + ab% — iy =0, (3.43)
v <€2 % b+ % b) —s% <2551/0 % bpb>
2 (oo 22| - w2 (5 28] 2522] )
= ek 1+52<Z;)2 <ab+52%(~b%)> (3.44)

. . ~ ob _ 9
For the sake of clarity, in the sequel we drop the symbol “and we denote &7 = <.

3.4. The Shallow Water system

The derivation of multilayer approximation is somehow technical. In order to better explain the analysis we
recall the monolayer case following the asymptotic expansion in [16].

In the following the two sets of equations (3.37)-(3.39) and (3.40)-(3.44) are approximated to retain only the
high order terms.
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Due to the applied rescaling some terms of the viscosity tensor e.g.

are very small and could be neglected. But, as mentioned in [1, Remarks 1 and 2], the approximation of
the viscous terms has to preserve the dissipation energy that is an essential property of the Navier-Stokes and
averaged Navier-Stokes equations. Since we privilege this stability requirement and in order to keep a symmetric
form of the viscosity tensor, we consider in the sequel a modified version of (3.37)-(3.39) under the form

ou Ow
Fra P o
ou 28 5 Ouw p _ 2 0 ou 7] ou
ed 5 +¢ed o +¢ed 5% +e 9 = 68x 2ug 9 + % dvg 5 ) (3.46)
ow Quw ow? Op 0 ou 0 ow
2¢ (OW  JOUW | LOWT o _ 5,9 ou g
”(at e 0% )+a T (Eé”oaz)wz (255”’(%)’ 347

corresponding to a viscosity tensor of the form

ou ou ow
Ox’ Yoz Y

Yipw = 2
v 0z

This means the terms in 29, w have been neglected in (3.37)-(3.39) and in (3.40)-(3.44). For details about the
adopted form of the viscosity tensor see [11, Remark 2] and [1, Lemma 2.1].

In the same way, retaining only the high order terms, the boundary conditions (3.40)-(3.44) become

ng + 5usg —wy =0, (3.48)
2e01 g—f s £62 0% % S = —6p?, (3.49)
2 % S - % <2€51/0 % ) ps> = 552%]7“, (3.50)
% w2y =0 (3.51)
o % - 5% (25(»0 % b pb) n g% (2551/0 5| P 0v (Z” % b)

z
3/2

o 2 6zb 2 /

=edrg | 1+¢ Dz Up. (3.52)

Now we will exhibit the hydrostatic and non hydrostatic parts of the pressure. An integration of (3.47) from z
to dn gives

M ow 0
525/ (6—1:+5 g;v))dz+€252(w§—w2)+ps—p

on
—(06n—2)+eb / 9 < a“) dz — 2e600 2% 1 2600, 2Y (3.53)

9z \'"d 0z 0z

S
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From the equations (3.41) and (3.42) it comes

ou 9
| = .54
7z . O(e?), (3.54)
and the boundary condition (3.41) gives
a Ow 352
ps = 0p” + 2e4 5% + O(e°67). (3.55)

The previous relation and the kinematic boundary condition (3.40) allow us to rewrite (3.53) under the form

25 2/677 d+52/6n( )d 7252 2+5a7
g 615 i w az ax i uw z 1> w p p

Mo [ du ow 5
= f(én—z)+55/ 92 <y0$> dzf2551/0£ + O(e76).

z

Classically we have

_ Ou

- oz

S

o, _ ou[ , on u
dr  Oz|, Oz 0z
and using relations (3.45), (3.56) and the Leibniz rule we have

+ 0(£%), (3.56)

S

m 9 ou ow ou ou
= el _9 v _ 35).
55/2 % (1/0 82) dz I % oy o + &y 9z . + O(e°90)
This leads to the expression for the pressure p
P =Ph + Pan + O(°0), (3.57)

where the viscous and hydrostatic part p;, is given by

ou ou
pr = 6p® + (6n — z) — 551/0% — edvy p

)
S

and the non-hydrostatic part p,, is

— g2 2 o 2 o 2622
Pnh = €70 5 wdz—i—éa (vw) dz | — 6 w?.
z x z

The derivation and analysis of a classical Saint-Venant type system taking into account the non-hydrostatic
part of the pressure has already been carried out by the authors [11]. The derivation of the multilayer system
in this general framework is in progress. It will be presented in a forthcoming paper.

In the sequel, we restrict to the situation p,; = 0. Due to this hydrostatic assumption, we have
p=pn+ O(e9), (3.58)

and we retain for py the expression

pr = 0p* + (6n — z) — 2551/0%. (3.59)
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Then using (3.42), (3.44) and (3.55) one obtains

ou 9 ou
E . = O(E ), & , = O(E) (360)
From (3.58),(3.59) we can write
p—0p® =dn—z+ O(ed), (3.61)
leading to
9p
— =0(9).
5~ O0)
The preceding relation inserted in (3.46) leads to
0?u
VO@ = O(E), (362)
and Equations (3.60) and (3.62) mean that
a2, 1) = u(w, 0,6) + Oc), (3.63)

i.e. we recognize the so-called “motion by slices” of the usual Saint-Venant system. If we introduce the averaged

quantity
1 on
u = / u dz,
on—2z J,,

it is well known [11,15,16,18] that the shallow water system (3.45),(3.46) with an hydrostatic pressure (3.58),(3.59)
is approximated in O(2§) by the following Saint-Venant system written with the variables with dimension

OH OHu
a9t " oy .64
o "o (3.64)
O0Hu OHu? ¢OH? op® 0z 0 ou k(v, H)
9928 _ g g% Sty - BV g .
ot * ox + 2 Ox ox g ox + agg( v ax) 1+ n(\;,H)HU (3.65)

with H =n — 2.

3.5. The viscous multilayer Shallow Water system

We again consider the Shallow Water system (3.45),(3.46) with an hydrostatic pressure (3.58),(3.59). Here
another approximation is introduced concerning the velocity w, it is no more assumed constant along the
vertical but is discretized in the z direction using piecewise constant functions, see Fig. 2. As introduced in
Sec. 2 the interval [z, 07 is divided into N layers of thickness h, and we use the definitions (2.19),(2.20). We
write

N
u™(x, 2, {za},t) = Z 1[%71/272&“/2](z)ua(x,t) (3.66)
a=1

with the velocities uq, @ € [1,..., N| defined by (2.8).

Notice that from (2.7) we have z; /3 = 2z, = O(1) and 2y 41/2 = 01 = O(J). The difference of magnitude between
212 and zy41/2 makes the assumption ¢ < 1 difficult to integrate in the definition of the {zq441/2}

Now we try to quantify the error between u and its piecewise approximation u°. First we notice that in
absence of friction at the bottom and due to the Shallow Water assumption, the relations (3.60) become

%
0z

_ou
0z

S

— O(?). (3.67)
b
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This means we can consider that except for the bottom layer, each layer inherits the approximation (3.67) i.e.

ou
o 0O(e%) for z > 239,
and therefore for all @ > 1
u(z, 2,t) — ua(z,t) = O(?), (3.68)
or equivalently
u(z, z,t) — u™(x, 2, {za}, 1) = O(?), for z > 23/5.

In the bottom layer we only have
’U,(:L', 2, t) - ul(za t) = O(E)v

but as in [11,16], it can be proved that we have an approximation of the velocity through a parabolic correction

. <1+%(Zzb(zg7;b)g)) ui + O@2), (3.69)

for z € [21 /2, 23/2]. Using the discretization (2.7),(2.8) and (3.66) we claim
Proposition 3.1. The multilayer formulation of the Saint-Venant system defined by

OH |~ Ohoua
ot < Ox

a=

=0, (3.70)

ahlul 8h1u% g 8h% 3p“ 82;,
gt g9 g, g Y
a1 9r a2l ox g Iy sl

0 Ouy 0z3/2 Ouz o Uz — Up _
I an, Z) g 2 k(v H 71
+8:c ( v ox ) "Tor oz + th + hy w(v, H)ua, (8.71)

Ohqua — Ohgqu?, g Oh? op® Oz
ot + O E% = - a% - gha% + ua-‘,—l/QGa-‘,—l/Q - ua—l/QGa—l/Q
0 ou, 9z; Ou,; 17— /? Ugr1 — U Ug — Uq—1
— (dvh, =2 ) —4p | =L =1 gpotl = "o g, "o Tarl
Jr@x < Yo > V{@x ax]j_a_1/2+ Vha+1+ha Vha—l—ha—f

forae{2,...,N -1}

(3.72)

Ohnuy ~ Ohnui g Oh3 op* 9z
or T or oy ar T Nar 9oy NG

0
+% <4I/hN

UN —UN-1
—2v

Jun Ozn_1/2 Oun_1)2
4 .
> v ox ox hn -i-h]\[_l7 (3 73)

ox

with he = loH(x,t) and Gaqq1/2 given by (2.16), results from a formal asymptotic approzimation in 0(e29)
coupled with a vertical discretization of the Navier-Stokes equations (3.37)-(3.39) with hydrostatic pressure.

Proof. The integration of the divergence equation (3.45) on each layer has been already performed in the proof
of Proposition 2.1. We recall that the deduced layer mass equations (2.11) are not meaningful if no hypothesis
is made concerning the mass exchange term G 1/2 defined by (2.16). We thus consider a global mass equation
(3.70) by adding them up. We can also directly integrate the divergence equation from bottom to free surface
in order to obtain equation (3.70).



14 TITLE WILL BE SET BY THE PUBLISHER

We now consider the horizontal velocity equation (3.46) integrated over the interval [z4_1/2, 2a+1/2]. Using for
each layer an approximation similar to (3.68),(3.69), we prove that

1 Za+1/2

. u?(z, z,t)dz = u> + O(e?).
& Jza_1/2

In the context of the hydrostatic approximation, we assume that the pressure satisfies (3.58),(3.59). The

treatment of the inviscid part of the pressure has already been presented in the proof of Proposition 2.1 where

we have written for the gravitational part of the pressure

tl/2 g 10 he 02
—(6n—2)dz = ——h% + -2, .74
/zal/2 0 (0n = 2) dz 20, 0z ¢ + lo, Ox (3.74)
Notice that it is also possible to write
Zat1/2 0 10 N 0z +1/2 N 0z —1/2 N
—(6n—2)dz === |ha |2 hj+he || — —L2 hj+ 22N "h;.  (3.75)
/Zal/2 ox 2 0x j:za;_l / ox j;l / ox ; /

The expressions (3.74) and (3.75) lead to the same property for the complete model even if the hyperbolic part
is modified. The second formulation seems more adapted to the physical description “by layers” of the system
but leads to complementary source terms whose discretization is subtle. We will use and analyse (3.75) in a
forthcoming paper. In the following we use (3.74).

The integration of the viscous part of the pressure leads to

Zat+1/2 ) ) j=a+1/2
/ 0 (2 au) 0 <2yha%>+2l/ [%%} + O(e2).

o) =
wirjp O Ox ox ox Ox 0x |;_\ 12

It remains to consider the viscous terms on the right hand side of (3.46). The first one is similar to the viscous
part of the pressure term. For the second one, using finite differences along the vertical, we write

/Z"“/2 0 ( 8u)d ou ou
— |- )az = v — V0 5 )
Za—isa 0z 0z 0z ceirye 0z R
Ua+1 — Uy Uy — Uaq—1

haJrl + ha Vha + hafl

and relation (3.72) follows. Notice that equations (3.71) and (3.73) are concerned with the evolution of the
discharge in the lowest and uppest layers, respectively. The difference between equations (3.71) and (3.73) and
the general equation (3.72) comes from the particular form of the viscous effect at the bottom and at the free
surface.

Finally we drop the O(g24) terms and recovering the variables with dimension, we obtain the system (3.70)-
(3.73). O

4. PROPERTIES OF THE MULTILAYER SYSTEM

In this paragraph we examine some properties of the model depicted in Proposition 3.1. We study its hyper-
bolicity and we exhibit an energy inequality and a kinetic interpretation of the system.
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4.1. Hyperbolicity

For the simplicity of the discussion we mainly restrict in this subsection to the two-layer version of the multilayer
model.

Let us first say some words about the multilayer system (2.24)-(2.26) introduced by Audusse [1]. This non-
miscible multilayer system was proved to be non-hyperbolic. In the general case the system exhibits complex
eigenvalues. In the very simple case u; = uy = u the eigenvalues of the hyperbolic part was shown to be equal to
the classical barotropic eigenvalues of the monolayer shallow water system u + +/gH, u — /gH plus a baroclinic
eigenvalue u that is concerned with the interface waves. Nevertheless the system is not hyperbolic since u is
a double eigenvalue associated to a one-dimensional eigenspace. This lack of hyperbolicity may lead to the
development of instabilities at the interface [1,12]. In [1] a technical trick is proposed to cure the problem. Here
we can prove the well-posedness of the system.

Proposition 4.1. The two-layer version of the multilayer Saint-Venant system (3.70)-(3.73) is strictly hyper-
bolic when the total water height is strictly positive.

Proof. The two-layer version of the multilayer system depicted in Proposition 3.1 stands — we denote u = u3/2
with u = u; or u = ug (see 2.23) —

OH 8Hu1 6Hu2
— +1 1-1 =0
o P T =0
OHuy OHu? gOH? 0z OH OHu op®  2v o
= = —gH— —t—— | -H—+ — — — H
ot oz 20z Mo T\ T Tar o g (e w) — R H)u
OHus aHug g OH? 0z OH OHus 2u ap®
= = —gH— — — — - H )
o T or Toar - gt T ) T aopm e TG,
The previous formulation can be written under the quasi-linear form
0X 0X
M(X)— 4+ AX)— =5(X
(05 + 405 = 8(X),
with
H 1 00 0 l (1-1)
X=|la |, MX)=| —v 1 0 |, AX)=| gH—u} 2u;—u 0 ,
q2 —u 0 1 gH — u% 0 2uo — U
0
S(x) —gHZ2 4 2 (yy —wy)) — R(V, H)uy — HE
*gHaaz; - (1311/)H (ug —u1) — H%p:

and ¢; = Hu,, 1 = {1,2}.
The three eigenvalues of M ~(X)A(X) are the roots of D(z) = det(A —zM) = 0 with
D(x) = —allZ, (2u; —u — x) —1(2uz —u — x)(gH — uf +ux) — (1 = 1)(2us —u — 2)(gH — u3 + ux).

Let us fix H, I, u; and uy in R. Let us suppose u; < up with us = u; + v2. We recall that the value of the
interface velocity u is taken equal to uy or ug following the direction of the exchange of mass between the two
layers.
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Let us first suppose that © = u;. Then we obviously have
D(uy) = —2gHIy* <0, D(—c0) =400, D(+00)= —00,
and some computations lead to

D(max(ug = uy + v, u1 + 217%)) > 0,

since D(uz2) = (1 —20)gH~¥?+ 175 > 0if I < 1/2 and D(u; + 21y?) = 21(1 —1)(4l — 1)45 > 0 if [ > 1/2. It follows
that D(z) has three real and simple eigenvalues.

Let us now suppose that © = us. Then we have
D(ug) =2gH(1 —1)y* >0, D(—00)=+o0, D(+00)= —o0,
and some computations lead to
D(min(u; = uz — 7%, uz — 2(1 —1)v%)) < 0,

since D(u1) = (1—20)gH~?*— (1-1)7y® < 0if 1 > 1/2 and D(ua —2(1 —1)7?) = 21(1 = 1)(4l —3)75 < 0if I < 1/2.
Here also D(x) has three real and simple eigenvalues.

The case uy < g is similar and we can conclude that the two-layer version of the multilayer system depicted in
Proposition 3.1 is strictly hyperbolic. Notice that when uy = ug = u, we find the same baroclinic and barotropic
eigenvalues u, u-++/gH, u—+/gH as for the nonmiscible multilayer system [1], but they are all simple eigenvalues
in this case since we consider a system with only three equations. O

In the case of N layers the matrices A(X) and M (X) can be written

0 Iy .. .. In
2 ~ ~
gH —ui 2’U,1 V1,2 N U1,N
Any1 = : V21 . i : ,
: UN—1,N
2 — —_
gH —uy Un1 ... UNN-1 2un

with 7;; = Uj—1/2 * lj/li and v;; = Ujy1/2 * lj/li,

1 0 0
U1 1

Mni1 = S0 . T ]
: : 1 0
oy 0 ... 0 1

Wlth v; = ui_l/Q * 23;11 l]/lz + ui+1/2 k Zjii+1 lj/lz

We have perfomed various numerical evaluations of the eigenelements of the matrix M;,lJr 1 AN 41 with numerous
choices of the parameters H, uq, tq41/2 and lo. All these tests have always shown that the matrix is diag-
onalizable on R. In the simple case where all the layers have the same velocity u, the barotropic eigenvalues
u++/gH and u — \/gH are simple and the baroclinic eigenvalue u has a multiplicity of N — 1 but the matrix
remains diagonalizable on R and the problem is still well-posed.
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4.2. Energy equality

The classical Saint-Venant system (3.64)-(3.65) admits an energy equality [1,11] under the form

0L, o [ H? _ou\ _ Op® 0t 2 k(v, H) 0zp
ot +a_(“(ES”+97)_4”H 8z) or ~ Wi ()" g el (4T0)

with Fs, = HTHZ + % + Hp®. Here we have the following result

Proposition 4.2. For the multilayer Saint-Venant system (3.70)-(5.73), smooth solutions satisfy the energy

equality
0 (& 0 [ & e | 0 Ml
5(2 ) a_<zua (v, ihaH—zLuhaW))_

a=1

N-1
_ v aua ap® 0zp
—K(V,H)U — E E Ua+1/2 — Ug— 1/2 —4Vag 1h 81' ) +H 8t +9HE, (477)

a=

—

2
with E7e, = teta 4 ghellta) 4 p o

SV,

Proof. The proof relies on classical computations. Starting from (3.46) with v = v, p = p;, multiplying it
with ¥™¢ and integrating over [2,_1/2, Za+41/2] With 1 < o < N we obtain

9 pme 3( (E$0a+ I hoH — 4h%))

ot o 8:0 x

Ui, 0%Zg— 0Zg— Ui 0z, 0z,
o ou™e 4 vow oume

0la—1/2 E) 0la+1/2 E)

Za—1/2 Za+1/2
+V aza_1/2u aumc _ aza+1/2u aumc
oy Ue-1/2 5o . 05y Yatl/2 5o s

v QU2 op® 0z

_E(U()H,l/g — ua71/2)2 — 4l/ha(g) + ha ot + ghaE, (478)

where we have considered for z € [24_1/2, Za+1/2]

ou 1

92 E (Ua+1/2 - Ua71/2) .

An analoguous calculation is valid for « = 1 and a = N. A sum from o = 1 to @ = N of the equalities (4.78)
with the boundary conditions (3.48)-(3.52) completes the proof. O

4.3. Kinetic interpretation

For the simulation of a multilayer system several strategies are possible. Pares et al. [13] consider the full
system and build a specific solver for the two-layer case. Following the discrete multilayer scheme proposed by
Audusse [1] we prefer to exhibit a kinetic formulation of the system obtained in Proposition 3.1. Indeed kinetic
schemes might be one of the best compromise between accuracy, stability and efficiency for the resolution of
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Saint-Venant type equations, see [4,22]. We refer to the next section for the presentation of the numerical
scheme. Here we focus on the kinetic interpretation of the system.

The kinetic approach consists in using a description of the microscopic behavior of the system. In this method,
fictitious particles are introduced and the equations are considered at the microscopic scale, where no discon-
tinuities occur. The process to obtain the kinetic interpretation of the multilayer model is similar to the one
used in [4] for the monolayer shallow water system. For a given layer «a, a distribution function M,(x,t,¢)
of fictitious particles with microscopic velocity ¢ is introduced to obtain a linear microscopic kinetic equation
equivalent to the macroscopic model presented in proposition 3.1.

Let us introduce a real function x defined on R, compactly supported and which have the following properties

X(—w) = x(w) >0
{ Je x(w) dw = [ w?x(w) dw = 1. (4.79)

Now let us construct a density of particles M, (z,t,£) defined by a Gibbs equilibrium: the microscopic density
of particles present at time ¢ in the layers «, in the vicinity Az of the abscissa x and with velocity £ given by

Hiz,t — g (z,t
M, 1,€) = 1,212 )x<§ ol )), a=1,...,N, (4.80)
c c
with
2_ 9H
=
Likewise, we define Ny 1/2(x,t,€) by
Na+1/2(.’1],t,€) = Ga+1/2($,t) 1) (€ — Ua+1/2($,t)) 5 o = 0, e ,N, (481)

where § denotes the Dirac distribution. The quantities Goy1/2, 0 < a < N represent the mass exchanges
between layers o and o + 1, they are defined in (2.16) and satisfy the conditions (2.15), so N5 and Nyq/o
also satisfy

N1/2(£C,t,§) = NN+1/2(.’L',t,€) =0. (482)

We also introduce the densities Ma (z,t,€) that will be used for the energy equations , they are defined by

Ma(x,t,g) _ gH(z,t)ha(z,t)X (5 _ ua(z,t)> |

4e c

Notice that the introduction of this second family of densities is not needed when we consider the two dimensional
shallow water system. Here they take into account some kind of transversal effect at the kinetic level that is
implicitely included into the macroscopic one dimensional shallow water system. We refer the reader to [4,23]
for more details.

With the previous definitions, dropping the viscous, and friction terms, we write a kinetic representation of the
multilayer Saint-Venant system described in proposition 3.1 and we have the following proposition:

Proposition 4.3. The functions (H,u™¢) are strong solutions of the multilayer Saint-Venant system (3.70)-
(3.73) if and only if the set of equilibria { Mg (x,t,&)}N_; is solution of the kinetic equations

a=1

oM, M. 8 M.,
o1 +€W T o (p* + g92) 8—§ - Na+1/2($ata€) + Nafl/Q(xatag) = Qal(z,t,5), (4.83)
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with {Na+1/2(:c,t,§)}év:0 satisfying (4.81),(4.82). The set of equations (4.83) can also be written under the
form

~ (6Mi oM; 0O OM

Na+1/2($,t,€)zz 8t —|—§ 81' _g(pa—f—Zb)a—gi—Qi), a:l,...,N. (484)
i=1

The quantities Qu(x,t,&) are “collision terms” equals to zero at the macroscopic level i.e. which satisfy for a.e.

values of (x,1)
[ Gute=0. [ uac—o.

The solution of (4.83),(4.84) is an entropy solution if additionally

oM,  OM,

=Qu(z,t,6), a=1,...,N, 4.85
e e2 Qa0 o (4.85)
with
2 ~
/ <_Qa + Qa> d¢§ < 0.
R\ 2
Proof. As previously we denote X = (H,q1,...,qn)T the vector of unknowns with g, = lo Hu,. We introduce

M = (Ml,...,MN)T and an (N + 1) x N matrix K:(f) defined by ICLj = 1, K:H-l,j = (Si,j f with (Si,j the
Kronecker symbol.

Using the definition (4.80) and the properties of the function y, we have

o H (2, 1) = /R Mo (a1, €)de, (4.86)

and

X(z,t) = /RIC(f) M(x,t,&)dE. (4.87)

The proof is obtained by a simple integration in £ of the set of equations (4.83) against the matrix IC(§). First,
an integration in & of (4.83) gives the continuity equation (2.11) i.e.

oloH n OloHug,
ot ox

= Ga+1/2 - Ga—1/25

and by summation we have (3.70). Actually from the definition (4.81) of Nq1/2 we have

/Na+1/2($,t7§)d§ = Gor1/2(2,1),
R

and
/ N1 o (0, ) = tgsr joCasr o
R

Likewise for the energy balance of the layer a we proceed an integration in ¢ of (4.83) against £2/2. Since we
have

2 . h
/ <—Ma + Ma> de = =22 + Ip 1, (4.88)
L 2 2 2

2 —~ h
/ ¢ <?Ma + Ma> d¢ = 7%3 + ghoHug, (4.89)
R
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and for the source term

29 oM, 0
A %%( “+ gzb)—a5 € = —o-(p" +g2)hatia
d u ay Ohatin
= —55 (920 + P hata) + (920 +p*) —5-
9 Ohe
= % ((g2 + p")hatia) — (926 + p*) 5
— (92 + ") Gag1/2 + (920 +0) Ga1)2, (4.90)

we obtain the equality

0 [ heg 0
(—ui + Tha(n+ ) + hap") 5 o (a2 + Lhatt + Shan+ ) + hap )|

ot \ 2 ox
ui—1/2

3

ua ap* 0z 2 ~
Gamrfp = =52 Car1ys = ha D — ghas)' = /R <5Qa + Qa> d. (4.91)

The previous relation corresponds to (4.78) where the viscous and friction terms are neglected. The sum of the
equations (4.91) gives the energy equality for the global system and that completes the proof. O

The formulation (4.83) reduces the nonlinear multilayer Saint-Venant system to a linear transport system on
nonlinear quantities {Mq }3_ 1, {Naj1/2}5_ for which it is easier to find a simple numerical scheme with good
theoretical properties. In the case of a single layer, for a detailed proof of the kinetic interpretation refer to [4]
and for the treatment of the source term at this microscopic level see [23]. Notice that the choice of the function
X remains quite open at this stage since several functions satisfy the requested properties. Following this choice
the deduced kinetic scheme will have different properties.

5. NUMERICAL RESULTS

In the applications discussed here, we assume p® = 0 and we neglect the horizontal viscosity. Then the N + 1
equations of the multilayer system (3.70)-(3.73) can be written with the general form

N

OH (1o Hug)
— —= =0 5.92
ot * ; ox ’ ( )
O(laHuy) 0 g 0z
o + g(laHUi + §laH2) = _glozH% +Uas1/2Gat1/2 = UYa—1/2Ga—1/2
2”04 Ua+1 — U 2”04—1 Uaq — Ua—1
_ — teo(u, H)ug, —1,...,N, 5.93
Yot H lotlo H fia (, H)u “ (5.93)
with
. o 0 if a=0
maz{g(“.’fH) ilo‘*l va=4 v if a=1,.,N—-1
b 0 if a=N
The previous system is of the form:
0X OF(X
(X) = Sb(X) + Se(X) + Sv(X) (5.94)

ot ox
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with F'(X) the flux of the hyperbolic part, Sb(X) the topography source term, Se(X) the mass transfer source
term and Sv(X) the viscous and friction terms.

To approximate the solution of the multilayer Saint-Venant system, we use a finite volume framework. We
assume that the computational domain is discretised by I nodes x;. We denote C; the cell of length Ax; =
Tiy1/2 — Ti—1/2 With 2,115 = (2; + 2441)/2. For the time discretization, we denote t" = Y ok<n AtF where
the time steps At* will be precised later though a CFL condition. We denote X = (H”, qtis- -5 4qN,;) the
approximate solution at time ¢" on the cell C; with g, ; = lo H['ug, ;.

5.1. Time discretization

For the time discretization, we apply time splitting to the equation (5.94) and we write

Xt — X" 9F(X")
+

NG 5 = Sb(X") + Se(X"), (5.95)
XnJrl . XnJrl
T - S’U(Xn, Xn+1) = 0 (596)

Classically we first compute the hyperbolic part (5.95) of the multilayer system by an explicit scheme. This first
computation includes the topographic source term in order to preserve relevant equilibria [2] and also defines
the mass transfer terms. Concerning the viscous and friction terms (5.96) that are dissipative, we prefer a
semi-implicit scheme for reasons of stability.

5.2. Numerical scheme : explicit part

To perform the explicit step we deduce a finite volume kinetic scheme from the previous kinetic interpretation
of the multilayer system. Notice that even if the system is hyperbolic, the eigenvalues are unknown. Thus any
solver requiring the knowledge of the eigenvalues while but the kinetic scheme is easily extended [5].

Starting from a piecewise constant approximation of the initial data, the general form of a finite volume method
is

Xt - X ol [Fl - ngl/g} = At"SH? + At"Se™, (5.97)

where o' = At™/Awx; is the ratio between space and time steps and the numerical flux F

i+1/2 18 an approximation

of the exact flux estimated at point x;;/o.

The topographic source term Sb? is not deduced from the kinetic interpretation (see [23]) but computed by
hydrostatic reconstruction, see prop. 5.1. As in [4,6] the kinetic interpretation (4.83) is used to precise the
expression of the fluxes F, , in (5.97). First, by analogy with (4.80) we define the discrete densities of
particles M7 ; by

H —Ug H"
MO =L (SR) i e =45
’ e ci 2

Then the equation (4.83) without the atmospheric pressure and topographic terms is discretised for each « by
applying a simple upwind scheme for the advection term

ENE) = M (6) — €op (M2 11 ja(8) = M2y o)) + A6 (NIH () - NIN2(©), (5.98)

where
" B MgJ- if&E>0
ayitl/2 = ME 4 if £ <0
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and the terms N2 will be defined in the following.

a+1/2,i
We define the vectors f/"*(¢) = (f1'7(6),.. ., }\’,ﬁl(«f))T, MM (&) = (M](€), ..., My ;(€))". Bach new density
function fgjl is not an equilibrium but thanks to the property of the right hand side of (4.83), by analogy with

(4.86),(4.87) we can recover the macroscopic quantities at time ¢"*1. We write

L = /R ) de, (5.99)

and by a simple integration in £ of (5.98) against K(&), we can precise the macroscopic formula (5.97) (without
the topographic term)

ZpH = /}R K() f11(€)de. (5.100)

If we denote
Fz‘73-1/2 =F(X]", X)) = FH(X]) + F™ (X)),

we define
P = [ e e e P = [ ek mre de (5.101)
£eER~ EERT
More precisely the expression of F'7(X;) can be written
Fry (X;)
For (Xi)
FH(X;) = . : (5.102)
Fl(X3)

with

We denote also
Fhoi = Froiv12 = Foic1y2 = By (Xo) + Fy (Xip1) — (B (X)) + Fy (X)) (5.103)

This kinetic method is interesting because it gives a very simple and natural way to propose a numerical
flux through the kinetic interpretation. If we can perform analytically the integration in (5.102), i.e. if the
probability function x defined in (4.79) is chosen to be simple enough, it is also numerically powerfull because
the kinetic level disappears and the scheme is written directly as a macroscopic scheme for which only very
simple computations are needed. In this paper we have used

x(w) = \/glw<\/§(w)'

Let us now precise the terms N /2 and so the exchange terms Se]' defined by

a+1/2,i

Sep = /RIC(g) (N;’ﬁ//;,i(ﬁ) - N;’fll//;i(g)) de. (5.104)
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From the conditions (4.82) we prescribe

Nln/;,lip(‘sc) = N;\lri//z,z(/f) = 0. (5.105)

So we recover Sef; ; = 0 and the equation (5.100) defines H™'. By summation of (5.98) we have

[e3

AN (6 = 3 (£ ©) = M) + €07 (Minja©) = MJio1o(©)) . a=1,..,N —1, (5.106)

j=1

and we define

n+1/2 n+1/2
Gail;Q,i = - Nail//27i(€)d§) o = 0) AR Na (5107)
SO we can write
n~n+1/2 n n n n n
At Ga+1§2,z‘ = Z [lj(Hi L H) + o] (FRjiv1/2 — th_’ifl/Q):| ; a=1,...,N. (5.108)

j=1

n+1/2

at1/2,i Can be written under an

Then using the discrete mass conservation equation giving HZ”H, the terms G
explicit form (see (2.22)) i.e. depending only of X

[e3

N
n+1/2 n n
AmiGa—i—léQ,i = Z < hyi = b Z]:hp,z) ) (5.109)
p=1

j=1

we have to notice that this definition is compatible with the free surface condition of (5.105).

We define

n+1/2 n+1/2 n
Nail//li(g) = Gailéw 0 (‘E - ua+1/2,i) ) (5.110)

with, according to (2.23)

. n+1/2
Up i if GaJrl/m < 0.

Then the exchange term Se? in (5.104) is completely defined.

n . n+1/2
n ) Yoy, if Ga+1/2,i >0,
Uot1/2,i =

We have denoted the approximations in time of Nq1/2 and G412 With an upperscript n 4 1/2 because we
have to define H Z”H at the macroscopic level to obtain the microscopic approximation of Nq41/2,; which is used
for the computation of the momentum laHfHugfgl.

The source term Sb}' = (Sby;, Sb7,,..., b ;) is an approximation of the topographic source terms. For

stability purpose, see [2] we use the following discretization

3 T g n g n
SbH,i =0, Sba,i =la (5( '+1/27>2 - §(Hi71/2+>2) (5-111)

with

Zb,i+1/2 = maX{Zb,i, zb,i-{-l}a
n n
iv1/2— = Hi' + 200 = 2pi41/2, (5.112)

n . n
ir1/24 = Hil1 + 201 — 2pi41/2-

And we have the following proposition
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Proposition 5.1. The discretization of the source terms given by (5.111),(5.112) preserves the steady states

{ug,; = 0}l H!+ z,;, = Cst € R, Vi, Vn.

a=1
given by a “lake at rest”.

Proof. For the proof of this proposition, the readers can refer to [2]. O

The scheme explained in this paragraph allows to calculate X! given by (5.95) and (5.97).

5.3. Numerical scheme : implicit part

Now we aim to calculate X" *! from (5.96). Neglecting the horizontal viscosity, the vertical viscosity source
term can be interpreted as a friction term between one layer and the two adjacent ones. As usual we treat this
friction term implicitly. This leads to solve a linear system.

The implicit step does not affect the discrete water height therefore

n+1 _ prn+1
HM Y = f

and the computation of the new velocities {uZtl N_, leads to solve a tridiagonal N x N linear system that
reads
Tttt — gt
with U = (uit o atHT, @ = (T quhT and
2At" %41
" (1,1 = LHM! ——— |+ At"R(X], H
i (a) 144, +Hzn+1 ll+12 + H( i 044y )a
2At" 1 Vo1
T_n,n-i—l — laHTl-i-l @ @ fi c{2.....N
' (a’ a) ’ " Hin+1 la + loHrl * la + lafl , ore { , ’ },
2At™ v,
" Na,a+1) = — 2 , forac{l,...,N —1},
¢ ( ) Hin+1 la + la+1 { }
2A" Vo
n,n+1 o a—1
T; (a—1,a) = 7HZ’+1 (la+la—1>7 for v € {2,...,N}.

For the friction at the bottom, several models can be used among which are Navier, Chezy and Strickler laws.

5.4. Stability of the scheme

We now establish the stability property of the kinetic scheme. Classically for the Saint-Venant system, a CFL
condition ensures the water height is non negative. This CFL condition means that the quantity of water leaving
a given cell during a time step At™ is less than the actual water in the cell.

For the multilayer Saint-Venant system we have the same kind of requirement concerning the time step At™.
But due to the vertical discretization, the water can leave the cell C; of the layer « either by the boundaries
Ti+1/2 or by the interfaces z,41/2, see Fig. 3. This makes the CFL condition more restrictive and we have the
following proposition

Proposition 5.2. Assume that the function x has a compact support of length 2wy; then under the CFL

condition
loH!'Az;

n n n n+1/2 n+1/2
loH] (|uoz7,| + chZ-) + Az <|:Gailé2,i:| _t {Gatlélz} +>

At" < min min

< (5.113)
1<a<N i€l
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free surface

Uj—1 : U ; Uil

Fip Fiip
Cell Czj,l 3 Cell Cé 3 Cell Ci+1
‘ bottom ‘
I I
7777:7 762@17/2& 77777777 :7777 LAYER a+ 1
uu,ifl : ury,i : U, i+1
YN 7y LAYER o
F'a,ifl/Q ! | Ey,i+l/2
I I
gl (. CAG | G
N Ga-1/2 ; LAYER o — 1
|

FIGURE 3. Interpretation of the CFL condition for the classical Saint-Venant system (up) and
for the multilayer system (down).

the kinetic scheme (5.97), (5.111) and (5.102) keeps the water height positive i.e. H* > 0 if it is true initially.
Notice that this condition does not depend on %.

Proof. The proof has been adapted from those given in [3,23]. To prove the stability property of the scheme,
we come back to the kinetic interpretation and we proceed by induction. We assume that H* > 0, Vi and we
prove that HZ-”Jr1 >0, Vi.

From the definition of the functions M, in (4.80) and the positivity of the function y, we deduce
Mgy, >0, Vi, fora=1,...,N.

We now introduce the quantities
€]+ = max(0,§), [¢]- = max(0, =),

and so we can write the upwind microscopic scheme (5.98)

A 3 My + ol €]+ My ;1 + 0l [§]-My ;14

n n+1/2 n+1/2 n+1/2 n+1/2
At (({Na+1/2,i:|+ - |:Na+1/2,i:|_) - (|:No¢—1/2,i:|+ - |:Noz—1/2,i:|_)) : (5-114)

_|_

The quantity

o EIME; + AF" ([N;’Ib/ii} [N +> :
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represents, at the microscopic level, the water leaving the cell C; of the layer a during At™. A sufficient condition
to obtain the stability property, i.e.

lH' = / fritde >0, Vi, fora=1,...,N, (5.115)
R

is then
[ (orienazerae (Vinf]_+ [V, ) Jaes [ (3110
R - R

and this requirement is satisfied when

n n n n n n+1/2 n+1/2 n
o (|ug il +ware}) Lo H + At ({Galéz,i}_ + |:Ga+1§2,i}+) s laHj

We recall that we have obtained in (5.109) an explicit form of GZE% ;- If At" satisfies (5.113), then the

condition (5.115) is satisfied and that completes the proof. O

5.5. Second order scheme

The second-order accuracy in time is usually recovered by the Heun method [8] that is a slight modification of
the second order Runge-Kutta method. The advantage of the Heun scheme is that it preserves the invariant
domains without any additional limitation on the CFL.

We also apply a formally second order scheme in space by a limited reconstruction of the variables. An advantage
of the new multilayer approach with only one continuity equation is that the water height can be reconstructed
while preserving the mass conservation without difficulty.

5.6. Numerical simulations

5.6.1. Transcritical flow over a bump

We first consider an academic test case that is very commonly used for the validation of classical one-layer
shallow water solvers. Here we add some friction at the bottom in order to compare solutions of one-layer and
multilayer shallow water systems with the solution of hydrostatic incompressible Navier-Stokes equations. We
impose an inflow (left boundary) of 1.0 m?.s~! and the water height at the exit (right boundary) is prescribed
to be equal to 0.6 m. The Strickler friction coefficient at the bottom is 30 m!/3.s~! and the kinematic viscosity
is 0.01 m2.s~!. The data are chosen such that the flow is supposed to reach a stationary regime that presents
some transitions between sub- and supercritical parts and an hydraulic jump. Notice that an analytical solution
exists for this test in the case of a single layer [4,23].

The simulation results are depicted in Fig. 4, 5 and 6. The presented results correspond to a time instant s
where the permanent regime is achieved. Notice that we present some results related to the vertical velocity in
Fig. 5. Since we consider a shallow water type system we do not need this vertical velocity for the computation.
But it is possible to recover it for postprocessing purpose : departing from the computed horizontal velocity we
use the divergence free condition (3.31) and the non penetration condition at the bottom (2.5) to evaluate an
approximation of the vertical velocity. Notice also that the actual computations are purely one dimensional.
Hence Fig. 4 and 5 present velocity results on a postprocessing mesh that is constructed departing from the 1d
mesh by the use of the computed layer water heights.

The results depicted in Fig. 4 and 5 are consistent with computations performed using the hydrostatic Navier-
Stokes equations [6] and also using the former multilayer Saint-Venant system [1]. The results depicted in Fig. 6
exhibit that the presented solver is quite robust since it is able to compute transcritical solutions and shock
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waves even when a large number of layers are considered. Notice also that the hydraulic jump appears to be
overestimated by the one-layer computation when compared with other results - see Fig. 6.

- K—

Velocity u(m/s)
0.270 1.01 1.74

2.48 3.22

FIGURE 4. Horizontal velocities {uq(7,t7)}2_; with N = 15 layers.

a=1

5.6.2. Wind effects

We claim in the introduction that the great interest of the new multilayer formulation that we proposed here
is to allow mass exchanges between layers. This effect is exhibited in the numerical test that we present now.
We consider a lake with a non trivial bottom and vertical shores. We impose a constant wind stress (from left
to right) at the free surface. The flow is then supposed to reach a stationnary state that includes some water
recirculations in the lake. Notice that this kind of stationnary flows is clearly impossible to compute with the
classical one-layer shallow water system since the velocity is imposed to be constant along the vertical. They
are also out of the domain of application of the former multilayer shallow water system that was introduced by
Audusse [6] since they clearly involve large mass transfers (at least near the shores) between the layers.

As for the previous case we use a reconstruction strategy in order to estimate a vertical velocity field and we
present the results on a postprocessing 2D mesh that is presented in Fig. 7. In Fig. 8 we present the two
dimensional velocity vectors on this 2D mesh. The results exhibit a global recirculation that is combined with
two local recirculations that are induced by the topography of the lake. The qualitative aspect of the solution
is consistent with the previsions.
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Velocity w (m/s)
i -0.257 0.138 0.533 0.929 1.32

FIGURE 5. Vertictal velocity {wq(z,ts)}Y_; with N = 15 layers.
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FIGURE 6. Shape of the free surface for simulations carried out with different number of layers.
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FIGURE 7. The geometrical model with the horizontal mesh and the vertical discretization by layers.

Velocity Magnitude (m/s)
0.00 0.0175  0.0350  0.0525  0.0700

F1cURE 8. A wind blow from the left part of the domain to the right part. The arrows represent
the velocity field in the lake.

6. CONCLUSION

In this paper, the authors have described an exchanging mass multilayer Saint-Venant system. The derivation
of the model, the study of its main properties and a numerical scheme for its discretization are given. Some
simulations are also presented. Notice that the model and the results presented here in 2D (z,z) are also
available in 3D (z,y, 2).

Because of its accuracy and simplicity, the kinetic scheme seems well adapted for the simulations of such a
model. Moreover since the eigenvalues of the hyperbolic system are not explictly known, a lot of finite volume
schemes fails in this situation.

As depicted in Fig. 7, the vertical discretization proposed for water height leads to a regular mesh. A strategy
of “mesh refinement” based on a inhomogenous number of layers have to be added.

The presented system can be enriched in several ways. First, the hydrostatic assumption concerning the pressure
terms can be relaxed leading to the models presented in [11]. Then we can also consider a passive pollutant in
the flow. This implies to add a conservation equation for the pollutant concentration. Finally, we can consider
the density of the fluid varies with the concentration of pollutant. These three improvements have been added
to their model by the authors and will be presented in forthcoming papers.
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