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J. Sainte-Marie"®%| F. Souillé"+$ and M. Vallée?
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Abstract

In this paper we propose a stable and robust strategy to approximate incompressible hydrostatic
Euler and Navier-Stokes systems with free surface.

The idea is to use a Galerkin type approximation of the velocity field with piecewise constant
basis functions in order to obtain an accurate description of the vertical profile of the horizontal
velocity. Such a strategy has several advantages. It allows

o to rewrite the Navier-Stokes equations under the form of a system of conservation laws with
source terms,

o the easy handling of the free surface, which does not require moving meshes,

o the possibility to take advantage of robust and accurate numerical techniques developed in
extensive amount for Shallow Water type systems.

We show that the model admits a kinetic interpretation, and we use this result to formulate a robust
finite volume scheme for its numerical approximation. All the aspects of the discrete scheme (fluxes,
boundary conditions,...) are completely described and the stability properties of the proposed
numerical scheme are discussed. We illustrate the capability of the model and of the discrete scheme
with some numerical academic and realistic examples.

Keywords Free surface flows, Navier-Stokes equations, Euler system, Hydrostatic assumption, Ki-
netic description, Finite volumes.

1 Introduction

In this paper we present layer-averaged Euler and Navier-Stokes models for the numerical simulation of
incompressible free surface flows over variable topographies. We are mainly interested in applications
to geophysical water flows such as lakes, rivers, estuarine waters, hazardous flows in the context either
of advection dominant flows or of wave propagation.

The simulation of these flows requires stable, accurate, conservative schemes able to sharply resolve
stratified flows, to handle efficiently complex topographies and free surface deformations, and to capture
robustly wet/dry fronts. In addition, the application to realistic three-dimensional problems demands
efficient methods with respect to computational cost. The present work is aimed to build a simulation
tool endowed with these properties.
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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 com-
plexity. Indeed, for vertically averaged models such as the Saint-Venant system [13], efficient and robust
numerical techniques (relaxation schemes [20], kinetic schemes [41}16], . .. ) are available and avoid to deal
with moving meshes. In order to describe and simulate complex flows where the velocity field cannot be
approximated by its vertical mean, multilayer models have been developed [4} 8, [9, 19} 28, 27, 140, 47, 21].
Unfortunately these models are physically relevant for non miscible fluids. In [31] [IT], [T0] 43| 24] [30],
some authors have proposed a simpler and more general formulation for multilayer model with mass
exchanges between the layers. The obtained model has the form of a conservation law with source
terms and presents remarkable differences with respect to classical models for non miscible fluids. In
our approach the layer partition is merely a discretization artefact, and it is not physical. Therefore, the
internal layer boundaries do not necessarily correspond to isopycnic surfaces. A critical distinguishing
feature of our model is that it allows fluid circulation between layers. This changes dramatically the
properties of the model and its ability to describe flow configurations that are crucial for the foreseen ap-
plications, such as recirculation zones. Compared to previous works of some of the authors [111, [10] 24],
this paper deals with the 3d case on unstructured meshes reinforcing the need of efficient numerical
schemes.

The strong point of this paper is the layer-averaging, the kinetic interpretation and the numerical
scheme for the Euler part of the 3d Navier-Stokes system. But in order to deal with real test cases, the
rheology of the fluid has to be considered, therefore in paragraphs 2.2 we propose energy-
consistent, simplified and efficient — continuous and discrete — expressions for a Newtonian rheology in
the Navier-Stokes system.

Most of the numerical models in the literature for environmental stratified flows use finite difference
or finite element schemes solving the free surface Navier—-Stokes equations. We refer in particular to
[29, B6] and references therein for a partial review of these methods. Since the layer-averaged model has
the form of a conservation law with source terms, we single out a finite volume scheme. Moreover, the
kinetic interpretation of the continuous model leads to a kinetic solver endowed with strong stability
properties (well-balancing, domain invariant, discrete entropy [12]). We give a complete description of
all the ingredients of the numerical scheme (time scheme, fluxes, boundary conditions,...). Considering
various analytical solutions and a real test case with measurements, we emphasize the accuracy of the
discrete model.

The outline of the paper is as follows. In Section [2| we recall the incompressible Navier-Stokes
equations, the boundary conditions and the hydrostatic approximation. The layer-averaged system
obtained by a vertical discretization of the hydrostatic model is described in Section [8] The kinetic
interpretation of the model is given in Section [] allowing to derive a numerical scheme presented in
Section Bl Numerical validations are shown in Section [6l

2 The Navier-Stokes system

We consider the classical incompressible Navier-Stokes system

VU = 0, (1)
ou
5 TV(UeU) = VI+g, (2)
where U(t, z,y,2) = (u,v,w)T is the velocity, u(t,z,y,2) = (u,v)? is the horizontal velocity, p is the

T
fluid pressure, g = (0,0, —g)” represents the gravity forces. The quantity V denotes V = (%, 3%, %) ,

T
and V, , corresponds to the projection of V on the horizontal plane i.e. V,, = (%, 8%) .
We assume a Newtonian fluid and hence the stress tensor X is given by

¥ = —pl + u[VU 4 (VU)T]. (3)



where 11 is the viscosity coefficient. We consider a free surface flow (see Fig. [I} (a)), therefore we assume

zp(w,y) <z <t x,y) == h(t,z,y) + zp(z, y)

with zp(x,y) the bottom elevation and h(t, z,y) the water depth.

2.1 Boundary conditions
2.1.1 Bottom and free surface

Let ny and ng be the unit outward normals at the bottom and at the free surface respectively defined

by (see Fig[l}(a))

n, = S < Vay2 > , and ng= -~ ( ~Vay > :
VTVl 1 VIV 1
On the bottom we prescribe an impermeability condition
U.n, =0, (4)
and a friction condition given e.g. by a Navier law
(Xmy).t; = —xkUt;, i=1,2 (5)

with x a Navier coefficient and (t;,7 = 1,2) two tangential vectors. For some applications, we rather
use more specific friction laws and the equation is then replaced by

(E.nb).ti = *Ii(h, U).ti, 1= 1, 2 (6)
with x(h,U).U > 0. On the free surface, the kinematic boundary condition is satisfied

0
677757 +u(t,z,y,n).Veyn —w(t,z,y,n) =0, (7)

and the no stress condition
Yn, = —pt,z,y)ns + W(t, x,y)ts, (8)

where p®(t, z,y),W(t,z,y) are two given quantities, p* (resp. W) mimicks the effects of the atmospheric
pressure (resp. the wind blowing at the free surface). Throughout the paper p* = 0, W = 0 except in
paragraph [6.3] where the effects of the atmospheric pressure and the wind are considered.

2.1.2 Fluid boundaries and solid walls

On solid walls, we prescribe a slip condition
Un=0, 9)

n being the outward normal to the considered wall.

In this paper we consider fluid boundaries on which we prescribe zero, one or two of the following
conditions depending on the type of the flow (fluvial or torrential) : Water level h + z(x, y) given, flux
hU given.

The system is completed with some initial conditions

h0,z,y) = h%(z,y), U(0,z,y,2) = Uz,y,2),

with U? satisfying the divergence free condition .



2.2 The hydrostatic Navier-Stokes system
The vorticity is defined by

Qo (2w _ 00 du _ 0w b ou\T
— \ Jy 0z’ 0z oz’ Oz oy ’

and we assume the two first components of €2 vanish i.e. there is no vorticity along the horizontal axis.
We will see hereafter that this assumption simplifies the expression of the viscous terms that reduce to
a laplacian operator whose numerical treatment is easier than the complete expression of the rheology
terms. Some of the authors have proposed a discretization of the Navier-Stokes system with a general
rheology law [24], but as already mentioned we focus here on the numerical approximation of the Euler
part of the Navier-Stokes system. This is the reason why we adopt a simplified expression for the viscous
terms.

If the two first components of €2 vanish then the viscous terms in the momentum equation along z
of the Navier-Stokes system namely,

oz \Maz " Hox oy Koz, May Haz2

also vanish using the divergence free condition . Hence the momentum equation along z of the
Navier-Stokes reduces to

8w+8uw+8vw+8w2+8p_
ot ox oy dz 0z
The hydrostatic assumption consists in neglecting the vertical acceleration of the fluid

ow OJuw Ovw  Ow?

E+ 8m+8y 0z

~ 0,

see [23] 34, [39] for the analysis of hydrostatic models and for their asymptotic derivation [4, [32) [38].
This implies that the pressure writes

p=g(n—2) (10)
Therefore, the hydrostatic approximation of the system —@ consists in the model

VU = 0, (11)
CL (u®u)+au—w+ \% V.T (12)
ot ’y 9z Vel = ’
with
) ou  ou ou
T=p(0 &% 9]
oz By Oz

with the kinematic boundary conditions , and the dynamical boundary conditions

(T.nb).ti = —K U.ti (13)
T.ng = 0. (14)

Notice that V.T = uAu where A denotes the classical laplacian operator.
The smooth solutions of the system — satisfy the energy balance

(%/ Edz—i—ny/ E+g —z)) uvmyu)dZ——/ ngz—,‘ﬁ]ub, (15)
with T2 = Y7, JT2 and
2, .2
E=E(zu0) =" ‘2“’ +g2. (16)



Remark 2.1 The viscous terms in Eq. result from a rewritting of the quantity V.X appearing in
Eq. using the divergence free condition . Therefore, the dynamic boundary conditions —
are slightly different from ,.

In the case of an inviscid fluid, the system — consists in the incompressible and hydrostatic
Euler equations with free surface and reads

V.U =0, (17)
Mg, e+ Y v, =0 (18)
ot zy- (LU 02 gGVazyll =Y,

coupled with the two kinematic boundary conditions [4)),(7) and p(¢,z,y, h(t(z,y)) = 0.
We recall the fundamental stability property related to the fact that the hydrostatic Euler system
admits, for smooth solutions, an energy conservation that can be written under the form

8t/ Edz+ V. / E+g )))dz:O, (19)
with E defined by .
Remark 2.2 When considering hydrostatic models for incompressible fluids, the presure p is no more

defined as the Lagrange multiplier of the incompressibility condition but has an expression as a function
of the other variables, see (10]).

z n(tx.y)

h(t,x,y)

w(t,x,y,z)
v(t,x,y,z)/ ultxy,z)

(a) (b)

Figure 1: Fluid domain, notations and layerwise discretization.

3 The layer-averaged model

We consider a discretization of the fluid domain by layers (see Fig. [I} (b)) where the layer a contains the
points of coordinates (r,y,2) with 2 € Lo(t, 2,y) = (2a—1/2, 2a+41/2) and {2a41/2}a=1,... N is defined by

{ Za+1/2(t,l‘,y) = Zb($,y) + Z;'le hj(t,$,y), (ORS [07 .. -aN]7 (20)

hoc(taxvy) = Za+1/2(t7x7y) - Za71/2(t7337y) = lah(taxay)a

and YN 1, =1.



3.1 The layer-averaged Euler system

The layer-averaging process for the 2d hydrostatic Euler and Navier-Stokes systems is precisely described
in the paper [24] with a general rheology, the reader can refer to it. In the following, we present a Galerkin
type approximation of the Euler system also leading to a layer-averaged version of the Euler system.
The obtained model and the one described in [24] are identical.

Using the notations , let us consider the space }P’é\f;f of piecewise constant functions defined by

P{)V,f ={Licro(tam(2), a@€{l,...,N}}, (21)

where 1.cr (+.2.4)(2) is the characteristic function of the layer L(t,z,y). Using this formalism, the

projection of u, v and w on IP’(])V;f is a piecewise constant function defined by

N
XN(ta T,Y,z, {Zoz}) = Z 1[za_1/2,za+1/2} (Z)Xa(t7 Zz, y)? (22)
for X € (u,v,w).
The three following propositions hold.

Proposition 3.1 Using the space IP’ deﬁned by (21) and the decomposition , the Galerkin ap-
prozimation of the incompressible cmd hydrostatzc Euler equations . . . . ) leads to the system

ah
va haug) =0, (23)
a=1
Ohqug
(,%“ + Vi (hatta @ Ua) + Vay (Shha) = ~gha Va2

+uay1/2Gay1/2 — Va-1/2Ga-172, a=1,..,N. (24)

The quantity Gaq1/2 (resp. Ga_1/2) corresponds to mass exchange accross the interface zqq1/2 (resp.
Za—1/2) and Go )9 is defined by

Gat12 = Z(aaht‘FV (hju ) Z(Zl J<a) zy-(hju;j), (25)

J=1 j=1 p=1
fora=1,...,N. The velocities at the interfaces uqy1/o are defined by
. Uy if Ga+1/2 <0
Hot1/2 = { o1 if Gagrp2 >0 (26)

The smooth solutions of , satisfy an energy balance and we have the following proposition.
Proposition 3.2 The system , admits, for smooth solutions, the energy balance

g v, ( (Ea + %hah»

ot
2 2
u;, —u;.
= <Ua+1/2-ua - B ot ) Ga—i—l/?

w2 —v2
- <ua1/2ua - a2> Ga—1/2 (27)
with ) )
g, = tetatlebe 9y ghys, (28)



The sum of Fqs. fora=1,... N gives the energy balance

9 N N g
= ; Eo+ Y Vgt (Bo+ 5hah)

a=1

2
|Ga+1/2|. (29)

_ i (ua+1/2 - UQ)Q + (va+1/2 — Va)
B 2
a=1

Remark 3.1 FEquation is a layer discretization of the energy balance (16). The definition of ug /2
given in (26)) ensures the right hand side in Eq. 18 monpositive. Notice that a centered definition for

ua+1/2 Ze
Uy + Ugtl
Uqt1/2 = %, (30)

instead of leads to a vanishing right hand side in Eq. . But the centered choice does not
allow to obtain an energy balance in the variable density case and does not give a maximum principle,
at the discrete level, see [10]. Simple calculations show that any other choice than or leads to
a non negative r.h.s. in .

It is noticeable that, thanks to the kinematic boundary condition at each interface, the vertical
velocity is no more a variable of the system . This is an advantage of this formulation over the
hydrostatic model where the vertical velocity is needed in the momentum equation and is deduced
from the incompressibility condition . Even if the vertical velocity w no more appears in the
model —, it can be obtained as follows.

Proposition 3.3 The piecewise constant approzimation of the vertical velocity w satifying Eq. is

given by
Wa = ko — 2oV y-Uq (31)

with
ki = Vx,y.(zbul), ka+1 =kqo + Vx’y.(za+1/2(ua+1 — ua)).

The quantities {woé}é\[:1 are obtained only using a post-processing of the wvariables governing the sys-

tem @3)-ED).

Proof of prop. Considering the divergence free condition , using the decomposition and
the space of test functions , we consider the quantity

/R Lcro(tayV-UNdz =0,
with UN = (uV, o, w™)T . Simple computations give

aha 0 Za+1/2 0 Za+1/2
0= / 1Z€L&(t’m7y)v.UNd2’ = — + / u dz + ay/ vdz — Ga_,_l/g + Ga—1/2v
R

ot O Za—1/2 Za—1/2
leading to
Oh,
ﬁ + vr,y-(haua) = Ga+1/2 - Ga—1/27 (32)
with G417 defined by
0Zay1/2
Ga+1/2 = TJ;/ +uat1/2-VayZati/e — Wati/2-



The sum for a = 1,..., N of the above relations gives Eq. where the kinematic boundary condi-
tions , corresponding to

Gi2 =Gny12 =0, (33)
have been used. Similarly, the sum for j = 1,...,« of the relations with gives the expres-

sion for Goqiy2-
Now we consider the Galerkin approximation of Eq. i.e. the quantity

oulv N N
1z€La(t,z,y) 7875 -+ Vx,y.(u ®u ) +
R

ouNwN

T + gvx7yn> dz = 0,
leading, after simple computations, to Fq. . |

Proof of prop. In order to obtain we multiply by u, and we perform simple manipula-
tions. More precisely, the momentun equation along the x axis multiplied by uy gives

0 0 9 g 0 B
<8t (haua) + 5 (haua + 2hha) + 3y (hauava)> Uy =

0z
<—9ho¢ab + uay1/2Gat1/2 — Ual/zGa1/2> Ug-

X

Considering first the left hand side of the preceding equation excluding the pressure terms, we denote

/(D 9 oy, 0
Iu,a - <8t(hocuoz) + % (hozua) + aiy (hozuava)> uon

and using we have

0 [ hou? 0 hou? 0 hou? u?
Iu,a—at( 5 >+8$<ua 9 >+8y<va 9 >+2(Ga+1/2_Ga1/2)'

Now we consider the contribution of the pressure terms over the energy balance i.e.

o 0 g 82{,
Ip,u,a = (83: <§hho¢> + ghozaw> Uqs

and it comes

0
Ip,u,a = gha—(h—kzb)ua

Ox
= g2 (halh+ 2)u0) = 9(h + 2) = (ha)
N g@x @ b)Yex 9 b 81‘ aWa
_ 9 9 g o
= o ((Ghah+ Ghalh+22) ) ua) = g(h + 2) 5 (hatia).

Performing the same manipulations over the momentum equation along y and adding the terms Iy o1y, dp v
and I, o gives the result. B

Proof of prop. Using the boundary condition (), an integration from z, to z of the divergence
free condition easily gives

z
w=—Vgy [ udz
2p
Replacing formally in the above equation u (resp. w) by u® (resp. w'¥) defined by and performing
an integration over the layer L1 of the obtained relation yields

2 2
“3/2 7 b

2 z,y- U1,

23/2 z
h1w1 = —/ Vx,y./ up dZd21 = h1Vz7y.(zbu1) —

Zb 2b



1.e.
w1 = Vx,y.(zbul) - Zlv%y.ul,

corresponding to for a=1. A similar computation for the layers La, ..., Ly proves the result
fora=2,... N.

A more detailed version of this proof is given in [24)]. B
3.2 The layer-averaged Navier-Stokes system

In paragraph [3.1] we have applied the layer-averaging to the Euler system, we now use the same process
for the hydrostatic Navier-Stokes system. First, we consider the Navier-Stokes system - for a
Newtonian fluid and then with a simplified rheology.

3.2.1 Complete model

The layer-averaging process applied to the Navier-Stokes system — leads to the following propo-

sition.

Proposition 3.4 The layer-averaged hydrostatic Navier-Stokes system - s given by

- 2u-(hauy) = 0. 34
> G+ 2 Vewlan (31)
aha «

atu + Vi (halla ® 1g) + vx,y(ghha) = —ghaVay2

+ua+1/2Ga+1/2 - ua—l/QGa—1/2 + Vx,y'(haTa)
—Tot1/2Vayzarie + Tac1/2VayZa—1/2

Ug+1 — Uy Ug — Ug-—1
+2 ————— —2Uq_1/2————— — KoUg, a=1,.. N, 35
Ha+1/2 st + fa Ha—1/2 By + hov 1 ala (35)
with
T, T,
T _ zx,a+1/2 my,a+1/2> , 36
otl/2 (Ty:r,aJrl/Z Tyy,a+1/2 ( )
Ha+1/2 Ouq aUo¢—|—l aza-i-l/? Ua+1 — U
T, h h -2 37
zx,a+1/2 ha+1 n ha( «a Oz + Na+t1 Oz ) Ha+1/2 o ha+1 + hoz’ ( )
Ha+1/2 Ouq aUoz—i—l 8Zol-i-l/Q Uaq+1 — Ua
T, = h h -2 38
zy,0+1/2 Tos + ha( 5y + Na+1 oy ) Ha+1/2 By hart + ha’ (38)
T, = (Tm’a Txy»&) _ Lozt a2 (39)
Tyra Ty 2
and
ki a=1 0 if a=0
Ha:{o i ool Poagiz=19 # if a=1..,N-1 (40)
0 if a=N
The vertical velocities {wa Y_; are defined by (31).
For smooth solutions, the system — admits the energy balance
5 N N p
S Fa + Vey Y Ua (Ba+Zhah - haT.)
a=1 a=1
Ug+1 — Ug Uy — Up-—1
,ua+1/2(ua+1 + uoc)' ha+1 + ha /1’0471/2(1106 + ua—l)' ha n ha—l



_ szl (ua+1/2 - ua)2 + (Ua+1/2 - Uot)2

— B |Go¢+l/2’
N-1
a+1 + ha (ua+1 - ua)2 2 2
- Z T Tanypm 2 2 sl o), (41)

with E, defined by (28) and Ti+1/2 Z” Ti2,j,a+1/2' Relation 18 consistent with a layer-averaged
discretisation of the equation

Proof of prop. The proof is given in appendiz A. B

Remark 3.2 Notice in the definition (39), since we consider viscous terms we use a centered approxi-
mation.

Remark 3.3 Using simple manipulations, the viscous terms in the layer-averaged Navier-Stokes can be
rewritten and Eq. becomes
Ohoug,
ot

Vo (hally ® Ug) + Vw(%hha) = —ghaVay2

Huot1/2Gar1/2 — Ua—1/2Ga—1/2
+havm,y-Ta - (Ta+1/2 - Ta—l/Q)Vx,yZa
Ug+1 — Uy Uy — Ug-—1
+2 ———— = 2Up_1/2———————— — KaqUq, a=1,... N,
Ha+1/2 ha—i—l T hg, Ha—-1/2 By & ho1 ala

3.2.2 Simplified rheology

The viscous terms in the layer-averaged Navier-Stokes system are difficult to discretize and in this
paragraph, we propose a simplified version of the model given in prop. [3.4]

First, using simple manipulations, the viscous terms in the layer-averaged Navier-Stokes can be
rewritten and Eq. becomes

Ohqu
75} = +Vac,y- (haua ® ua) + v$7y(ghho‘) = _gho‘va:’yzb
+ua+1/2Ga+1/2 - uafl/ZGozfl/Q + vxvy‘(hQTg) + TZY
+Aa+l/2(uoé+1 —Uy) — Aa—l/?(ua —Ug-1) — Kalla, a=1,..,N,
with
Ha+1/2 Oug Qa1
T9 = h h 42
xx,041/2 hat1 + ha( * Or + a1 or )’ ( )
Hat1/2 Ouq Ouai1
70 — h hat1——), 43
zy,a+1/2 Ros1 + ha( e! Dy + hat Ay ) ( )
0za41/2 Ougt1
Txm a+l/2 = 2'u04+1/2 ox ac;» ’ (44)
0za41/2 Ougt1
T;y,a+l/2 = 2lat1/2 Oéy ﬁ’ (45)
1+ |Vaeyzatiyal <havw y2a+1/2>
A ~ 9 ’ - V,,. [ feXevteri/2) 46
, T T
i _ xx,04+1/2 zy,a+1/2 (47)
a+l/2 <T?jaz a+1/2 ngy,a+1/2>
; T! T! Tf1+1/2 + Tg—1/2 .
T — TT,0 xy,o | f =0.1. 48
G o

10



Then, following the same arguments as in [37],[11, paragraph 3.3] (we consider a shallow water type
regime where the viscous effects are less important than the advection and pressure terms) it is possible
to neglect the quantities T} and the second term in the expression , we get the following result.

Proposition 3.5 With a simplified expression of the rheology terms, the layer-averaged hydrostatic
Navier-Stokes system given in prop[3.4 becomes

— Ty ha o :0, 49
—~ 8t +a§:1 v 7?J( u ) ( )
Ohoug
Tt“ Ve (halla ® ug) + Vx,y(ghha) = —ghaVay2

+ua+1/2Ga+1/2 - uafl/QGafl/Q + vx,y'(hozng)
+Pa+1/2(uo¢+1 - uoc) - Fafl/Z(uOc - ua—l) — RaUg, (50)

with T° defined by ,,, and

1+ |V yZas1/ol?

r, = 2, 51
+1/2 Ha+1/2 hart + ha (51)
For smooth solutions, the system — admits the energy balance
o N p
2N"E, v D U (Ba+ Shoh = haTS)
m; + Vay ;u +3 0
u +u Uy + Uug—
_Fa+1/2%'(ua+l - ua) - Fa—l/Z%-(ua - uafl)
al (ua+1/2 - ua)2 + (Ua+1/2 - UO)Q
- Z ) |Gayayal
a=1
N-1 N-1
hot1+ h
- Zl %(Tgﬁ-lﬂy - 21 Lor1/2(Uats — ua)? — £(uf + 0}), (52)
Remark 3.4 The layer-averaged Navier-Stokes system obtained in Prop. has the form
oUu  OF,(U) 0F,U)
—— =8&,(U) + S.(U,0.U, 0,.U) + S, £ (U), 53
ot o T oy b(U) + 5e(U, )+ Su,s(U) (53)
where
U= (h7QI,1>- . 'an,quy,la"'7Qy,N)T7
and -
0zp 0z 0zp 0z
S(U)=10,9h1—,...,9hN—,gh1—,...,ghN—
b( ) <7g 181137 y g Naxag 18y7 y g Nay )

with ¢za = hala, Gya = haVa. We denote with F,(U), F,(U) the fluzes of the conservative part, and
with Se(U,0.U, 0,U) and S, ¢(U) the source terms, representing respectively the momentum exchanges
and the viscous and friction effects.

4 Kinetic description for the Euler system

In this section we give a kinetic interpretation of the system —. The numerical scheme for the
system —, will be deduced from the kinetic description.
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4.1 Preliminaries

We begin this section by recalling the classical kinetic approach — used in [42] for example — for the 1d
Saint-Venant system
O¢h + 0, (hu) = 0,

Oy (hu) + 0, (hu? + 9%2) + ghdyz, = 0, (54)

with the water depth h(t,xz) > 0, the water velocity u(t,z) € R and a slowly varying topography z(x).
The kinetic Maxwellian is given by

1/2

Mg = —(20h (= w?) | (55)

where U = (h,hu)”, € € R and ;. = max(0,z) for any z € R. It satisfies the following moment
relations,

Jr @) M(U,§)ds =U,  [€M(U,€)d¢ = hu? + g’y (56)

These definitions allow us to obtain a kinetic representation of the Saint-Venant system.

Lemma 4.1 If the topography zy(x) is Lipschitz continuous, the pair of functions (h,hu) is a weak
solution to the Saint-Venant system if and only if M(U, &) satisfies the kinetic equation

oM +§8:rM - g(amzb)an =Q, (57)

for some “collision term” Q(t,x, &) that satisfies, for a.e. (t,x),

/R Qi = /R £Qdt = 0. (58)

Proof If and are satisfied, we can multiply by (1,67, and integrate with respect to €.
Using and and integrating by parts the term in O¢ M, we obtain . Conversely, if (h, hu) is
a weak solution to , just define @@ by ,' it will satisfy according to the same computations.
|

The standard way to use Lemma is to write a kinetic relaxation equation [0, [15, [16], like

Ouf +€0e — 9(Dn)ef = L (59)

where f(t,2,&) >0, M = M(U, &) with U(t,z) = [(1,€)T f(t,x,€)d¢, and € > 0 is a relaxation time. In
the limit € — 0 we recover formally the formulation (57), (58). We refer to [I5] for general considerations
on such kinetic relaxation models without topography, the case with topography being introduced in
[42]. Note that the notion of kinetic representation as (57)), differs from the so called kinetic formu-
lations where a large set of entropies is involved, see [41]. For systems of conservation laws, these kinetic
formulations include non-advective terms that prevent from writing down simple approximations. In
general, kinetic relaxation approximations can be compatible with just a single entropy. Nevertheless
this is enough for proving the convergence as ¢ — 0, see [14].

12



4.2 Kinetic interpretation

In this paragaph, we give a kinetic interpretation of the model —7.
To build the Gibbs equilibria, we choose the function

1

XO(ZhZQ) = Elz%+z§§4 (60)

This choice corresponds to the 2d version of the kinetic maxwellian used in 1d (see remark and we
have

ha f—ua — Vo
Ma:M(Uaa677)262X0< c ”YC>’ (61)

with ¢ = /4h
Ua = (hom hocuou hocva)Tv (62)
and where (£,v) € R2. In other words, we have M, = QZTaﬂl(éfua)QJr('yfva)?SZgh'

Remark 4.2 Starting from the 2d mazwellian in the single layer case i.e.

1
Mgy = S L€+ (v <20 (63)

and computing its integral w.r.t. the variable v yields

[ = [ L L L )

s = —dy=—+(29h —(§ —u )
R v—1/(2gh—(£—u)?) + 2gm gm -
that is exactly the expression .

The quantity M, satisfies the following moment relations

1 to ¢ b + 915"
/ §| M(Uy,§,7)dédy = | hata | , / &y | M(Uq, &, ) dédy = hatiaVa . (64)
R? 5 hava R? 72 havi + g%

The interest of the function x¢ and hence the particular form lies in its link with a kinetic entropy.

Consider the kinetic entropy

2 2
H(f,6 v )= 3T +ga, (65)

where f >0, (£,7) € R?, 2, € R. Then one can check the relations

1 Eo = (u +02) + §ha(h + 22)
/ ¢ | H(Ma, ) dedy = wa(Ea + Shuh) (66)
B2\ Va(Ea + $hah).

Let us introduce the Gibbs equilibria N1/p defined by for « =0,..., N by

Gati/2 §—Uay1/2 Y — Vat1/2
Not1/2 = NUay1/2:€) = CJ;/ X0< C+/ ; C+/ >
Gay1/2 Gatr/2
B grh (E—Uat1/2)*+(V=vat1/2)? <290 = h Ma+1/2’ <67)
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where G411/ is defined by and Uq41/2,Va+1/2 are given by . The quantity N1/, satisfies the
following moment relations

2
Unt1/2

1 Gat1/2 e 5+ 40 ) Gagayo
/2 § Na+1/2dfd7 = ua+1/2Ga+1/2 ) /2 L22 Na+1/2dfd7 = U2+1/2
B\ Vat1/2Gat1/2 B2 =5+ 40 ) Gosape

(68)
Notice that from , we can give a kinetic interpretation on the exchange terms under the form

N «

B | OM;  OM;
Garp == 1lp1]<a) /]R 2 <5 5 1y )dfd% (69)

j:l p=

fora=1,...,N.
Then we have the two following results.

Proposition 4.1 The functions u¥ defined by and h are strong solutions of the system —
if and only if the sets of equilibria {My}Y_;, {Na+1/2}g:0 are solutions of the kinetic equations defined
by

oM, oM, oM, Ozp OM,, Ozp OM,
B, - g— - g— — N, N, _ = Qa, (70
(Ba) ot +£8m +78y 9 on D€ g@y 9y +1/2 + 1/2 Qa, (70)
fora=1,...,N. The quantities Qo = Qu(t,z,y,&,7) are “collision terms” equal to zero at the macro-
scopic level, i.e. they satisfy a.e. for values of (t,z,y)
| Qudtar = [ Qudsdy = | 1Qudsiy =0, (71)
R2 R2 R2

Proposition 4.2 The solutions of are entropy solutions if

OH(M,)
ot

OH(M,)  OH(M,) 9z 0H(M,) 9z OH(M.)
e Y e e e Yoy o

< (H(Nag1/2) = H(Na—1/2)), (72)

with the notation H(M) = H(M,&,~, z) and H defined by (65). The integration in &,~ of relation

gives

2 2
0E, 0 g 0 g Upy1/2 T V012
a Yo Ea *hah a Ya an *hah S la «@
u? + 02
_la ( a—1/2 . a—1/2 +ga> Ga_l/g'

Proof of proposition [4.1] The proof relies on averages w.r.t the variables &, of Eq. against
the vector (1,§,W)T. Using relations ,, and the properties of the collision terms , the

quantities

[ B dedr. [ e dedr, and [ 2(8a) dear

respectively give FEqs. and . The sum for « = 1 to N of Egs. with gives that
completes the proof. B
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Proof of prop. The proof is obtained multiplying by H!, (M, €,7, 2). Indeed, it is easy to
see that oM 5
H(;(MOM 57 Vs Zb)TT)IX = %HQ(MOM 57 e Zb):

forv =t x,y,& . Likewise for the quantity H),(Ma,§,7, 26) Nay1/2, we have
H&(Mou 5) Y, Zb)Noc+1/2 = H(Na+1/27 ga Y, Zb)'
So finally, Fq. multiplied by H! (M, &, 7, 2p) gives

OHy | OHo OHo  0%0Ha 0% 0Ha £+
ot ar oy  Yor ac Yoy oy = 2

+ 92b> (Nat1/2 — Na—1/2)-

It remains to calculate the sum of the preceding relations from o = 1,..., N and to integrate the obtained
relation in &, over R? that completes the proof. B

Remark 4.3 If we introduce a (2N + 1) x N matriz K(&,v) defined by
Kij=1 Kit1; =580, Kitntij+N8 =70,

fori,j=1,...,N with ; ; the Kronecker symbol. Then, using Prop. we can write

U= /R? K&, v)M(E,y)dédy, Fo(U) = /R2 EK(€,7)M(E,~)dedr, (73)
Fy(U) = /R K& M y)dedy,  Se(U) = /R K(E )N (E7)dedy, (74)

with M(g,’y) = (M(U17§77)7"‘7M(UN55”Y))T and

N3/2(§;’Y) - N1/2(57’Y)
N(&v) = :
Nyt1/2(67) = Nv-1/2(€,7)

Hence, using the above notations, the layer-averaged Fuler system — can be written under the
form

OM(¢, AM(¢, aM(¢,
/R K(6,7) ( éf L, ;i D 4y gj Y VsV M N(f,’y)) dédy = 0.

5 Numerical scheme

The numerical scheme proposed in this section extends the results presented by some of the authors
in [7, [11) 10, [6]. The objective is to propose — based on the kinetic interpretation obtained in prop. f
an accurate, robust and efficient numerical approximation of the system given in prop. and that
can be written under the form . First, we focus on the Euler part of the system — then in
paragraph [5.6] a numerical scheme for the viscous terms is proposed.

Notice that, as a consequence of the layer-averaged discretization, the system — and the
Boltzmann type equation are only 2d (z,y) partial differential equations with source terms. Hence,
the spacial approximation of the considered PDEs is performed on a 2d planar mesh.
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5.1 Semi-discrete (in time) scheme

We consider discrete times " with t"*1 = " 4 At". For the time discretisation of the layer-averaged

Navier-Stokes system we adopt the following scheme

OF,(U) n oF,(U)
ox oy

Uttt = U — A" ( - S (U)) + A" ST 4 At”S"“’, (75)
where the superscript ™ has been omitted and the integer p = 0,1/2,1 will be precised below.

Using the expressions — for the layer averaged model, the semi-discrete in time scheme
writes

prtl = g2 —p Atnz Viy-(halla), (76)
a=1
(houa)™ Y2 = haua—At"(vg&y.(haua@ua)+Vx,y(ghha)+ghan,yzb), (77)
(haua)™! = (haua)n+1/2 Atn( a+1/2Ga+1/2_uZ+i/2Ga—1/2
+uVay. (he TTET) — +1/2v$ yZZizl)/z + Ta 1/2v :yza+1/2
nt nt nt nt
+Ma+1/2w Ho— I/QW_KQ gﬂ))’ (78)
Gat12 = —Z<le ]<a) Vay-(hjuy), (79)
Jj=1p

for = 1,..., N. The vertical velocities {w,})\_; are defined by (B1)). The first two equations(76)-(77)
consist in an explicit time scheme where the horizontal fluxes and the topography source term are taken
into account whereas in Eq. an implicit treatment of the exchange terms between layers is proposed.
The implicit part of the scheme requires to solve a linear problem (see lemma. but, on the contrary
of previous work of some of the authors [I1], it implies that the CFL condition no more depends
on the exchange terms.

When 4 = x = 0 in Eq. , Egs. (76)-(78]) correspond to the layer-averaged of the Euler system.
The choice p =1 (resp. p = 1/2) in Eq. corresponds to an implicit (resp. semi-implicit) treatment
of the viscous and friction terms whereas the choice p = 0 implies an explicit treatment and requires a
CFL condition. Notice that the advantages and limitations of an implicit or explicit discretization in
time scheme for the viscous and friction parts of Eq. are not detailed here.

5.2 Space discretisation

Let € denote the computational domain with boundary I', which we assume is polygonal. Let T}, be a
triangulation of €2 for which the vertices are denoted by P; with S; the set of interior nodes and G; the
set of boundary nodes.

For the space discretization of the system—, we use a finite volume technique for the Euler
part — that is described below — and a finite element approach —IP; on T}, — for the viscous part that is
described in paragraph [5.6]

5.3 Finite volume formalism for the Euler part

In this paragraph and in paragraph (5.4]), we propose a space discretization for the model —
without the viscous and friction terms i.e. the system

N
hn+1 — hn+1/2 —h— Atnzvx,y‘(haua)a (80)

a=1
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(hata)™ /2 = hou, — AL <vw (halla ® ua) + vx,y(%hha) 4 ghavx,yzb), (81)

(haua)n-i-l = (haua)n+1/2 — A" (unii/QGoH_l/g — qui/zGa_l/g), (82)

«

completed with .
We recall now the general formalism of finite volumes on unstructured meshes.

The dual cells C; are obtained by joining the centers of mass of the triangles surrounding each vertex
P;. We use the following notations (see Fig. :

e K, set of subscripts of nodes P; surrounding F;,

e |C;|, area of Cj,

e I';;, boundary edge between the cells C; and Cj,

e L;j, length of I';j,

e n;;, unit normal to I';;, outward to C; (nj; = —ny;).

If P; is a node belonging to the boundary I', we join the centers of mass of the triangles adjacent to the
boundary to the middle of the edge belonging to I' (see Fig. [2) and we denote

e [';, the two edges of C; belonging to I,

e L;, length of I'; (for sake of simplicity we assume in the following that L; = 0 if P; does not belong
to T),

e n;, the unit outward normal defined by averaging the two adjacent normals.

Figure 2: (a) Dual cell C; and (b) Boundary cell C;.

We define the piecewise constant functions U™ (x,y) on cells C; corresponding to time ¢" and z(x, y)
as

Un(x7y) = Uzn7 Zb(l',y) = Zi, for (337y) € Ci7 (83)

: n __ n . n n n T
with U* = (k] Ay 1o Dy N Dy 1o ) ie.

n
o qy’Niz

1 1
Ur o | Uy, s [ aeg)dedy
1Ci| Je, 1Cil Je,

We will also use the notation )
Ugl ~ T / Ua(tn7 z, y)dﬂ:dy,
G e,
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with U, defined by . A finite volume scheme for solving the system — is a formula of the
form
U =0 = Y 04 Fig - 0iFeq, (84)
JEK;
where using the notations of

OF, (U oF, (U
Z Li,jfi,j ~ / ( m( ) + y( ))dxdy, (85)
: C. ox oy
JjeK; v
with
AtnLiJ’ At"L;
i = ——=, 0;= .
" |Cil e
Here we consider first-order explicit schemes where
Fij = FUs, Uj, 2p — 26,5, 0i5)- (86)
and
F(Uvi,Urg, 265 — 2b,5, Dij)
Fij = F(Ui,Uj, 26 — 265,14 5) = : (87)
F(Un,i,UNj, 2 — 2bj, i)
and for the boundary nodes
F(U14,Uie,i,n5)
Fei=FUi,Upy,my) = : (88)

F(Uni,UN,e,i,n;)

Relation tells how to compute the values UZL +1/2 knowing U; and discretized values z,; of the
topography. Following , the term F; ; in denotes an interpolation of the normal component of
the flux F(U).n; ; along the edge C; ;. The functions F(U;, U, 25— 26, 0 j) € R*¥+1 are the numerical
fluxes, see [18].

In the next paragraph we define F(U;,Uj, 2p; — 2.5, 14;) using the kinetic interpretation of the
system. The computation of the value U; ., which denotes a value outside C; (see Fig. ( b)), defined
such that the boundary conditions are satisfied, and the definition of the boundary flux F(U;, Ue;, n;)
are described paragraph Notice that we assume a flat topography on the boundaries i.e. 24; = 2y ¢-

5.4 Discrete kinetic equation

The choice of a kinetic scheme is motivated by several arguments. First, the kinetic interpretation is a
suitable starting point for building a stable numerical scheme. We will prove in paragraph that the
proposed kinetic scheme preserves positivity of the water depth and ensures a discrete local maximum
principle for a tracer concentration (temperature, salinity...). Second, the construction of the kinetic
scheme does not need the computation of the system eigenvalues. This point is very important here
since these eigenvalues are not available in explicit analytical form, and they are hardly accessible even
numerically. Furthermore, as previously mentioned, hyperbolicity of the multilayer model may not hold,
and the kinetic scheme allows overcoming this difficulty.

5.4.1 Without topography

In a first step we consider a situation with flat bottom. Following prop. the model - reduces,
for each layer, to a classical Saint-Venant system with exchange terms and its kinetic interpretation (see

Eq. ) is given by

oM, oM, oM,

ot +£ (9.Z'a + v 8ya _Na+1/2+Na—1/2:Qa7 o€ {L"'aN}’ (89)
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with the notations defined in paragraph
Let C; be a cell, see Fig. [2l The integral over C; of the convective part of the kinetic equation

gives
oM, oM, oM,
/Cz< e +¢ Ep + 7y 8y>d dy ~ i <>.nwdl, (90)

with My ; = M (Uay, &, ), n;; being the outward normal to the cell C;. The quantity M, ; ; is defined
by the classical kinetic upwinding

JEK;

Maij = Ma,iGijl¢ ;>0 + Ma,;Gijlc <o,

Ci,j = <§> .nm.

Therefore, the kinetic scheme applied for Eq. is given by

with

_ At"
fgjl/z = ( C, Z Li 7]<Z,J1<U>O)Ma,i - C’ Z Li jMa,;Gijle; <o, (91)
1Gif 1G] &

. 1/2— _ .

fr = R A (NI - NI ). (92)
with the exchange terms {N ”ill/_Q i Ya—o defined by

Nn+1— _ Ga+1/21 n+1— 93
a+1/2, z(é: FY) - hi fa+1/2z ( )

Following we can write
oot _{ fIE 0 Gagrpp <0

a+1/2;i fgillz if Ga+1/2 >0

leading to
1— ’Ga+1/2 z|+ 1— ’Ga+1/2,i|— 1—
NZ—tl/Q 1(5 ) - fg—tlz h; fnJ'r )

Notice that the previous definition is consistent with (67| . From , we get
Got1/2i = e Z(Zl 1k<a) > L”/ (My,iCijle, >0 + My jCijle, <o) dédny.
p=1 JjEK;

By analogy with the computations in , we can recover the macroscopic quantities Ug;fl at time
t"*+1 by integration of the relation

1
Ugjlz /R 2 ¢ fgjl_dfdﬂy. (94)
Y

The scheme and the definition allow to complete the definition of the macroscopic scheme ,,
with the numerical flux given by the flux vector splitting formula [16]

Fij = FHUn )+ F~ (U}, n )
= /R? K&, 7v) MG j1¢, ;>0dEdy + /R2 K(&,v)M;Gi 1, ,<odédy, (95)

where IC(€,7) is defined in Remark and M; = (My;,...,Mn;)T.
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Using , we rewrite the step under the form
(In + AtGy,) frH = ot/

where Iy is the identity matrix of size N and Gy ; is defined by

|G3/2,il— |G3/2,il+
_ : _ : 0 0 0
1 1
hiy iy
|G3/2,:]— . .
h7/z+1 . . 0 0
2,1
0 0 0
GNi = 0 |Ga1/2,il— |Gatiy2,il-—1Ga—1/2,l+ |G at1/2,il+ 0
hn+_1 - hn+1 - hn+1
- - IGN_1/2,il+
0 . ) e
|G N_1/2,il- IGN_1/2,:]+
0 e 0 0 'n,«&»l7 n«l»l7
hy'i hni

Hence, the resolution of the discrete kinetic equation requires to inverse the matrix

In + AtGn; 0
0 Iy + AtGNﬂ'

and we have the following lemma.
Lemma 5.1 The matriz Iy + AtGy;
(i) is invertible for any Rt >0,
(i) (In + AtGN,i)il has only positive coefficients,
(iii) for any vector T with non negative entries i.e. T, >0, for 1 < a < N, one has

IOy + AtG ) " Tlloo < [T oo

Proof of lemma [5.1] (i) For any h?“ > 0, the matriz In + AtGy,; ts a strictly dominant diagonal
matriz and hence it is invertible.
(1i) Denoting G?V,i (resp. G”chi) the diagonal (resp. non diagonal) part of Gy, we can write

Iy + AtGy; = (Iy + AtGY) (Ty = (Ty + AtGE,) ! (-A1GH))

where all the entries of the matriz Jy,; = (In + AtG%7i)*1(—AtG%i), are non negative and less than

1. And hence, we can write
o

(In + AtGr) ' =Y Jh,
k=0

proving all the entries of (In + AtGNJ)*l are non negative.
(11) Let us consider the vector 1 whose entries are all equal to 1. Since we have

(IN + AtGNﬂ‘)tl =1,

we also have 1 = (Iy + AtGn;)~'1. Now let T be a vector whose entries {Tn }1<a<N are non negative,
then
(In + AtGr;)~'T < (I + AtG ;) 1 Tlloo = 1] Tl oo,

that completes the proof. B
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5.4.2 With topography

The hydrostatic reconstruction scheme (HR scheme for short) for the Saint-Venant system has been
introduced in [5] in the 1d case and described in 2d for unstructured meshes in [7]. The HR in the
context of the kinetic description for the Saint-Venant system has been studied in [6].

In order to take into account the topography source and to preserve relevant equilibria, the HR leads
to a modified version of under the form

Uin+1/2 = Uin - Z O'i,j]:;ij - O'i]:i,e + Z O'i,jSZja (96)
JEK; JEK;
where
0
911 (h}2 — h?)n,
201U, 1]
Fiy=F(Uf Usinig),  Sig=SUiUfj mi ) = v : (97)
l (h*2 h2)nm
with
2y = max(2y, 20,5), hi; =max(h; + 2, — 7, ;,0), (98)
Uifj = (hz]? llh”ul TR ,lthjuN’i, llh;jvl,h ey lNh;jUN,i)T.

We would like here to propose a kinetic interpretation of the HR scheme, which means to interpret
the above numerical fluxes as averages with respect to the kinetic variables of a scheme written on a
kinetic function f. More precisely, we would like to approximate the solution to by a kinetic scheme
such that the associated macroscopic scheme is exactly (96) . . with homogeneous numerical flux F
given by . We denote M}, . = M(U} i & ) for any a = 1,..., N and we consider the scheme

o,i,g
f;L;-l/Q— = Ma;— ‘C‘ Z LijGijle, 50Mz 5 — ’C’ Z Li i M Gigle <o,
\C’ | Z Li 7] am)ea,i,jv (99)
s = f2t1/2‘+At"( N = N, (100)

where

§ — Uayi
Oaig= {2~ ) M.
Y — Va,i

For the exchange terms, by analogy with we define

G*
N* +1 a+1/21 +1—
04—17—11/2 1(5 7) fZ_H/QZv (101)
and using we get
N @
atl/2i = (Z lp — 1/~c<a) Z L; ,J/ (Mg 5Gigle >0 + M iGijle, <o) dEdy.
k=1 p=1 jeK;

It is easy to see that in the previous formula, we have the moment relations

[ M = M )60 = 0, (102)
/RQ <§> (Mg M;”)awdgdfy_— (h*2 hi)n; j, (103)
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Using again , the integration of the set of equations — @D, for « = 1,..., N, multiplied by
K(&,v) with respect to &,y then gives the HR scheme —@ with ,. Thus as announced,
— is a kinetic interpretation of the HR scheme in 3d for an unstructured mesh.

There exists a velocity v, > 0 such that for all «,1,

1§] > v, or |y > v = M (Ug,i, &) = 0. (104)

This means equivalently that |uqi| + |[vai| + v2ghi < vy,. We consider a CFL condition strictly less
than one,

1
oivm < B < 5 for all 4, (105)

where o; = At" ZjeKi L;;/|C;|, and B is a given constant.
Then the following proposition holds.

Proposition 5.1 Under the CFL condition (105)), the scheme 1) verifies the following proper-

ties.
(i) The macroscopic scheme derived from (09)-(100) using (94) is a consistent discretization of the
layer-averaged Euler system —.

(ii) The kinetic function remains nonnegative i.e.
farts >, V(€,7) € R?, Vi, Vo
(111) The scheme — 1s kinetic well balanced i.e. at rest
ST = Mo, V() €R? Vi, Va=1,...,N. (106)

Proof of prop. (i) Since the Boltzmann type equations (70) are almost linear transport equations
with source terms, the discrete kinetic scheme — is clearly a consistent discretization of .
And therefore using the kinetic interpretation given in prop. the macroscopic scheme obtained
from - using s a consistent discretization of the layer-averaged Euler system —.
(it) In (99)-(L00) we have A
‘Cti‘ Z LijMg 5iGigle ;<0 <0,
JjeK;

and the HR ensures

M, < Mg, V(€,7) € R%, Vo

a7i7j
leading to
1/2— At"
2 > 1= 20 Y Lig(Gile, 20 + aiglon,,>0) | Mas,
) |C’L‘ ; B i
JEK;
But G j1¢, ;>0 < max{[], [V]}, Oaijle,, ;>0 < max{[{ — ua,il, |Y — va,l} and therefore

A"
|Ci

D Lij(Gigle,>0 + Oaigle,.,,>0) < oi(max{[¢], [v]} + max{|¢ = ual, |7 — vaul}) < 1,

JEK;

where (104),(105) have been used, proving fgjl/z_ >0 for any £ € R and any o € {1,...,N}. Now
using the results of lemma it ensures that fg;fl_ defined by (100]) satisfies f;;fl_ > 0 for any
(¢,7) € R? and any o € {1,..., N}, proving (ii).

(1ii) Considering the situation at rest i.e. Uq; = Vo =0, Yo, i and h; + 255 = hj + 25, Vi, j we have

Ma,i = M,

a7i7j7

Va,1, J.
From -, this gives ((106[). W
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5.5 Macroscopic scheme

The numerical scheme for the system — is given by ,, (100) and requires to calculate

fluxes having the form

£, 1
FolU) = | Fu | = / € | (nut +nyy) MU, €, ) ded.
Fho naftny 120 \

with M given by , n, and n, being the components of a normal unit vector n. Defining the change
of variables
E=u+cz, v =v+ c2y,

we can write

1
Fy,(U) = h/ (ng(cz1 +u) + ny(czo +v)) | u+czr | xo(z1, 22)dz1dzs,
ng (cz1+u)+ny (cze+v)>0 v+ c29

where X is defined by . A second change of variables

Y1 = Ng21 + Ny2o, Y2 = Ng22 — Nyz1, U= NgU + Nyv.

gives
1
Fo(U) = h/  (ateyn) | utengyr | xo(y1, ye)dyidys, (107)
{ylzf%}XR v+ Cnyyl

since xo is odd. The details of the computations of formula (107) is given in appendix B.
Using the properties obtained at the kinetic level for the resolution of the system -, the
following proposition holds.

Proposition 5.2 Under the CFL condition (105), the scheme ,, (100) satisfies the following

properties.
(i) The macroscopic scheme derived from (99)-(100) using (94)) is a consistent discretization of the

layer-averaged Euler system -.

(i) The water depth remains nonnegative i.e.
R >0, Vi, whenhl >0 Vi
(iti) The scheme (94),(99), (L00) is well-balanced.

Proof of prop. The proof is similar to the one given in prop.[5.1 M

5.6 The discrete layer-averaged Navier-Stokes system

In this parahaph, we detail the space discretisation of the viscous terms. Several expressions have been
obtained for the viscous terms, see paragraph[3.2] In this paragraph, we do not give a numerical scheme
for the model but for the simplified expression depicted in Proposition [3.5]

Rewritting under the form

(hala)" ™' = houg + AL"S, ((U), (108)
with Suf(U) = (Sv7f71, ce SU’fJV)T and

—~—

holly = houg — A" (vx,y. (hatla ® Ua) — vx,y(ghha) — ghaVay2
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1 1
+uZil/2Ga+1/2 - uZJ—rl/2Ga—l/2)’

Sufa = Vay-(haTh) +Lay1/2(Uat1 — Ua) = Tari/2(Ua — Ua1) — Kalla,

with the definitions ,,, , for TO, T'piq /2. It remains to give a fully discrete scheme

for the viscous and friction terms {S, 7}

The discretization of is done using a finite element / finite difference approximation obtained
as follows. We depart form the triangulation defined in paragraph and we use the cells values of the
variables — inherited from the finite volume framework — to define a P; approximation of the variables.

Notice that, compared to the advection and pressure terms, the discretization of the viscous terms
raises less difficulties and we propose a stable scheme that will be extended to more general rheology
terms [24] and more completely analysed in a forthcoming paper.

Using a classical P; finite element type approximation with mass lumping of Eq. , we get

UZJrl = ﬁa — A" <K:a+1Ua+1 + ]CaUa + K:a—an—l)
+Atnga+1/2(Ua+1 - Ua) - At”ga_1/2(Ua - Ua—l) - AtnﬁaUa) (109)

with the matrices

1 o s W
]Ca = / ( «,] =+ «@,] >Vx ngﬁ - drd ,
2 Ja \hat+1,j +haj  haj+ha-1; y¥P P Y

Hat1/2 ha+1,j
IC = > V v X d d ,
o 2 ~/§2 ha—i—l’j + had' z,yPi-VayP; ardy

1 + |Vz y2a+1/2|2
g = / : . pidrdy,
a+1/2 Ha+1/2 0 hast + ha Pi-Pj Y

where the expression of the viscous terms given in prop. [3.5] is used. We have presented an explicit in
time version of ((109) that is stable under a classical CFL condition. An implicit or semi-implicit version

of (109)) can also be used.

The main purpose of this paper is to propose a stable and robust numerical aproximation of the
incompressible Euler system with free surface. Voluntarily, we give few details concerning the numerical
approximation of the dissipative terms:

e the viscous and friction terms are dissipative and hence a reasonable approximation leads to a
stable numerical scheme.

e In this paper, we consider a simplified newtonian rheology for the fluid (some vorticity terms have
been neglected, see paragraph [2.2)), the numerical approximation of the general (layer-averaged)
rheology [24] will be studied in a forthcoming paper.

5.7 Boundary conditions

The contents of this paragraph slighltly differ fom previous works of one of the authors [26] and valid
for the classical Saint-Venant system. First, we focus on the boundary conditions for the layer-averaged
Euler system i.e. the system — for £ =0, kK = 0 and then for the viscous part.

5.7.1 Layer-averaged Euler system

In this paragraph we detail the computation of the boundary flux 7(U;, U, ;, n;) appearing in ,,.
The variable U}, can be interpreted as an approximation of the solution in a ghost cell adjacent to the
boundary. As before we introduce the vector

Ue = (hi'e: (M) 1ies - - (M) N e, (hU)1ies - - - (h'U)N,i,e)T :
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and we will use the flux vector splitting form associated to the kinetic formulation
F(Ui,Uie,n) = F(Us,n3) + F~ (Ui e, n;) (110)

with U/, defined according to the boundary type.

Solid wall If we consider a node ig belonging to a solid wall, we prescribe a slip condition written
u, - n;, =0, (111)

for « = 1,...,N. We assume the continuity of the water depth h;,. = h;, and of the tangential
component of velocity.

From (107) with (111)) we obtain
F}:F(Ua,io) + F}:(Ua,ioye) =0,

and

(F@(Umio) + F@(Ua7i076)> n, — Jhaiohis (F,;(UWO) + F,;(Ua,io,e)> b =0
Fhv(Ua,io) + F};(Ua,io,e) 0 2 ’ Fhv(Ua,io) =+ F};(Ue,a,io) ’ ’

for a =1,..., N for a vector t;, orthogonal to n;,. The condition (111]) is therefore prescribed weakly
but a posteriori, in order to be sure that (111)) is satisfied, we can apply

Uq,ig,e = Ua,ip — (ua,iO‘nio)niO'

Fluid boundary Even if the considered model is more complex than the Shallow water system, we can
uq|

Vgh'

a flow is said torrential, for |u,| > v/gh and fluvial, for |u,| < v/gh.

Generally, for the fluid boundaries, the conditions prescribed by the user depend on the type of the
flow defined by this criterium.

We have also to notice that with n the outward unit normal to the boundary edge, an inflow boundary
corresponds to u, - n < 0 and an outflow one to u, - n > 0.

We will treat the following cases: for a fluvial flow boundary, we distinguish the cases where the flux
or the water depth are given, while for a torrential flow we distinguish the inflow or outflow boundaries.

consider that the type of the flow depends, for each layer, on the value of the Froud number Fr, =

Fluvial boundary. Flux given We consider first a fluvial boundary, so we assume that

lua| < v/gh. (112)

If for each layer, the flux q4  is given, then we wish to impose
(Fn(Ua,i) + Fr(Ucai)) Mi = dga-ni,  Frn(Ucai) bi = qga-ti, (113)

with n;.t; = 0. The value q,, depnds on the value of the prescribed flux along the vertical axis.

If one imposes directly leads to instabilities (especially because the numerical values are not
necessarily in the regime of validity of this condition). We propose to discretize it in a weak form. We
denote

a)p = qg,a-ni — Fh(Ua,i)-l'li- (114)

If a1 > 0, we prescribe

Fh(Ue,a,i) =0, Fhu(Ue,a,i) =0, and Fhv(Ue,a,i) = 0.
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If a1 < 0, we have to write a third equation to be able to compute the three components of U, o, and by
analogy with what is done for the Saint-Venant system — where the Riemann invariant related to the
outgoing characteristic is preserved — we assume the quantity u,.n is constant though the interface, i.e.

Ue i — 24/ ghe i = Uqi.m; — 24/ gh;. (115)

As (112) is satisfied, the eigenvalue ¢ o i.1; — 21/ ghe; is positive.
We use the equations (113) and (115) to compute hc; and ue o ;.1n;. We denote ag = uq ;.n; — 2v/gh;
and
m = M (116)
ghe,i
Then the equation ((115]) gives
V ghe,i (m - 2) = a2 (117)

and using the definition of F}, (see (139)) with (113),(114) we have

hei h. . 2
6Z/ e+ 1= Ede =, (118)
T 2< Ue o314 2 4

Iheyi
2
or using ((115)
Y(he,i) = ay, (119)
with
he,i ghfe,i 22
Ylhes) = =7 /Z< T <2@+ @t \/QZ byt
- 9he,i

It is easy to see that h — w(h) is a growing function of h with ¥(0) = 0 and ¢(+00) = 400 and
therefore, Eq. (118) admits a unique solution for any a; > 0. Using (117)), Eq. (119) is equivalent to

solve for m

¥(m) = a, (120)
with ( 2)
W(m) = K2
) ¢(m)3

wl—=

and K = (\/Qg al)

om) = © / o Vamr 1 Z:dz.

In practice, we use a Newton-Raphson algorithm to solve an equivalent form of Eq. (120]), namely

a2

m—2—26(m)'/* = 0.

Once the above equation has been solved, from ([116]),(117)) we deduce

asm

2 . —
) y  Ueq,i-Ily = m_92

Remark 5.2 Notice that in the procedure proposed to calculate e i, hei, even if he; represents a total
water depth, a different value of he; is calculated for each layer a. he; is only used to ensure (113)).
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Fluvial boundary. Water depth given We verify that the flow is actually fluvial, i.e.

(Waim; — \/gh,) (Ua,imi +/gh;) < 0. (121)

Since the water depth is given, we write
hei = hg;. (122)

We assume the continuity of the tangential component
(hu)e@,i.ti = (hu)aﬂ'.ti, (123)

with t;,n; = 0. To define completely uc ., we assume, as in the previous case, that the Riemann
invariant is constant along the outgoing characteristic (115]), so we obtain

Ue ;-0 = Uq -1 + 2\/§(\/h>z — v/ hg,i)- (124)

Sometimes it appears that the numerical values do not satisfy the condition (121)), then the flow is in
fact torrential and

e if uy;.n; > 0, the condition (122]) cannot be satisfied (see Sec. 6.2.4),
e if u,;.n; <0, one condition is missing and we prescribe uc o ;.n; = Uy ;.0;.

Torrential inflow boundary For a torrential inflow boundary we assume that the water depth and
the flux are given, then we prescribe

hei = hgi, (h)eaiti = (hua)gati,

and

(Fr(Uqai) + Fr(Ue i) 0y = dgo-n; = (h)gq,q.0;.

In this case we have to compute (ht1)e, o i.1; O Ue ;.15 We consider an inflow boundary, so (hu)g,a,i.0; <
0 therefore using the notation (114) we have a; < 0. By analogy with the previous section we denote

Ue, o,i-14
m=————
ghg,i

then the equation for m is (see (116)-(118])

i 2 al
b(m) = \/;h/

As in the paragraph entitled Fluz given, the above equation has a unique solution m < 2 for a; < 0.

Torrential outflow boundary In the case of a torrential outflow boundary, we do not prescribe any
condition. We assume that the two Riemann invariants are constant along the outgoing characteristics
leading to

Ue,,i-N — 21/ ghei = Uqin; — 24/ gh;,
Ue,,i- 0 + 21/ ghei = Uq i + 24/ gh;,

and we deduce he; = hj, Ue .0 = Uq;.0;. We assume that we also have (hu)eq,i-ti = (hu)q,i.t;.
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5.7.2 Layer-averaged Navier-Stokes system

Because of the fractional step we use, the boundary conditions for the layer-averaged Euler system are,
to some extent, independent from the one used for the rheology terms.
For the resolution of Eq. (108]), boundary conditions associated with the operator

V- (haT2),

have to be specified and usually we prescribe homogeneous Neumann boundary conditions (correspond-
ing to an imposed stress). Of course, in particular cases, Dirichlet or Robin type boundary conditions
can also be considered.

5.8 Toward second order schemes

In order to improve the accuracy of the results the first-order scheme defined in paragraphs can
be extended to a formally second-order one using a MUSCL like extension (see [46]).

5.8.1 Second order reconstruction for the layer-averaged Euler system

In the definition of the flux , we replace the piecewise constant values Uj ;, Uj; by more accurate
reconstructions deduced from piecewise linear approximations, namely the values ﬁijj, fJM reconstructed
on both sides of the interface. The reconstruction procedure is similar to the one used and described
in [7, paragraph. 5.1].

The second order reconstruction is only applied for the horizontal fluxes. For the exchange terms
along the vertical axis involving the quantities G,41/2, we keep the first order approximation. Despite
this, we recover over the simulations (see paragraphs a second order type convergence curve.

5.8.2 Modified Heun scheme

The explicit time scheme — used in the previous paragraphs corresponds to a first order explicit
Euler scheme. The second-order accuracy in time is usually recovered by the Heun method [I7] that is
a slight modification of the second order Runge-Kutta method. More precisely, for a dynamical system
written under the form

Jy
)] (125)
the Heun scheme consists in defining y™*! by
n ~n+2
v =y + o) = LT (126)
with
g =yt A, g =g A (L. (127)

But the scheme defined by (126)) does not preserve the invariant domains. Indeed, the time step being

given by a CFL condition, At" in the relation 1} should be replaced by ANtn—H i.e. the time step

satisfying the CFL condition and calculated using §"*!. Thus in situations where the time step strongly

varies from one iteration to another, the Heun scheme does not preserve the positivity of the scheme.
To overcome this difficulty, we propose an improvement of the Heun scheme

Proposition 5.3 The scheme defined by y"*t! = (1 —v)y™ + v§" 2 with
g =yt ALY, g =gt A (T,
and

2ALTALY (A2

A= 222 o A2
AT+ A T 2AmAE
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is second order and compatible with a CFL constraint. Since v > 0, y"*! is a convexr combination of
yn and gn—i—?
satisfy the CFL conditions associated with y™ and ¥

so the scheme preserves the positivity. For the previous relations At} and At3 respectively
n+1

When At} = At} = At", the scheme reduces to the classical Heun scheme with o = v = 1/2.

Proof of proposition Using (125]), a Taylor expansion of y(t"™ + At"™) gives

(At")?
2

y(t" + At") = y" + A" f(y") + FOMF ") +O((AL")?).

Using the definitions given in the proposition, we have
P =y (AR A () + A AN F ) + OAB(AR)?),

and a simple calculus gives ay™ + BT + g2 — y(t" + At?) = O((At™)3), that completes the proof.
|

6 Numerical validations

In this section, we use the numerical scheme to simulate several test cases: analytical solutions or in
situ measurements, stationary or non-stationary solutions, for the Euler and Navier-Stokes systems.
The obtained results emphasize the accuracy of the numerical procedure in a wide range of typical
applications.

The numerical simulations presented in this section have been obtained with the code Freshkiss3d [I]
where the numerical scheme presented in this paper is implemented.

6.1 Thacker’ analytical solution

The proposed model is an approximation of the 3d Navier-Stokes and hence it is more general than the
Saint-Venant system [13| [33]. But when considering flows with

ou Ov

8z 8z
the solutions of the model depicted in this paper should corresponds to the solutions of the Saint-Venant
system. The Thacker’ solution [44], corresponds to a periodic oscillation in a parabolic bowl. This
analytical solution for the 2d Saint-Venant system is also an analytical solution for the 3d incompressible
and hydrostatic Euler system.
From [44], considering the parameters (ho, 19, a) € R% x R?

2, .2
x° 4+
then A
h="100 (2 (z — LY coswt + 2 (y — L) sinwt —no) — 2(z, y)
U = —now sin wt (129)

V = oW COS Wi
w=u.Vy,z(z,y)

with w = 1/2gho/a is solution of the free surface incompressible Euler system — completed
with ,.

The geometrical domain is defined by (x,y) € [~L/2, L/2]?, with the parameter values L = 4, hg = 1
m, a = 1.5 m, ny = 0.5 m, and the topography is given by (128)). The initial conditions correspond

to (129)) at time t = 0 s.
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In order to evaluate the convergence rate of the simulated solution hg;,, towards the analytical one
hanal, We plot the error rate versus the space discretization for five unstructured meshes with 1273, 1104,
30441, 59473 and 98137 nodes. We have plotted (see Fig. |3|) the log(L? — error) over the water depth
at time 7' = 27w /w seconds versus log(hq,/hq) (We denote by h, the average edge length and hg, the
average edge length of the coarser mesh) for the first and second-order schemes and they are compared
to the theoretical order.

Water_depth (m)

log of error in L2 norm

E 1.000

E —+— 1% order (1 layer) .

—0.750 3 —+—2" order (1 layer) \\\.\

E -+ 1% order (5 layers) -
Co500

i 35 . . . . . .
0250 0 01 02 03 04 05 06 07
Eom log (h, /)

(a) (b)

Figure 3: Parabolic bowl: (a) the geometrical domain and the water depth, (b) error between the
analytical water depth and the simulated one with the five unstructured meshes. The curves for the
first order scheme (space and time) and its second order extension (space and time) are compared to
the first and second order theoretical curves (dashed lines).

Notice that over Fig. ( b), we have plotted the simulated solution obtained with 1 layer — that
corresponds to the classical Saint-Venant system — and the simulated solution with 5 layers. The obtained
convergence curves coincide proving the stability of the numerical scheme for the layers averaged system.
The analytical solution is non stationary and hence, the errors due to the time scheme are combined with
the one induced by the space discretization ans it is the reason why we do not recover the theoretical
order of convergence.

6.2 Stationary analytical solutions

We now compare our numerical model with stationary analytical solutions for the free surface Euler
system proposed by some of the authors in [22].

We consider as geometrical domain a channel (z,y) € [0, Zmaz) X [0,2]. The analytical solution given
in [22, Prop. 3.1] and defined by

04262
= Zp—hy— ———— 130
Zb Zb 0 29 sin2(ﬁh0)’ ( )
o
_ N 131
Uq,B Sin(ﬁho) COS(ﬂ(Z Zb))? ( 3 )
Vo3 = 0,
_ B Ozp cos(B(z — 2)) | Ohosin(B(z — 2)) cos(Bho)
Wap = O\ g sin(hg) ox sin?(3h) ’
witha=1m?s"! B=1m"', 7, = cst, Tymazr = 20 m and
1 3 1 1 1
ho(z,y) = 5T3 1 -5 5 (132)



is a stationary regular analytical solution of the incompressible and hydrostatic Euler system with free
surface —,, with p® = 0.

In order to obtain the simulated solution, we consider the topography defined by , and we
impose the following boundary conditions

o solid wall for the two boundaries y = O0m and y = 2m,
o given water depth ho(Zmaz,y) at T = Tpmee = 20m,
o given flux defined by (131)) at z = Om.

We have performed the simulations for several unstructured meshes and an adapted number of layers
so that each 3d element of the mesh can be approximatively considered as a regular polyhedron (see
remark , the considered meshes have 290 nodes and 2 layers, 597 nodes and 4 layers, 1010 nodes
and 8 layers, 2112 nodes and 17 layers.

Over Fig. ( a), we have depicted the features of the analytical solution we use for the convergence
test, it clearly appears over Fig. ( a) that the velocity profile of chosen analytical solution varies along the
z axis. Figure ( b) gives the convergence curve towards the analytical solution i.e. the log(L? — error)
of the water depth — at time 7" = 300 seconds when the stationary regime is reached — versus log(ha,/hq)
for the first and second-order schemes and they are compared to the theoretical order.

Remark 6.1 In the case of a flat topography and a flat free surface, the 3d elements composing the mesh
are triangular prisms. But in more complex situations, the lower and upper triangles are not necessarily
parallel and the 3d elements of the mesh are a portion of a vertical cylinder with a triangular basis.

Velocity u (m/s)

log of error in L2 norm of H

04

MHq"smm\\ﬁumu.\l"?\wmm

0.2 22

0 0.1 0.2 0.3 0.4 0.5 0.6
log (haO/ha)

(a) (b)

Figure 4: (a) Surface level of the analytical solution (130)-(132) and horizontal velocity uq g, (b) error
between the analytical solution and the simulated one with the six meshes, first order (space and time)
and second order extension (space and time) schemes. The first and second order theoretical curves
correspond to the dashed lines.

Remark 6.2 Following the results given in [22, paragraph 3.4/, it is possible to obtain stationary ana-
lytical solutions with discontinuities for the Euler system. In this case, the unknowns are not given by
algebraic expressions but are obtained through the resolution of an ODE involving only the water depth
h.

The numerical scheme has been used in the context of such a discontinuous analytical solution. As
planned, for the first and second order schemes, we recover a first order convergence of the simulated
solution towards the analytical one because of the discontinuity of the reference solution.
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6.3 Non-stationary analytical solutions for Navier-Stokes

Considering the Navier-Stokes system - completed with the boundary conditions -@D, the fol-
lowing proposition holds.

Proposition 6.1 For some a € Ry, (8,7) € R?, tg € R, t; € R let us consider the functions
w,v,w, b, p defined for (z,y) € (—L/2, L/2) x (—1/2,1/2), t > to by

h(t,z,y) = t—t;%tl’ (133)
u(t,z,y,z) =0 (z - Z) + %(m + ), (134)
v(t,z,y,2) = (1_77)6 (z — Z) + (1—O;Y)h($ +y), (135)
w(t,z,y,z) = _t—to#—i—tl’ (136)
p(taﬁayv Z) :pa(t,x,y)+g(h—z), (137)

with at the free surface p*(t,z,y) = p®°(t), W = B in (§) and at the bottom r(h,U) = upBsign(Uy)
m @ For the choices ,, the friction law defined by pBsign(Uy) corresponds to a dissipation
ifr+y < 3—5 that is satisfied if v(L +1) < af.

Then FEgs. — are solutions of the 3d incompressible, hydrostatic Navier-Stokes system with
free surface — completed with the kinematic boundary conditions ,.

The appropriate boundary conditions in © = +L/2 are determined by the expressions of w,v,w,h,p
given above.

Choosing the wviscosity i = 0, the variables u,v,w,h,p become analytical solutions of the 3d Fuler

system — completed with the boundary conditions ,.

Proof of prop. The proof of prop. relies on very simple computations and is not detailed here.
|

We have performed the simulations for several unstructured meshes of the geometrical domain
(z,y) € [0,5] x [0,1] and an adapted number of layers so that each 3d element of the mesh can be
approximatively considered as a regular polyhedron, the considered meshes have 483 nodes and 3 layers,
700 nodes and 6 layers, 1306 nodes and 10 layers, 2781 nodes and 20 layers.

For L=2m,a=1ms,tg=0s,t; =0.5s, 8=25s"1 v=1, over Fig. (a), we have depicted the
features of the analytical solution — at time T' = 1 second — we use for the convergence test. Figure ( b)
gives the convergence curve towards the analytical solution i.e. the log(L? — error) of the water depth —
at time T" = 1 second — versus log(hg,/he) for the first and second-order schemes and they are compared
to the theoretical order (we denote by h, the average edge length and hg, the average edge length of
the coarser mesh). Notice that in this test case, the errors due to the space and time discretization are
combined, this explains why the theoretical orders of convergence are not exactly obtained. Moreover,
the boundary conditions (inflow prescribed) play an important role and since their numerical treatment
is only at the first order in space, this also explains the diffrence between the theoretical and observed
orders of convergence.

6.4 Simulation of a tsunami

In this section, we test our discrete model in the case of a real tsunami propagation. We perform
simulation of a large scale phenomenon where measurements (free surface variations recorded by buoys)
are available. Simulation of tsunami waves generated by earthquakes is very important in Earth science
for hazard assessment and for recovering earthquakes characteristics. Indeed, tsunami waves can be
analyzed to recover the earthquake source that generated the tsunami and are now classically used in
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Figure 5: Analytical solution given in prop. . (a) slice of the fluid domain for y = 0 and velocity
field at time T' = 1s, (b) convergence curve towards the reference solution, first order (space and time)
and second order extension (space and time) schemes. The first and second order theoretical curves
correspond to the dashed lines.

o

joint inversion methods. It has been shown that tsunami waves provide strong constraints on the spatial
distribution of the source, especially in shallow regions [35]. In some cases, far-field tsunami gauges may
help constrain the earthquake source process even though they are affected by the compressibility of the
water column and of the Earth [48] 35].

The 2014 Iquique earthquake struck off the coast of Chile on 1 April, with a moment magnitude of
8.1, at 20:46 local time (23:46 UTC). The epicenter of the earthquake was approximately 95 kilometres
(59 mi) northwest of Iquique, see Fig. |§|

We have carried out simulations of the tsunami induced by the earthquake using

e a topography obtained from the National Oceanic and Atmospheric Administration (NOAA, [2])
using the ETOPO1 data (1-arc minute global relief model),

e an unstructured mesh whose dimensions — a square of 2224.2 km? — corresponds to the domain

covered by Fig. [0]

e a source (displacement of the seafloor due to the earthquake, see Fig. @ This source is obtained
by computing the 3D final displacements of the seafloor induced by the earthquake coseismic slip.
This coseismic slip has been itself retrieved by inversion of numerous geodetic and seismic data
and corresponds to the model determined by [45].

A series of simulation has been performed using several meshes and we present “converged” results in the
sense that a finer mesh would give the same results. The results given over Fig. [7] have been obtained
with a mesh containing 545821 nodes and 5 layers. We confront the numerical resolution — the first order
scheme (space and time) and the second order scheme (space and time) — with the DART measurements
(obtained from the NOAA website http://www.ndbc.noaa.gov/dart.shtml).

For the initial conditions at time ¢y, we start from an ocean at rest and the seism occurs at time
to (to is here 2014/04/01, 23h47mn25s, ). In the simulation, we do not consider the Coriolis force, the
tides and the ocean currents.

The simulation has been carried out with a Mac book air 1.7 GHz Intel core i7 and takes 35 minutes.

Fig. [7] shows that the second order scheme significantly improves the results both for the amplitude
and phase of the water waves. The second order scheme makes it possible to very accurately reproduce
the shape of the first wave at the closest DART buoy 32401 located at 287 km from the epicenter. The
two following peaks in the waveform are quite well reproduced up to about 1.755 x 10° s. This is also
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the case at the DART buoy 32402 located 853 km from the epicenter. The arrival time of the first wave
is very well reproduced at the three DART buoys, slightly better with the second order scheme. At the
most distant buoy 32412 (1650 km from the source), the first order scheme is not able to reproduce the
recorded wave. The second order scheme quite well reproduces the first wave but not the rest of the
waveform, possibly due to Earth curvature effects that are not taken into account here. Note that only
the low frequency signal is reproduced by the model. Higher frequency variations of the waveform may
be related to the spatio-temporal heterogenity of the real source, small wavelength fluctuation of the
topography not accounted for here, and possibly to non-hydrostatic effects [25] [3].

Figure 6: (Left) The Pacific ocean with the zone of interest; (Center) The chilean coast with the epicenter
shown (red cone) and the location of the three DART buoys (black boxes); (Right) Vertical displacement
(in centimeter) of the topography due to the earthquake. Horizontal displacements (not shown here)
are also taken into account in the simulation.

7 Conclusion

In this paper, we have presented a layer-averaged version of the incompressible, hydrostatic Fuler and
Navier-Stokes systems with free surface. Based on a kinetic interpretation of the system, we have derived
a stable, robust and efficient numerical scheme in a finite volume framework on unstructured meshes.
The numerical scheme is endowed with strong stability properties (domain invariant, well-balancing,
wet /dry interfaces treatment,. . . ).

The numerical scheme is successfully validated with analytical solutions and complex test cases, like
a tsunami propagation, proving its accuracy and efficiency.
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Appendix A
Proof of prop. Using the results of prop. it remains to obtain the expression for the layer-

averaged viscous terms.
The layer-averaging of the viscous terms appearing in gives

Zot1/2 Fa+1/2 8T aT 8T
/ pAu dz = / < ez Yoy | :cz) dx
Za+1/2 Za+1/2 Oz 8y 0z

= o (haTuna) + 5 (i)

+Ta:z,a+1/2 - sz,a—l/Q

0Za11/2 2 0Zat1/2 -
- O zx,a+1/2 ay Tmy,a+1/2

82&—1/2 - 8«2’¢>z—1/2 -
o sz,a—l/Q + ay Txy,a—1/27 (138)

~ RFa=1/2
haTps.a = / Trzdz.
Za—1/2

The boundary conditions at the bottom and at the free surface imply that in ((138))

X o + an
sz,NJrl/Q - %TICE,]\LF]./Q - @Txy,NJrl/Z =0,

+

with

and ) )
T Zh Zh 4
sz,1/2 - %Tzz,l/2 — TyTxy’l/Q = KU1.

The above expression for Tm,a and relation (138)) have been obtained using the following formal compu-
tation

Fa+1/2 aT 0 Fat1/2 0z +1/2 ~ 0z —1/2 ~
/ a:mcdz = a/ Topdz — 2 / T:vx,a+1/2+ (g / Tmz,a71/2
Za+1/2 x x Za41/2 x
0 . 0Zat1/2 2 02a-1/2
= % ( e ms,a) - Oz zx,a+1/2 + O Txx,a—l/Q‘
The definitions , are motiwated by the following computation
hay1 + ha Fetl Qu
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In order to prove the energy balance we use the results of prop. obtained for the layer-averaged
Euler system and it remains to consider the viscous and frictions terms multiplied by ug.

Let us define Rq,
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R, o
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and using the closure relation , it comes fora=2,...,N —1
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Ry oua = +

’ Ox oy
i Ug+1 T Ua Ua+1 — Uq B Ug + Ug—1 Ug — Ua—1
Ha+1/2 B hart + ha Ha+1/2 5 B + Tt
he Ou 0%q41/2 hy, Ou 02441/2

_Tx:(:,aJrl/Q (;&: + g(l) / U | — T:z:y,a+1/2 70687; + (gy / Uqy

ha 8ua aZa_l/g Uq ha 8ua 8Za_1/2 U

T, ez <)+ ez -

Flanasi/s ( 2 or o 2 ) Twe2Togy T Ty 2
_Ma+1/2 (ua+1 — ua)2 _ Ha—1/2 (ua - ua_1)2 . u2
2 ha+1 + hfa 2 ha + ha—l “re

An analogous relation can be easily obtained for R, v, and computing the sum over the layers of the
obtained quantity, we get
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proving the result. W

Appendix B

Simple computations give

F, = h/ (a4 eyr)xo(yi, y2)dyidys
{y1>—L}xR
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It is possible to obtain explicit formula for the expressions of Fy, Fp, and F}, since defining
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