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AN EXPLICIT WELL-BALANCED SCHEME ON STAGGERED GRIDS FOR
BAROTROPIC EULER EQUATIONS

THIERRY GOUDON AND SEBASTIAN MINJEAUD*

Abstract. In this paper, we introduce a specific modification of the numerical fluxes in order to
insure the well-balanced property of schemes on staggered grids for the Euler equations. This property
is crucial for the numerical representation of equilibrium solutions of balance laws with source terms,
like when describing flows subjected to gravity and a complex topography. We propose first and second
order versions of the well-balanced scheme. The performances of the method are evaluated through a
series of 1D and 2D benchmarks.
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1. INTRODUCTION

The motivation of this paper comes from the development of numerical strategies to compute the solutions of
complex flows, by working on staggered grids. This means that the numerical unknowns are stored in different
locations, depending on their type, in contrast to collocated approaches where the whole set of unknows is
located at the same points.

Schemes on staggered grids are widely used for CFD applications in industrial context, in particular for
applications in defence engineering, astrophysics, weather forecast or nuclear safety [1,2,7, 16, 68], Most of
these hydrocodes relies on the Lagrangian framework, in the spirit of the pioneering schemes introduced in
[65,69], see the recent analysis in [22,52]. Our work is concerned instead with Eulerian methods, in the spirit
of [2,10,11,30,31,43-45, 50, 59, 62, 64, 66, 67].

Staggered schemes are proven to be very efficient for the simulation of incompressible flows as illustrated by
the celebrated MAC scheme [40]. Roughly speaking, the staggered discretizations allow to avoid the well-known
spurious chessboard modes developed for incompressible flows when using collocated approaches. Their exten-
sions to compressible flows trace back to [41]. It is expected that the use of staggered schemes for compressible
flows might have some advantages when dealing with certain asymptotic regimes, like the low Mach regimes,
or when some incompressibility-like constraint arises in the model. For instance, models for the simulation of
mixture flows involve volume fractions and velocities for the carrier fluid and a disperse phase, and, since the
sum of the volume fractions equals 1, a combination of the velocity fields of the two phases — the mean volume
velocity — is divergence free; in turn, the model involves a pressure field associated to this constraint, see [12,58]
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and the references therein. To handle such models, with a reduced computational cost, a possible strategy is
to use a time-splitting method enabling to uncouple the models for the two phases. The two systems to be
solved are therefore closely related to the (single-phase) Euler (or Navier-Stokes) model and the constraint
leads to the resolution of an additional elliptic problem for the pressure. The formulation of this elliptic problem
at the discrete level in space appears to be more natural in the staggered framework (avoiding a decoupling
between the unknowns located at the odd/even grids points), see [9,12] for more details. Similarly, in low Mach
regimes, working with collocated unknowns might lead to spurious instabilities, a difficulty that can be fixed by
adopting dual discretizations. Moreover, it is now well established that collocated methods suffer from a lack of
accuracy in low Mach number regimes [38,39] and that some additional treatment, like preconditionning, are
needed to restore their performances. Using staggered grids can be seen as an alternative viewpoint consisting in
improving the performances of well established incompressible schemes to compressible low Mach regimes and
fully compressible regimes [34,42,47,59,67]. This work is a contribution to this approach. A specific analysis
has to be developed for such staggered schemes [11,22,29,45, 46]. We have proposed staggered schemes with
numerical fluxes inspired by the kinetic framework to discretize the (barotropic and full) Euler system, including
second-order extensions [35] or considering unstructured grids [36]. The issues of low Mach number flows has
been analysed in [34].

Here, we address the important issue of the treatment of source terms in such a staggered framework.
Indeed, it is well-known that a direct discretization of the source terms, say for instance the gravity force,
leads to inaccurate results, due to the inability to preserve steady state solutions. A classical illustration is the
simulation of the Shallow-Water system with topography. The difficulty has been pointed out on the seminal
papers [8,17,37] which have given raise to many progress in order to design suitable methods that can handle
accurately the source terms, for scalar equations [14], and for systems [3-5, 18,51]; we refer the reader to the
detailed presentations in [15,33]. The basic idea behind most of these methods is to modify the numerical
fluxes by a hydrostatic reconstruction and to introduce a source discretization to balance the flux difference,
compatible with the equilibrium state. We propose to adapt and analyse such strategies for schemes based on
staggered discetizations for the barotropic Euler equations.

The paper is organized as follows. Section 2 explains how the source terms can be incorporated in the
staggered mass and momentum fluxes. We detail the consistency analysis, the well-balanced property and we
identify the stability condition that garanties the preservation of non negative densities. We also prove a semi-
discrete entropy inequality. Next, we detail how the scheme can be modified in order to reach the second order
accuracy, in the spirit of MUSCL procedures. Section 3 illustrates the abilities of the scheme in capturing
equilibrium solutions, through a series of standard test cases in 1D and 2D.

2. WELL-BALANCED SCHEME FOR THE BAROTROPIC EULER SYSTEM

2.1. Staggered scheme: notation and definitions

We consider the one-dimensional barotropic Euler system

6t 6;6 u) = U,
{ p+ 0y (pu) =0 )

9 (pu) + Oy (pu @ u) + 95 (p(p)) = —pOz2.

This model describes the evolution of a compressible fluid: the unknowns p and u stand respectively for the
local density and velocity field of the fluid. They depend on the time and space variables, t > 0 and z € R. The
pressure p depends on the density p only: we suppose that p — p(p) belongs to C* ([0,00)) N C? (]0,00)) and
satisfies p(0) = 0, p/(0) = 0 and

p(p) >0, p'(p) >0, p"(p)20, Vp>0, pr— pf(,g) € Lo ([0, 00)),
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For instance, these properties hold for p(p) = kp” with £ > 0 and v > 1. The force density function = — z(x) is
given. We refer the reader to the classical treatises [21,32,54,61] for a thorough introduction to these equations
and for a description of the numerical issues. A case of particular interest is when v = 2 (and k£ = 1/2):
the corresponding Shallow-Water system describes the free surface of a layer of fluid of constant density in
hydrostatic balance, bounded from below by the bottom topography. In this case, p stands for the water depth,
and z defines the bottom topography. In what follows, formula that apply to this specific case are distinguished
by the tag (SW).

As said above, preserving numerically the equilibrium solutions is far from obvious. Here, we focus on the
equilibrium states at rest that satisfy

u =0, Opp = —p0y 2.

@@(p):p(p)—i—/opp(s)ds

2
p s
(which is well-defined and positive for any p > 0, by virtue of the assumptions on the pressure law) so that

Let us set

g/(p) _ plip).

In the specific case of the Shallow-Water system, we simply have

(SW) s =2. () =p

In the general case, & is a strictly increasing function on [0, co[ with &(0) = 0. Thus, it is a one-to-one function
from [0, oo[ to its range and we denote by &1 the inverse function of &.
Therefore, with the function & at hand, we readily see that, out of vacuum or dry areas (p = 0), the
equilibrium satisfy
&(p) + z = constant.
By analogy with the case of Shallow-Water equations, this form of equilibrium is referred to as a flat water

level. In fact, we aim at preserving a more general class of equilibrium which combine dry shore (p = 0) and
flat water level (&(p) + z = constant), which amounts to impose

&(p) + z = max(n,z) with n a constant.

In areas where the bottom is lower than the level given by the constant 7, the water level is flat whereas the
area is dry when the bottom is higher than the level prescribed by 7.

We address the issue of preserving equilibrium in the framework of staggered grids, with numerical densities
and velocities stored in different locations. According to Figure 1,

— we introduce a set of J + 1 points 1 = 0 < z9 < ... < x5 < 41 = L in the computational domain; we
denote by C; 1 = [, xj41], € [1,J], the cells defined by these points;

— we denote by Tip1 = (xj + xj4+1)/2, j € [1,J], the centers of the cells; these points define the dual cells
Cj = [Ij—%azj+%]a J € [[2a J]]a

— we set the following notation for the mesh-sizes

5acj_% + 0z,

2
(with the specific definition for the end-cells: dx; = %(hg and dzj11 = %§xj+%). The discrete densities

Py} are thought of as approximation of the density p on the cells C; 1 whereas the discrete velocities u;
are thought of as approximation of the velocity u on the cells C;. Here and below, we denote

0z 1 =x501 — x5, jE€[LJ], and éz; = 2 je2,J],

doxr = max{éxj,éijr%, jef{1,..J}}.
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FIGURE 1. Staggered grid in dimension one.

Throughout the paper we shall use the notation
[2]+ = max(0, z) > 0, [2]- = min(0, z) < 0.

In what follows, we denote (i, p; +%) a discrete equilibrium at rest with possibly a dry area, thus charac-
terized by

a; =0, é‘)(ﬁfr%)—&—zﬁr%:max(n,zﬁ%). (2)
where 7 € R is a given constant. We address the question of the conservation of such an equilibrium by the
numerical scheme.

With these notations, we update the numerical unknowns, having at hand the p;;/2’s and the u;’s, by

Pi+} ~ Pi+} L Firi—F;

ot o =0, (3)

Nl

i+
Pt — pjuy  Yiry — Yy Mg — T
+
ot 5.’Ej (ij

where the overlined quantities p; 1, Pl denotes the updated numerical unknowns and p; is an averaged

[N
N

= =5 (4)

quantity on the cell C; (see (9) below). These discrete formula are intended to mimic the integration of the mass
conservation equation over [ndt, (n + 1)dt] x C;, 1 and of the momentum balance over [nét, (n + 1)dt] x C;: the
details of the numerical methods depend on the design of the numerical fluxes F;, G, 1, 0. 1 on the interfaces
of the control volumes.

Let us start by presenting the construction of the scheme in the source-free case; we will discuss why and
how it can be modified in order to account for the presence of source terms. The construction uses the values
of the unknowns stored on the interface and in the neighbouring cells. Namely, our study is motivated by the
scheme defined in [11,12,35]: taking into account the characteristic speeds of the system

Ar(pu) =uxc(p),  clp) =Vp(p),
we adopt the following definition that relies on the UpWinding principles,

Fj=F +F;,
with
Ff=F(pj_1,uy) and Fj =F (pjp1,uy). (5)
The flux functions F* are given by
0 if u < —c(p),
Frlpu) = { oyt elo)? i ful < e(o) (6)

pu if u > c(p),
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and pu ) if u < —e(p),
F(pyu) = _4C(p) (u—c(p)) ?f lul < c(p),
0 if u > c(p).

This simple formula is inspired from the kinetic schemes [20,25,26,49,56,57] since it comes from

Fipu)= | Mpu(€)dg,
+£>0
where M, , is the “Maxwellian state”
My () = ——1
7S] 9e(p) [€—ul<c(p)-

1267

An alternative definition of the numerical fluxes can be obtained by using the Dirac mass centred on the material
velocity: M, ,(§) = §(§ = u); this gives the scheme introduced in [44]. As a matter of fact, the flux function

satisfy the symmetry property
‘F_(pvu) = —f+(p7 —’LL),

and the flux—consistency condition
FH(pyu) +F~ (p,u) = pu.

For stability analysis, it is important to observe that
p — £F=(p,u) are non-decreasing functions.
We turn to the momentum balance. We start by setting

0%j 3P4y + 0T34

Pi= 2(5(EJ ’
and N N
F+F;
+ _ 77 Jjtl _ rt -
Fivs = 2 ’ Firy =t
Remarkably, the conservation relation
_ ot
P = 0it g, Finy = F5p) =0

holds.
Indeed, we are led to compute

0%jp3 Fipa — F; n 0, s Fi—Fja _ Fpm—Fia _ Fies —Fi-y

20z, 51'j+% 20z, 6acj7% 20z o oz

(10)

(11)

The convection fluxes are obtained by applying the UpWinding principle, based on the “sign” of the mass fluxes

F; and Fj41, to the velocity field; we set

— . Tt . -
ngr% = ujfjj-&-% +uJ+1fj+%'

(12)

(The scheme designed in [44] adopts a different averaged definition for obtaining the momentum fluxes from

the mass fluxes.) Finally, the pressure gradient at z; 1 is naturally centred

vy =0(pjey)-

(13)
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FIGURE 2. Reconstruction of a WB density.

Owing to (8), the momentum flux is consistent. Without source terms, the scheme can be shown to preserve
the positivity of the density and the entropy dissipation property under a suitable CFL condition [11], it is thus
consistent with the Euler system [10]. For the source term, a natural approach consists in setting

Zits ~ %i3g
S. = p, 212 2,

i = Pj 5z,
It looks a reasonable choice: at least, the consistency analysis plugging into this expression the continuous equilib-
rium solution produces an error term of order €(dx;). Unfortunately this definition does not produce satisfactory
results, since it does not preserve the discrete equilibrium solution: while éa(ﬁj+%) + 201 = éa(ﬁj,%) + 21,
in general p(ﬁj+%) — p(ﬁj_%) + pj (zj+% — zj_%) does not vanish. Hence, the equilibrium is poorly captured,
with spurious non zero velocities, see for instance the comments in [12]. (We refer the reader to Remark 2.2
for further comments, describing a specific situation — for the Shallow-Water equation and the fluxes of [44] —
where such a definition is well-balanced, though.)

2.2. Incorporation of the source terms

According to [14] and [3-5,15], we introduce hydrostatic reconstructions of the density, compatible with the
equilibrium, defined at the interfaces z; (see Fig. 2) by setting

zj = max(zj+%,zj7%), (14)
W) = [6(pjp1) + 241 — 2], (15)
EW5) = [6(pj_1) +2-1 — 7] - (16)

It is important to note that, as proved in the sequel, these two reconstructions p} and pﬁ are equal if the system
is at an equilibrium state. Accordingly, it allows us to exactly preserve equilibrium states when proceeding as
follows. With these quantities pf and pj at hand, we replace the definition of the mass flux in (5) by

Ff = FH(phuy) and Fy = F (o uy),
which still accounts for the UpWinding principles. For the momentum, we proceed as follows:

— the convection fluxes are defined with these reconstructed mass fluxes, by using (10) and (12),
— the pressure gradient uses the centered definition based on the reconstructed densities

p(p}) — p(pf).

The non-conservative source term is embodied in this definition.
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Thus, we introduce the following mass fluxes, momentum convection fluxes, and the source term

Fj = FH(ph,uy) + F~ (0], uy),

Uj Uj41 — r — Y r
Gy = 2 (F 05 w) + F (ol i) ) + 5 (F (0 w) + F (00 w0) ). (17)
S = p(p}) = p(psy1) = p(P5) + p(p;_1).
The well-balanced scheme reads
<9j+1 - 32]')7

Pi+s = Pi+s — 57,1
2

5t (18)
ity = pjuj — (;a:j<(gj+§ +Hj+%) - (gj—% +ijé> + S]),

with II; 1 = p(pj_i_%).

Consistency. The consistency with the exact fluxes comes directly from the consistency of F; and G, 1

Indeed, if z; 1= Zjp1 = Zjys then we have p7 = Pjt1s ,0§ =pj1 and pj , = Pjy3 p§+1 = Pji1, S0 that,

in this case, .#; = F; and ¥, 1 = G, 1. The flux-consistency is thus a consequence of (8). More interestingly,

J i+ J+3
Sj/éx; is consistent with the source term pd,.z. Let us denote by dz; the quantity z;, 1 —z; 1. If 2z is a regular

j—
function this quantity is of order dz;. We first investigate the specific case of the Shallow-Water system far from

dry/wet transition (more precisely assuming that min (pj_g,pj +§) > |6z;| holds). We get

1, ) 1
(SW) 85 =505 =Py )05 + pyi) = 505 = psm )P + - 1)

where the equilibrium relations cast as

r 4
(SW)  pj=pi1— 0], pj=p1—[0z],
Hence, we obtain
Pjtl T p_1 T pt
(SW) ;=0 25, D 2pﬂ 162]. (19)

It follows that S; is (first order) consistent with p0,z. In the general case, the consistency with the source
term comes from the following expansion. As for the case of Shallow-Water equations, the expression of pj and
pf depends on the sign of dz;. If 6z; > 0, we have the exact equality pj = Pl But, if 6z; < 0, we have
pj = éa—l([g(pj+%) + 0z4]+). Thus, when dz; < 0, in the case where é‘)(pj+%) < —0z;, we have p7 = 0 whereas,
in the case where 5(Pj+%) > —dz;, a Taylor expansion leads to

- Pi+3
i = pics+ 6zj,]7_2 + o(|0z;]), (when 6z; < 0 and &(p;,1) = 6z;),
p (pj+%)
/
since (g 1) (éa(p)) = ’? ) Fmally, we have
p
0, if 6z; <0 and &(p;41) <021,
Pj+} .
Py =1 Pj+i +(5sz/(:}4 N o(|0z;]), if 6z; < 0 and E(pjy1) = 1021, (20)
Jt+3
pj_,'_%, 1f5zj>0,
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and, similarly,

Pj—1, if 0z; <0,
Pi-i ,
P; = pjo1— 5@}% +0([6z;]), if 6z; = 0 and &(p;_1) = (021, (21)
1
0, ’ if 6z > 0 and &(p;_1) < [6z].

Following the same lines, since

(s ) @) =p and (pos) (600) = 0.

we have the following expressions for p(p) and p(pj)

0, if 6z; <0 and &(p;41) <021,
r 5Z] pj+2 .
P(0) = 4 Plogy) + 20y + 5 2 o) i 57 <0 and S(py1y) 2 85l (22
i+3
Plosiy): it 32 >0,
and
p(/)jf%)a if 6Zj <0,
2
Pj .
P(63) = $ posy) = 050y + 5 s ol ) 305 2 0 and 6oy y) 2 10%) (29
-1
0, if 02; > 0 and &(p;_1) < 6z]-
We observe that the case where p(pg) = 0 occurs only when p, 1 is sufficiently small since, in this case,
Pj+1 S (|61 J— 0. Moreover, an expansion of p(p; 1) in this case shows that

P(pjr1) =po & (E(psy1))
!/
= 0o 0) + (po &) (0) £py4y) + 016 (ps1 ) (24)
= o1& (py 1))
This proves that, in the case where &(p;; 1) < |02;], we have
p(pip1) +0zip5, 1 = o(|6%;]).

Thus, we finally have

) P(pjs1) +02p41 +0(|02)), if 62 <O,
plpy) =
! P(Pj-;-%), if §z; > 0,
and similarly
' p(pj—1) if 6z; <0,
P(Pj) =
p(pj—1) = 0zip;_1 +o(|dz;]), if 625 > 0,

It leads to the following equality for S,

5250513 + 0l1621), i 62, <
B 0zjpj_1 +o(|0z]), if 6z; >

The term S;/0z; is thus consistent with pd,z.
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Remark 2.1. Far from wet/dry transition (when min(&'(p;_1),&(p;;1)) > [6z;]) a first order consistency
error is obtained. Moreover, it also applies in dry area if lim, .o p(p) # 0 since in this case, the 0(|é"(pj+%)|)
in (24) is actually a O(|<o@(pj+%)|2).

Preservation of equilibrium state. A key property of the construction is the equality p; = pf at equilibrium.
Indeed, by definition of the equilibrium state (2) associated to the constant n, we have

E(pjry) + 241 = max (2;41,7),

so that, since z; = max(zj_%,zj+%), at the equilibrium state we have

EP;) =& =— 2zt

It ensures the equality p; = pﬁ. Note that the positive part in the definiton (14) of p’ and pﬁ is crucial to ensure
the equality p} = pf in the dry area (where z; > 7).

Thus, if the system is at an equilibrium state, that is, in particular, pj_1 = ﬁj_%, Piyi = ﬁj+%, Pjys = ﬁj+%,
uj =0, uj—1 =0 and w;4; = 0, as mentionned above, we have p’ = pﬁ and plyq = p§+1. Thus, the mass fluxes
vanish at Tjy1 and Tj_ 1 since, by consistency of the splitting, they are equal to pj juj+1 = p§+1uj+1 =0
and piu; = p?uj = 0 respectively. The density remains unchanged. Since u; = 0, u;—1 = 0 and u;41 = 0, the
momentum fluxes vanish and the sum of the pressure and source term which is equal to p(p) — p(pﬁ) is also
zero since pj = p?. The velocity remains unchanged and the equilibrium states are perfectly preserved.

Remark 2.2 (A simple staggered WB scheme for the Shallow-Water system, [27]). For the Shallow-Water
system, the following simple staggered scheme, proposed in [27], based on the UpWinding according to the
material velocity as in [44]

5 ot
Pivk = Pivs T g ([ujrlepjirs + [ujH]_pH%))
2
Fi+1
ot
T ([w]epj1 + [ujl-pj),

Fj

_ ot
Pl = Pittj = 55— (Uj[fj + Fipale +uja[Fj + -7'-j+1]7)
J

5t
2%, (”jfl[fjfl +Fil+ HulFi +fj]—)
J
ot ot Zi+y ~ %4
_ gj(p(ﬂﬁ%) —p(pj—1)) — gj(pﬂé +p,-1) 5

is well-balanced in the case where there is no dry area. If (ﬁj 41 @) is an equilibrium state with no dry area

(see (2) with n > max; (z; +%)), the mass fluxes and the convection fluxes vanish since @; = 0, while the last
po1+h,_1

two terms of the momentum equation in (25) recombine as w ((ﬁj+% +2i01) —(Pj_1 + Zj_%)). Away

from wet/dry transition, this term vanishes too. Note that the well-balanced property of the scheme (25) in this

case crucially relies on the specific form of both the numerical fluxes and of the pressure law.

Preservation of density positivity. The numerical scheme should at least preserve the positivity of the
density, which can be seen as a minimal stability criterion. To this end, we observe that p — &(p) is non-
decreasing. Hence, since z; > z;.1, we have E(phy,) < &(pjp1), €(pj) < E(pjy1) and thus Py < Pitis
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Pj < pjy1- The monotonicity of the flux function leads to ]—'*(pf_‘_17 Ujt1) < ]—'*(ijr%,ujH) and F~(p}, u;) >
F(pj41,u;). Since FH(pl,us) = 0 and —F (pf,1,uj41) > 0, we arrive from (18) at

ot

_ Sy _
Pj+i Z Pjyd — 0T 1 (Pj41Uj+1) + oL 1}- (P us)
5 5"
+ —
Zpjy1— 5xj+;]: (i1 uje1) + 5%7? (Pj1:uj)-
2 2

We can now conclude as in Proposition 3.7 of [11]: under the CFL-condition

ot
E([z\+(ﬁj+%,uj+1)]+ + [)\_ (pj+%7uj)} 7)
JT3

1

N

the scheme (18) preserves the positivity of the discrete density.

Entropy inequality. We prove an entropy inequality for a semi-discrete version of the scheme: the time t is
kept as a continuous variable and only the space variable is discretized. We use the same notation as above,
except that the quantities p, 1, U and, consequently, p;, pj, pﬁ, ete, are here considered as functions of the
continuous time variable t. The hydrostatic resconstructions are still defined by (14). The fluxes are defined by
(17). However, the scheme (18) is replaced by its semi-discrete version:

0= 5 —(Fn-7),

d(p;u;) ', "
piU i j
30 = (%~ B 00 -0l

where the mean density p; is defined by (9).

We denote by ® the function of class C2(]0, oo[) such that

p®'(p) — @(p) = p(p),¥p > 0.
The function ® stands for the internal energy. For smooth solutions, multiplying the first equation of (1) by
d'(p) + z leads to
O [®(p) + pz] + 0s {(@(p) + pz)u} + p(p)dru — pudyz = 0. (27)
This is the internal and potential energy balance equation for system (1). Similarly, for smooth solutions, the

kinetic energy balance equation is obtained by multiplying the second equation of (1) by u and substracting
the vanishing term u?/2 x [9;p + 0,(pu)]:

u? u?
Oy [pj] + Oy {p;u} + u0y (p(p)) + pudyz = 0. (28)
Adding the two balance laws (27) and (28) leads to the following “conservative” entropy inequality
u? u?
O [ﬂ? + ®(p) + pZ] + 0y [<p7 + @(p) + pz + p(p))u] <0. (29)

Inequality holds when the solutions become discontinous. We aim at establishing a semi-discrete version of this
inequality.
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The first step relies on Lemma 4.4 in Appendix A of [11]. This is the result that allows us to prove the discrete
internal energy balance law in the absence of source term. Taking the parameters A, i go to the infinity in this
statement, we obtain

[@(02) = @(p) |V = ' (p2) | FF (02, V) = F¥ (1, V)
=@ (o) [F7(p2, V) = F (o1, V)] <0, V1 > 0,%p2 > 0,9V € R

Using the notation F(p1,p2, V) = FT(p1,V) + F (p2,V) and the definition of @, this relation can be written,
for all p1, p2 > 0 and for all V € R

—p(p2)V + ' (p2) F(p1, p2, V) < —=p(p1)V + @' (p1)F(p1, p2, V). (30)

Let us now consider p; > 0, p >0, 21 € R, 20 € R and V € R. We define the two quantities p} and p3 (which
stands for the hydrostatic equilibriums built from p1, p2, 21, 22)

(i) = [6p) + 21— 2] and E(p3) = o) 22— "]

with z* = max(z1, 22). We aim at proving

—p(P3)V + ['(p2) + 22| F(p. 95, V) < —p(o))V + [ @ (1) + 21 F o, 95, V). (31)

This is the analog of the result stated in Lemma 4.4 in Appendix A of [11], taking into account the source term
and the well balanced scheme. To prove this result (see [15]) we first apply (30) with p; < p} p2 — ps:

—p(p3)V + @' (p3)F (01, p5, V) < —p(p1)V + @' (p1) F(p1, p3. V).

Adding F(p3, p5,V)z* on both sides of this inequality, we observe that it is sufficient to prove that

PPV + [8'(p2) + 22| F(0, 5, V) < —p(o)V + [@(3) + 2| (o1, 3, V),

and
“p(OD)V + [ @ (1) + 2 | F(pi, 05, V) < =p(0})V + [@ (1) + 21| F (i, 3, V).

Since @ = &, this can be written

—[603) = (8(p2) + 2 — =) | F it p3.V) <0, (2)

and
[£01) = (£(p1) + 21 = 2) | F (o1, 95, V) <0, (33)

Remarkably, these two inequalities hold. Indeed, to prove the first one, we distinguish two cases: if &(p2) + 22 —
z* > 0, we have &(p5) = &(p2) + 22 — 2z* and the left hand side of (32) vanishes; if &(p2) + 22 — 2* < 0, we
have &(p5) = 0, so that p5 = 0 and, consequently, F(pi,p5, V) = Ft(pf, V) +F(0,V) = F(p,V) > 0. In
both cases, inequality (32) holds. The same reasoning apply to (33). Thus, inequality (31) is proved and we can
denote by G(p1, p2, V) a quantity such that

1

5 (P(01) = (o) )V + [@/(p2) + 22 F 0}, 3, V) < Glpr, 2, V)

and
1 * * I * *
Glpr,p2,V) < 5 (p(63) = p(P]) )V + [@'(p1) + 21| Foit, 03, V).
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We apply the first inequality to p; «— Pj—Ly P2 = Pjpl, 214 Zj 1, 2 <= Zj, 1 and V « u; and the second one
tO p1 = pjp1, P2 = Pips, 21 Zjy1, 22— Zjys and V < u;y;. We substract the two inequalities, and by

denoting G; = G(pjfé,pﬁr%,uj), we obtain

1 1
Gjt1—G; < —3 (p(,Oﬁ)—p(P;))Uj 3 (p(Pﬁﬂ) - p(P§+1))Uj+1
(@ (0103) + 2y | [F O s wi40) = F (ol 05 05)] -
At this stage, going back to the semi-discrete mass balance equation (first equation of (26)) we observe that

(4 T L r dp]+%
F(Pj1sPj41ujr1) — F(pj, pf,u5) = Fjpr — Fj = *5%‘—&-%7(75)-

Since z;, 1 does not depend on time, we finally get

%[‘I’(Pﬁg)ﬂﬁézﬁé} + M% (Gj+1 - Gj)

1 j+3 (34)
(P06 = p(0}) s + (p(Ph11) = PP} 1) )] <O

+
25xj+%

This is the semi-discrete analog of the internal and potential energy balance law (27).

The second step consists in obtaining a semi-discrete version of the kinetic energy balance equation (28). It
relies on the semi-discrete mass balance equation on the dual mesh

dpj 1
w0 =5 (Frm = %),

where §j+% = 0";_% +J.+% with
1
yﬁ% = §(f+(P§7Uj) +f+(/)§+1,uj+1))7
and )
T = 5(.7-"_(p§,uj) —|—.7-'_(p§+1,uj+1)).

Like for the fully discrete version, this equality can be readliy obtained from the semi-discrete mass balance
equation (first equation of (26)) and the definition (9) of p;. With this equation at hand, we multiply the second
equation of (26) by wu;(t). The left hand side gives

d(pjuy) :g(p,ﬁ>+ﬁ%
Tt de\"7 2 2 dt
2

= 2(09) - 5 (Frs 71y

Gathering this result with the right hand side leads to

(03) =5 (050550

1 J—
- 20 ( ~ eyl - u;)" + T (- Uj—1)2>
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u? u2-+1
H — J g+ J - ; 72 g+ ;
with K]Jr%— 2Jj+%+ 5 J]+%.Slnce t/j+%<Oand ,/j+%>0, we obtain
d/ u? 1 1 ., ;
T (ijj) 5 (KH% - Kj—%) 5z, (P(Pj) - p(Pj)) <0. (35)

This is the semi-discrete analog of the kinetic energy balance equation (28).

To conclude and obtain a semi-discrete version of the entropy inequality (29), it remains to sum (34) and the
mean value of (35) for j and j + 1. Denoting

1 ; U1

Mj+i = % (MijZ + 024141

> +®(pj1) + 412541

and 1
HJ—GJ+§(Kj71+KJ+1),
we get
dn;i g 1
—=2 4+ ——[(H; —H4> <0.
dt 6‘Tj+é( g+l J

This is a semi-discrete version of the entropy inequality (29).

Proving the (fully discrete) entropy inequality is a fundamental issue of the analysis of numerical schemes for
conservation and balance laws: it guarantees the selection of the correct weak solution, satisfying the entropy
admissibility criterion. In the context of well-balanced schemes for systems with sources, the semi-discrete
version of the entropy inequality is a first step in this program, see Section 4.11 of [15]. In fact, for colocalized
methods based on the hydrostatic reconstruction, the fully discrete entropy inequality has been shown to hold
only up to an error term vanishing as the numerical parameters tend to 0, even for discontinuous solutions [6],
or by introducing ad hoc artificial viscosity [13]. The numerical experiments presented below do not exhibit non
entropic solutions, as in can be observed with certain numerical fluxes, see Section 5 of [13].

2.3. Second order version of the WB scheme

We propose a second-order accurate version of the scheme. To this end, we make use of the principles of
the MUSCL methods [63]. For the source-free problem, we refer the reader to [35] for the adaptation of this
framework to the scheme described in Section 2.1. Let us denote

W=4&(p)+=
the quantity conserved by the equilibrium. The idea is to introduce a first order polynomial interpolation of the
numerical unknowns in order to define new interface values. Namely, we set
pi =Py Ty @i —zi_y)s P = oy F (e -2y,
and we proceed similarly with

- - o + W, = .
W, =W, 1 +7_1(z; —x;_1), Wi=Wa+ 7,0 (2 —201).

In these formula, 7, Y1 7T 41 are some appropriately defined slopes, that accounts for a limitation mechanism in
order to prevent under/overshoots in the vicinity of shocks; in such regions the scheme degrades to first order.
The design of limiters is completely standard; we refer the reader to [35] and the references therein for further
details. We reconstruct an interface data for the bottom topography by introducing

2y =W = &(p;), zj :W;—@@(pj).
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Next, we set
Zml

7 = max(z, 2],

37
bearing in mind that these reconstructed quantities might vary at each time step, while the force density z does

not depend on time. Finally, we reconstruct the interface densities by using the same idea as before, using the
interpolated values

@@(p?%l’r) = [@@(p;r) + z;r - z}”l]Jr = [W;r — z;”l]Jr,
g(p;nll) = [g(pj_) +z; - Zgnl]qt = [WJ‘_ - Z;’nl]Jr

The mass fluxes are then set to

ml, —/ ml,r
TP FH ) + F ) ).

For the momentum equation, we similarly reconstruct a velocity

- = . — . + = . e
Uppy =5 HVi(@heg =), g = U Vi (@ — @),
where v; are convenient slopes defined from limiters. We then adapt accordingly the definition of the convection
fluxes:

U. 1
m Jjts ml, 0 ml, b
gj+l% — 5 2 (f+(p] ,U]) +f+(pj+1 "LLjJrl))
uj+1 1 l
+ L (F T w) + F o ).

The centered approximation of the pressure with
Hj+% = p(ijr%)

gives a second order approximation. What is more subtle is the treatment of the source terms. So far, we
% (or u;) by the values p}nl’r/l (or Uji;
Proceeding similarly with the source term produces an approxiination which is not consistent (essentially since
the reconstructions zji used in the definition of p;nl’r/ £ are two (second order) approximations of z at the same

point z;). A further inspection of formula (19) shows that the obstacle for having a second order approximation
seems to come from the term

have just replaced p; ) obtained by using the limited interpolation.

¢
5102
By the way, the scheme discussed in Remark 2.2 precisely disregard this term. This suggests that we should

stick to the definition of the source term with (14) and just correct the first order defect; namely, we use

Py = pj
2

7 = p(p) = p(pjey) = P(5) +(pj-y) + 19231- (36)

The scheme thus reads
- ot l l
Pj+i = Pjti — ﬁ(y;il -7 ),
J

1
+=
2

_ ot i ol .
Pjujpjuj(sxj<(%j+1+ﬂj+%)(%§+Hj_é)+5j ,

with T, 1 :p(ijr%).
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Consistency. For the Shallow-Water system (when min(p;_1,p;, 1) > [62;), (36) exactly casts as

Pi+i +Pjt+d
(SW) gt = === (00 — 25 y)-
We recover the treatment of the pressure gradient/source term devised in Remark 2.2, which is indeed a second
order approximation of p0,z at x;. Hence, for reaching the second order accuracy, we remove from the centered
well-balanced formula p(p}) — p(p;41) —p(pf) +p(p;_1) the correction term (p — p§)|5zj|/2 (which produces a
O(1) error). This simple approach applies to more general pressure laws. We are led to evaluate the consistency
error of

ST = (0(05) — ploy ) — (06) — oy 3) — 55 — P15z

We go back to (20), (21), (22) and (23) to obtain the following expansions

p(pey): if 525 < 0 and &(p, 3) < 1021,
1 1 .
p(p5) = ppj) + 55102 = 302ipjpy +0(102]%), 1 0z < 0 and E(pjyy) > 102,
1 .
§5szj+%, if 6z; 2 0,
1 .
_5/)].7%52]', lf 5Zj < 0,
() = plpy-y) + 5otlozil = {1
P\Pj) = PAPj—5) T 5P519%1 = —ip];%ézj + 0(]0z]?), if 0z; > 0 and E(pj_1) = 1021,
—p(p;_1), if 6zj 2 0 and &(p;_1) < 6z].

Bearing in mind that, in the case where &(p;.1) < |6z;[, we have

P(Pji%) +0zipjr1 = o([0z;1),

we obtain )

. 3 (Pjms P 1)0z + 0(10z]), i min (E(p;_1), 61 1)) <1021,
j =
1 :
§(pj,% +pj11)0z + 0(|6z|?), otherwise.

The term %(pj_ 1+ P )dz;/dx; provides a second order accurate approximation of the source term pd,z at
the point z;. Thus, S;/0z; can reach a second order accuracy away from dry/wet transition (more precisely

when min (é"(pj_%),é’(pﬂ_%)) > 16z).

Preservation of equilibrium states. Equilibrium states (2) with no dry area (that is W, 1 = n) are preserved

by the MUSCL reconstruction (i.e. VVji = n) and, as proved in the previous Section, we then obtain pi = pf

and p}nl’T = p;-nl’é. It readily follows that the second order version of the scheme preserves equilibrium with

no dry area. In the presence of dry area, the preservation of equilibrium states is also valid. However, the
MUSCL reconstruction no longer exactly preserves the equilibrium states near wet/dry transitions. Nevertheless
we can observe, thanks to the properties of the reconstruction that Wji > n, since at equilibrium we have
Wi = max(7, zj+%) > n. Moreover, we have

(W;r = 777 W]i‘rl = ’r])

—
_ + -
Wj_;'_% = Zj.t,_% - (P] =0, Pj+1 = 0)
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Indeed, when Wj+% =1, we necessarily have W;% > Wj+% and Wj+% > Wj+%, so that the properties of the

slope-limiter implies that 7; 1= 0, ensuring the asserted property. The second line is similarly obtained since
when Wj+% = Zjy 1, We have Pivi = 0< min(pjf%,pJ#%) so that Tl = 0. With these properties at hand, it

is now straightforward to prove that p;-"l’r = p}nl’é. Indeed, we distinguish four cases. First, if W;_

W1 =1 then we have Wji = 1) which leads to the equality p;"l’r = p?“’e. If W,

1 =7 and

1 =251 and Wj+% =Zjy1
then pj[ vanish, so that zji = Wji and the equality p;-”l’r = p}”l’e still holds. Finally the two last cases are
symmetric. For instance, if W;_ 1=21 and W, 1= then we have p;” = 0 and W; = 1. This implies that
n < W; =z; < 2" Thus, pjml’r and p}nl’e both vanish in this case. The equality p}nl’r = p}”l’e is ensured in
the four possible cases and, as previously, it guarantees that the second order version of the scheme preserves
the equilibrium states (2).

3. NUMERICAL EXPERIMENTS

To illustrate the ability of the proposed approach in handling balance laws with complex source terms, we
challenge the scheme against several benchmark tests, in 1D and 2D. When it is possible, to facilitate quantitative
comparisons with existing numerical results, precise references to equivalent figures in the literature have been
included, enabling direct comparisons. For each proposed comparison, the physical parameters are identical
while slight variations in numerical parameters may occur (depending on the reference). However, despite of
these potential differences in numerical settings, fair comparisons can be readily conducted.

The presented simulations are performed for the system written in the form

Op + Ox(pu) =0,

A (pu) + 0z (pu® + gp7 /v) = —gpda 2 (37)

with g > 0, the gravity constant and with a -law for the pressure p(p) = p” /7, but it also applies for general
pressure laws. For the sake of comparison, we treat different test cases from the literature for the Shallow-Water
equation (y = 2). We also check that equilibrium solutions are preserved for different values of v (1.4, 2, 3, 4)
and provide simulations near equilibrium for v = 1.4 and 3.

For all the 1D simulations, the time step is fixed at each time iteration by imposing the following equality

ox

max; |u;| + max; c(pjt1/2)

ot = Csy

where Cy; is a constant whose value is made precise in the description of each test case.

3.1. Preservation of equilibrium solutions

We first check that the order 1 and order 2 schemes solve exactly the equilibrium solutions for v € {1.4,2, 3, 4}.
The computational domain is [0, 20]. We choose a bottom topography with a parabolic obstacle defined by

(x) = {02 005(z — 102, if 8 <z <12,
)= 0, otherwise.

Lake at rest without dry area. A stationary solution of the problem is given by

1

Peq(x) = (7 — 1)(0.3 — z(x)) 7—=1 and Ueq(z) = 0.

It satisfies
E(peq) + 2 =0.3.
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FIGURE 3. Preservation of equilibrium solutions without a dry area: L°°-norm of the difference
between the numerical solution and the equilibrium solution (initial data) as a function of the
time. (a) Height:||p — peq|loo- (b) Velocity ||u/co-

We first use this equilibrium solution as an initial data. The final time of the simulation is set to T' = 1500 and
Cs¢ = 0.5. The schemes (first and second order) preserve the equilibrium solution up to the machine precision
whatever is the mesh size (dx = 1, 0.1, 0.01). To illustrate this behaviour, we present in Figure 3 the L*-norm of
the difference between the first order numerical solution and the equilibrium as a function of time for dx = 0.01
and v = 2, 3 or 4. The errors are even smaller for v = 1.4 and for jz = 1 or 0.1. The same results are obtained
for the second order version of the scheme.

Next, for v = 2, we initialize the computation by a constant density p; 1 = Yok 5xk+%peq(a:k+%) and u; = 0.
We perform the simulation with Cs; = 0.5 up to T' = 10000. In Figure 4, we present the time evolution of the
L'-norm [|p — peq| of the difference between the numerical solution and the equilibrium for several mesh sizes
(6x = 0.1, 0.2, 0.4 for the first order scheme and dz = 0.4 for the second order scheme). We observe that the
numerical solution goes to equilibrium in long time. The error decreases to machine precision and this happens
even more rapidly as the mesh becomes coarser. This is probably due to the fact that the use of a coarser mesh
induces a larger numerical diffusion.

Lake at rest with a dry area. Another stationary solution of the problem is given by a vanishing velocity

and
1

Peq(x) =< (v — 1)(0.1—z(x))V_ L 2 <10 =2 or 2> 10 + V2,
0, otherwise,

so that there is a dry zone at the top of the obstacle for x between 10 — V2 and 10 + /2. Tt satisfies

E(peq) + z = max(0.1, 2).

As previously, we first set the initial data as the equilibrium solution. The final time of the simulation is
set to T = 1000 and Cl; is set to 0.5. We observe that the schemes (first and second order versions) exactly
preserve the initial state whatever is the mesh size (dz = 1, 0.1, 0.01). We present in Figure 5 the L>°-norm of
the difference between the first order numerical solution and the equilibrium as a function of time for éz = 0.01
and v = 2, 3 or 4. The errors are even smaller for v = 1.4 and for dz = 1 or 0.1. The same results are obtained
for the second order version of the scheme.
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FIGURE 4. Convergence towards equilibrium solutions without dry area: Time evolution of
the L'-norm ||p — peql|z1 of the difference between the numerical solution and the equilibrium
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FIGURE 5. Preservation of equilibrium solutions with a dry area: L°°-norm of the difference
between the numerical solution and the equilibrium solution (initial data) as a function of the
time. (a) Height:||p — peq|lco- (b) Velocity |u/so-

Next, for v = 2, as in the case without dry area, we initialize the computation by a constant density
Pitt = Dok 0%y 1Peq(@)y1) and u; = 0. We perform the simulation with Cs; = 0.5 up to 7' = 10000. In
Figure 6, we present the time evolution of the L'-norm ||p — peq|| of the difference between the numerical
solution and the equilibrium for several mesh sizes (dz = 0.025, 0.05, 0.1 for the first order scheme. We observe
that the numerical solution goes to equilibrium but in very long time. In a first phase, the error decreases
exponentially fast and, as in the case without dry area, the decay slows down with a finer mesh. In a second
phase, the error decreases further, but much slowlier. That is likely attributed to the handling of dry area.

3.2. Perturbations of the lake at rest solution

Referring to [53] (see also [5,19]), we investigate the propagation of small perturbations of the lake at rest
steady solution. As in the literature we provide the results for v = 2 but we also perform the simulations for
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FIGURE 6. Convergence towards equilibrium solutions with dry area: Time evolution of the L!-
norm ||p— peq|| 2 of the difference between the numerical solution and the equilibrium solution.

v = 1.4 and v = 3. The computational domain is the interval [0,2] and the gravity constant is g = 9.8. The
bottom topography is defined by

o) = —1+0%Oﬁm%(mﬂx—0@D,HL4<x<1@
-1, otherwise.

The initial data are given by
u(z) =0, Vz€][0,2],

and
1

(—m—1y@07—1+0mLﬁL1<x<Lz
p(x) = 1

( — (v - 1)2(20)) v—1 , otherwise.

This is a steady state solution perturbed by a pulse of amplitude 10~3. Two opposite waves appear, and the
right wave goes over the bump. The final time of the simulation is set respectively to T’ = 0.2 for vy = 2, T'= 0.15
for v = 1.4 and T = 0.25 for v = 3. The time step is fixed by chosing Cs; = 0.5. The numerical results are
presented in Figure 7 for v = 2, Figure 8 for v = 1.4 and Figure 9 for v = 3 (the “free surface” &(p) + z at left
and the discharge ¢ = pu at right). A reference solution is computed with 6z = 4 x 10~%, it is plotted in black
solid line. The numerical results obtained with dz = 1072 are plotted in blue dashed line for the first order
scheme and in red dotted line for the second order scheme. We clearly see the advantage of running the second
order scheme. The results are comparable to those obtained in the literature for v = 2. Figure 7 can be indeed
directly compared to Figure 13 of [19] or Figure 3.1 of [5]. We observe that a perturbation forms and returns
backward when the right wave passes over the bump. The smaller v (close to 1), the greater the amplitude of
the perturbation. This perturbation almost vanishes for v = 3.

3.3. Flow over an isolated bump

In this Section, we consider flows governed by Shallow-Water equations (y = 2), over an isolated convex
obstacle which is assumed to be symmetric with respect to its crest. The flow goes from the left to the right.
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FIGURE 7. Perturbations of the lake at rest (7 = 2): numerical solutions obtained for Jz = 0.01.
(a) Free surface p + z. (b) Discharge pu.
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FIGURE 8. Perturbations of the lake at rest (y = 1.4): numerical solutions obtained for dz =
0.01. (a) Free surface (p) + 2. (b) Discharge pu.

Its velocity and height far from the obstacle are denoted by ug > 0 and pg. A transient motion develops at
the obstacle and moves in both directions. After sufficient time has elapsed, the flow reaches a steady state in
the vicinity of the obstacle; transient structures move away from the obstacle and reach asymptotic states. The
asymptotic states can be entirely characterized from the values of ug and py and the geometry of the bump, as
it is fully detailed in [48]. For the sake of completeness, we recall here the different situations which can occur
and how the asymptotic reference solution can be computed in the different cases. Let us denote by F be the

Froude number computed from uy and pg:

uo
FO = ;
gpo
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FIGURE 9. Perturbations of the lake at rest (7 = 3): numerical solutions obtained for Jz = 0.01.
(a) Free surface (p) + z. (b) Discharge pu.

while Z. stands for the height of the obstacle crest. We distinguish two situations depending on the values of
the coefficient

1 3
Mo = 5 F§ — §F§/3 +1

compared to the normalized height of the obstacle crest

Ze
M, = —.
Po
In the case where
M. < My,

the flow reaches a steady state. More precisely, when Fjy < 1 the free surface at the steady state dips symmetri-
cally over the symmetrical obstacle (see Fig. 10a) whereas when Fy > 1 the steady state rises over the obstacle
(see Fig. 10b). The reference solution can be obtained by solving the steady state equations
u2
— + p + z = constanty,
29
pu = constants.

Using the background state (pg, ug) far from the obstacle, we can thus obtain p from

2,2 2
PoUp _Yp
292 +p+z= 729 + po,

and then u = poug/p. Note that p and u depends on the space variable x since in these equations z is a function
of z.

The situation is more intricate when
M. > M.

The obstacle partially blocks the flow, a bore forms around the obstacle and the flow becomes discontinuous,
hydraulic jumps appear. A discontinuity appears downstream the obstacle and propagates towards the left. The
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flow is sonic at the crest of the obstacle, that is, denoting (p.,u.) the flow state at the crest of the obstacle,
we have u. = ,/gpc. Upstream the obstacle, two slightly different situations can asymptotically occur. In the
first case, a discontinuity appears after the obstacle and propagates towards the right (see Fig. 10c) whereas
in the second case, a stationary shock lies above the obstacle (see Fig. 10d). In both cases, a rarefaction wave
allows the flow to go back to the background state (pg, ug). The asymptotic reference solution can be obtained
as follows. We denote by (pa,u) the constant state reached after the downstream hydraulic jump (before the
obstacle). Tt is linked to the background state (po,ug) by the following Rankine-Hugoniot condition

A
paua = pauo+ (po — pa)y/ g%(Po +pa).
0

Moreover, it is also linked to the state above the obstacle by steady state equations

2 2
u u
Atpa=S+p.+ Ze,
2g 2

PAUA = PclUc-
Thus, since p.u. = \/§p§/2, pA can be obtained by solving
pe+2p% = (3pe +220)p%,

where
2
3

Pe = (pAuO + (po — pa) (po + pA))

Lpa

NG 2 po

Next, we compute the asymptotic reference solution after the bore. We first assume that we are in the situtation

where an hydraulic jump propagates away from the obstacle. We are led to compute two constant states to

compute (pp,up) and (pg,u,) (see Fig. 10c). The states (p.,u.) and (pp,up) are linked by steady states
equations

P2 +20% = Bpe + 22 )%, (pB # pa)-

It allows us to compute pp since now p. is known. Then up = p.u./pp. Next, the states (pp,up) and (pg, us)
are linked by the Rankine-Hugoniot condition

g PB
PBUB = PBUz + (Pz — PB) 5?(/& +pB)

Finally, the states (pz,us) and (po,ug) are linked by a rarefaction wave so that the Riemann invariants are
preserved

Uz — 24/9pz = Up — 24/gpo.

Thus, p, can be obtained by solving

g pPB
PBUB = PB (uo —2y/gpo + 2\/9/)95) + (pz — pB) 57(% +pB).
xT

The displacement velocity of the shock is (p,u. — ppup)/(p. — pp). We distinguish now two cases: if this
velocity is positive the shock propagates away from the obstacle and we have obtained the asymptotic reference
solution (see Fig. 10c); if this velocity is negative, the obtained solution is not physically relevant and should
be disregarded. We have to construct a solution with a stationary shock above the obstacle. In this case, we are
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left with the task of determining three states (p_,u_), (p+,uy) and pg, uy (see Fig. 10d). The states (pa,ua)
and (p_,u_) are linked by steady state equations

u? u2
o TPt Ze= 2 4 pa,
29 29

pP—U_ = paua,

where Z, stands for the height of the obstacle at the shock position. The states (p—,u_) and (p4,u4) are linked
by the Rankine-Hugoniot conditions for a stationary shock

pP-U— = P4 U4,

g
P4ty — \/2p+p—(p— +p+) =0.

The states (p4,u4) and (pg,u,) are linked by steady state equations

2 2

u u
oo+ Ze= 5+ pa,
29 29

Pl = PrUy.

Finally, as before, the states (p,, u.) and (po,uo) are linked by a rarefaction wave

Uz — 24/9pz = uo — 24/gpo-

Thus, we deal with the four following equations

2.2 2
PA%A Ug

— Zy = = )
2002 +p-+ 2 +pa

g
pAuA — \/2p+p(p +p4)=0

2 ,,2 2,2
Pat%a PA%A

+o4+ 2= + pas
29p% to2gp2 T
PAUA

—2/9ps = uo — 2y/gp0,

x

to determine p_, p4, p, and Z,.

In conclusion, there exists four different classes of asymptotic solutions as illustrated in Figure 10. We numer-
ically investigate these cases in Sections 3.3.1 to 3.3.3. The obstacle is defined by

0= 5(1- %)

so that Z. = 0.1. We fix py = 0.2 and compute the velocity ug from different values of Fy = 0.2,0.3,0.7,1.9, the
gravity g being fixed to 9.8. In these test cases, we set Cs; = 0.5.

Finally, to allow quantitive comparisons with the literature, we present in Section 3.3.4 two test cases from
[19]. They correspond to situtations described in Sections 3.3.1 and 3.3.3, but we take exactly the same physical
and numerical parameters as in [19].

Note that the steady states obtained in all these cases in the vicinity of the obstacle are not preserved by
the first order and the second order versions of the scheme (since the velocity does not vanish). This leads to a
discretization error proportional to the mesh size at the equilibrium. This error becomes particularly noticeable
on the approximation of the discharge pu which should be constant at equilibrium. Hence having established the
accuracy of the schemes for handling equilibrium at rest (see Sects. 3.1 and 3.2), these test cases are interesting
to check whether they exhibit degraded performance near other equilibria.
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FicURE 10. Flow over an isolated obstacle: structure of the asymptotic solution. Free surface
(solid lines) and obstacle (dotted lines). (a) M. < My and Fy > 1. (b) (b) M, < My and Fy > 1.
(¢) M, > My, upstream moving shock. (d) M, > My, stationary shock.

3.8.1. Cases Fy =0.2 and Fy = 1.9

In these two cases, we have M. < Mj. As expected, the numerical solutions reach a steady state. The results
obtained at time T = 2000 with our schemes (order 1 and order 2) are presented in Figures 11 and 12 for
d0x = 0.05. We obtain a good agreement with the reference profile computed with the procedure explained
above. In the case Fy = 0.2, the free surface dips over the obstacle whereas in the case Fy = 1.9, it rises over
the bump.

In Figure 13, we present the discrete error in L'-norm as a function of the mesh size. As expected, we observe

that the MUSCL reconstruction procedure allows to reach the second order accuracy for the velocity u and the
height h.

3.3.2. Case Fy = 0.3

In this case, we have M, > M, this is the situation illustrated in Figure 10d. A stationary shock appears
behind the obstacle. The result obtained at time T' = 30 with our scheme (order 1 and order 2) are presented
in Figure 14 for dz = 0.1. We also represent with a solid line the asymptotic reference profile. We observe
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F1GURE 11. Flow over an isolated obstacle: numerical solutions obtained for Fy = 0.2, dx = 0.05
at T = 2000. (a) Height p. (b) Velocity u. (¢) Discharge pu. (d) Froude number.

that the constant states p4 and p4, the value p_ and the equilibrium profiles (before and after the stationary
shock) perfectly match with the reference profile. However, the numerical solutions at time T' = 30 present some
additional structures compared to the reference asymptotic solution. These additional structures appear near
the upstream shock and near the downstream rarefaction wave. Since the obtained numerical solutions seems
to be converged with respect to dx and &t, we guess that we face transient structures that do not appear, by
definition, in the asymptotic profile. We plot in Figures 15 and 16 a zoom on the structure for three larger final
times T' = 100, T" = 250 and T = 2000. We indeed observe that the bump in Figure 15 and the oscillations in
Figure 16 vanish as the time increases.

3.8.83. Case Fy = 0.7

In this case, we still have M, > Mj, but now in the situation of Figure 10c. The shock which appears
behind the obstacle is moving to the right. The results obtained at time 7" = 30 with our schemes (order 1 and
order 2) are presented in Figure 17 for dz = 0.1. We also represent with a solid line the asymptotic reference
profile. Again, we observe that the constant states pa, pp, p: and the equilibrium profile perfectly match with
the reference profile. The position of the shocks is also in agreement with the reference asymptotic solution.
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F1GURE 12. Flow over an isolated obstacle: numerical solutions obtained for Fy = 1.9, dx = 0.04
at T = 2000. (a) Height p. (b) Velocity u. (¢) Discharge pu. (d) Froude number.

As previously, at time 7' = 30, we also observe an additional transient structure in the numerical solutions

compared to the reference asymptotic solution in the neighborhood of the rarefaction wave.

8.8.4. Cases from the literature

The test cases presented in the three previous subsections illustrate every potential situations for a flow over
a bump. However, they do not allow for quantitative comparisons with the results from the literature. To make
such comparisons possible, we provide in this section two tests cases taken from [19] using exactly the same
physical and numerical parameters. The flows are governed by Shallow-Water equations (y = 2). The gravity is

set to g = 9.8 and Cy; = 0.5.

The first test is the Test 1 presented in Section 5.3 of [19]. It corresponds to the situation illustrated in
Section 3.3.1 (see Fig. 12). The computational domain is [0,10] and the final time ¢ = 100. The bottom

topography is given by

z(z) = =1+ 0.3exp (— (z —5)?).
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FIGURE 13. Flow over an isolated obstacle: discrete error in L!-norm as a function of the mesh
size. (a) Height p. (b) Velocity w.

We consider the equilibrium solution given by

u2
pu=2 and p+z+ — =2

29
The numerical results we obtained are presented in Figure 18. As in Figure 12, we obtain a free surface rising
over the bump and the discharge pu presents some oscillations whereas it should be constant. The Figure 18 can
be directly compared to Figure 2 of [19] and the results are similar. The oscillations on the discharge pu are of
order dz (or 622 for the second order scheme). For this test case, we also provide in Figure 19 the time evolution
of the L'-norm ||p — pey|lzr of the difference between the numerical solution and the equilibrium solution for
different mesh sizes (for the first and second order versions of the scheme). It does not reach the machine
precision since the equilibrium is not preserved by the scheme in this case. Instead, we observe a residual error
due to space discretisation. It confirms the first or second order convergence of the scheme.

The second test case is the Test 2 proposed in Section 5.4 of [19]. The computation is performed on the
interval [0, 25] and the final time is ¢ = 200. The bottom topography is given by

(z) = { 02005z — 10 if 8 < <12,
2= 0, otherwise.

With ¢ = pu, the boundary conditions are given by
q(0,t) =0.18 and p(25,t) =0.33, Vi=D0.

The steady state includes a smooth transition and a stationary shock. It corresponds to the situation illustrated
in Section 3.3.2 (see Fig. 14). The numerical results we obtained are presented in Figure 20. These results can
be directly compared to Figure 3 of [19] (see also [5], Fig. 3.8, Sect. 3.2.3, [23], Fig. 2.23 to 2.27, Sect. 2.2.2.2 or
[55], Figs. 11 and 12). We obtain similar results (a small oscillation on the discharge pu in the smooth transition
and an overshoot in the shock). We also provide in Figure 21 the time evolution of the L'-norm [|p — pegl| 11
of the difference between the numerical solution and the equilibrium solution for different mesh sizes (for the
first and second order versions of the scheme). As previously, it does not reach the machine precision since
the equilibrium is not preserved by the scheme in this case. Instead, we observe a residual error due to space
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F1GURE 14. Flow over an isolated obstacle: numerical solutions obtained for Fy = 0.3, dz = 0.1
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F1GURE 15. Flow over an isolated obstacle: numerical solutions obtained for Fy = 0.3, dz = 0.2,
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FIGURE 19. Test 1 from [19]: time evolution of the L'-norm ||p — peqllz1 of the difference
between the numerical solution and the equilibrium solution.

discretisation. Due to the presence of the shock and the limitation procedure, the second order version of the
scheme does not actually reach second order in this case, but it allows to increase accuracy. Figure 21 can be
directly compared to Figure 2.23(h) to 2.27(h), Section 2.2.2.2 of [23].

3.4. Wet/dry fronts in a nonflat bassin

We consider in this Section a test case proposed by [28] (see also [5,19]). The flow is governed by Shallow-
Water equations (7 = 2). The computational domain is [0, 25] and the gravity is g = 9.8. The bottom topography
is defined by

[ =13, if25/3 <x < 25/2,
2(x) = {—14, otherwise.
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between the numerical solution and the equilibrium solution.

With ¢ = pu, the initial data are given by

pla)= —2() 4, and  q(x)=

—350, if x < 50/3,
350, if 2 > 50/3.

1293

We use dz = 5 x 1073 and Cs; = 0.4. The numerical solution obtained with our schemes are presented in
Figure 22 (for the first order scheme) and in Figure 23 (for the second order scheme) at different times ¢ = 0.05,
t = 0.25 and t = 0.45. Two rarefaction waves propagate in opposite directions creating a dry bed. The schemes
capture correctly the generation and propagation of the wet-dry fronts (even when the wave propagates over
the step). The results on Figures 22 and 23 can be directly compared to Figures 17 and 18 of [28], Figure 15 of
[19] or Figure 3.12 of [5].
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FIGURE 22. Wet/dry fronts in a nonflat bassin: numerical solutions obtained with the first
order scheme, dz = 0.005. (a) Free surface p 4 z. (b) Velocity u. (c¢) Discharge pu.

3.5. Thacker test: oscillation in a 2D-paraboloid

In this Section, we consider the 2D problem of a free surface oscillating in a paraboloid [23,24,60]. The flow
is governed by Shallow-Water equations (y = 2).

Restricting the discussion to Cartesian grids, it is straightforward to expand our approach to higher dimen-
sions, as the discretization can be easily interpreted through the MAC framework. We refer the interested reader
to Section 4 of [35] for a complete description of the scheme in 2D including the second order version in the
absence of source term. Taking the source term into account does not pose any particular difficulty compared
to what was described in 1D. As for the MUSCL reconstruction, the hydrostatic reconstruction is applied either
only on the rows or only on the columns of the numerical density, depending on the considered direction = or
y and it works exactly as in 1D.

The computational domain is [—2,2] x [—2,2]. The topography is given by

1
2(z,y) = §(w2 +y° —1).
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FIGURE 23. Wet/dry fronts in a nonflat bassin: numerical solutions obtained with the second
order scheme, dz = 0.005. (a) Free surface p 4 z. (b) Velocity u. (c¢) Discharge pu.

The initial data are given by
p(.r, y) = (0125 * (433 — 1) — Z(x,y))1($70.5)2+y2<1,
0
U(:C,y) = (05) X :ﬂ-(x—0.5)2+y2<1-

This is a planar free surface with a non-vanishing initial velocity. The solution is exactly known; it is given by

p(t7 Z, y) = (0125 (4.% COS(t) +4y Sin(t) - 1) - Z(£L'7 y)) jl(:c—O.E') cos(t))2+(y—0.5sin(t))2 <1,
1 (—sin(t)

ult, @, y) = 5 ( cos(t) ) '

The solution is 27-periodic with respect to the time variable. The free surface remains planar in time with a
moving circular wet/dry transition line. The numerical results obtained with the first and second order schemes
are presented in Figures 24 and 25. For this test case, the time step is defined by

0t = 0.2 min (6:57 Jy).
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FIGURE 24. 2D Thacker test: discrete error in L'-norm as a function of the mesh size (1st and
2nd order schemes).
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F1GURE 25. 2D Thacker test: numerical solution obtained with dz = dy = 0.01 using the 2nd
order scheme (left) and comparison of a cutline with the first order scheme. (a) Contour lines
of the free surface. (b) Cutline y = 0 of the free surface.

Figure 24 shows the discrete error in L'-norm at time T = 4r as a function of the mesh size. As expected,
we observe that the MUSCL rescontruction procedure reaches higher accuracy (1.8 convergence order). The
approximate solutions obtained at T" = 47 with éx = 0.01 and dy = 0.01 are presented in Figure 25. At the left,
in Figure 25a, we provide the contour lines of the free surface. We clearly observe the circular shoreline and
the planar free surface. In Figure 25b, we provide a cutline along the axis y = 0 and we compare the results
obtained with the first or second order scheme with the reference exact solution.
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