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Abstract

This paper presents a simple and robust method to enforce discrete entropy stability in first-
order well-balanced finite volume schemes for systems of balance laws, including non-conservative
terms. By leveraging an artificial viscosity technique originally introduced by Tadmor and extended
in recent works, the authors propose an entropy-preserving modification applicable to a wide class
of three-point schemes. The core contribution lies in the construction of a viscosity coefficient that
maintains the well-balanced property while ensuring entropy dissipation at the discrete level. A
theoretical framework is developed to guarantee robustness, well-balancing, and entropy stability
under a suitable CFL condition. The approach is validated through numerical experiments, in-
cluding applications to shallow water systems and two-layer flows, demonstrating accuracy and
stability.

1 Introduction

This work is devoted to the numerical approximation of systems of balanced laws endowed with non-
conservative products under the form:

Ow + O f (w) + A(w)o,w = S(w,z), x€R, t>0. (1)

The unknown state vector w € R%, for d > 1, is assumed to belong to an open convex set  C R%
while f : Q@ — R? is a given flux function, 4 : @ — My(R) denotes a given smooth matrix and
S : Q x R — R? represents a given source term function. For sake of simplicity, System is assumed
to be hyperbolic so that (Vf 4+ A)(w) is diagonalizable in R for all w € Q. Such an assumption is
usual [42,/43] but it is not necessary in forthcoming numerical developments.

System is endowed with an entropy inequality that means the existence of a convex entropy-
entropy flux pair (7, G) such that G : Q — R satisfies VG = V- (V f+ A) with n(w) a convex function
called entropy. Considering such a pair (7, G), the admissible solutions of satisfy the following
inequality in a weak sense:

on(w) + 0,G(w) < Vn(w) - S(w, x). (2)
In many particular cases, the above inequality admits a conservative reformulation that reads
Ai(w, z) + 8,G(w, x) <0, (3)

where (w, ) — 7(w, z) is a convex function and G : @ x R — R is a generalized entropy flux according
to the source term. This work assumes the existence of such generalized convex entropy-entropy flux

A

pair (7, G).
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The entropy inequalities for conservative systems, i.e. A(w) = 0 for all w € €2, impose the hyper-
bolicity and rule out non-physical shock discontinuous solutions ,. However, such properties
do not occur if Vf + A can not be written as a Jacobian matrix. In that case, may be satisfied
when (Vf + A)(w) admit complex eigenvalues while the non-conservative product A(w)d,w has no
distributional sense. Hence, weak solutions are defined according to the viscosity approach [7] or with
the path-theory . Nevertheless, entropy inequalities always yield a vveigh‘ced—L120C estimation
of w(z,t) because (w,z) — 7(w,x) is a convex function and (3)) obviously involves

/j H(w(x,t),x) de < /j f(w(x,0),z) de — /Ot (G’(w(ﬁ,s),ﬁ) — G’(w(a, s),a)) ds, Va<p, t>0.

As a consequence, according to the forthcoming numerical derivations, the interests of the entropy
inequalities is twofold. On one hand, they ensure the physical relevance of weak solutions for conser-
vative systems (see for instance [11,[32,[37]). On the other hand, they produce suitable estimations for
the solutions of .

In addition, the presence of the source term S(w, x) involves the existence of non-trivial stationary
solutions for System . This work concerns the smooth stationary solutions which, according to (|1

and , satisfy
O f(w) + A(w)0,w = S(w, z), (4)
0,G(w, z) = 0. (5)

Shallow-water or Fuler systems with gravity as well as the two-layer shallow-water model ,,
adopted here, enter into such a framework.

The derivation of numerical schemes to approximate the weak solutions of has been widely
discussed in the literature during the last five decades. While numerous schemes have been designed
for conservative hyperbolic systems (for instance, see and references therein for an
non-exhaustive bibliography), the derivation of numerical schemes for non-conservative systems turns
out to be more delicate. In this regard, a relevant framework is defined by pioneer works of Hou
and LeFloch along with it essential extension given by the path-consistent schemes derived by
Parés in [51]. The non-conservative schemes derivation may be also considered with the single shock
capturing techniques ,, or with a viscous approach .

However and after , due to the presence of a source term S(w, x), a fully relevant numerical
scheme for needs to enforce well-balanced properties to accurately approximate the steady solutions
of . If well-balanced schemes are now well-established (for instance, see |§|,,,,
and the references therein), the derivation of well-balanced entropy-satisfying schemes for non-
conservative systems endowed with source term seems still rare or dedicated to a specific system
)

In this regard, considering artificial viscosity technique introduced by Tadmor , this work
presents a straightforward improvement to make entropy-preserving any first-order well-balanced
scheme for generic System . Such an additional correction can be naturally associated with
where the authors design a simple procedure to convert any standard consistent first-order scheme
into a well-balanced scheme. As a consequence, and the present work enable to transfer standard
schemes into well-balanced entropy-satisfying schemes.

The paper is organized as follows. Sectionextends [5] and presents an artificial viscosity technique
to recover discrete entropy inequalities while preserving the well-balanced property. Section [3| deals
with a relevant approximate Riemann solver to reformulate any 3-point finite volume scheme endowed
with artificial viscosity as a Godunov-type scheme. Such a reformulation is then used in Sections [AH5] to
design a sufficient artificial viscosity for discrete entropy inequalities and that preserves the stationary
solutions. Finally, Section [6] assesses the proposed numerical procedure with numerical experiments.

2 Well-balanced artificial viscosity and main result

For the sake of simplicity in the notation, we shall consider constant Az > 0 (resp. At > 0) spatial

step (resp. time). The spatial mesh (v, 1);cz is defined by z; 1 = x;,_1 + Az and w} denotes an
2 2 2
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1 Titl
approximation of the average N / ik w(z,t")dz. The sequence of cell centers (x;);cz C R is defined
T Jz,

|
Nl=

by
—%+xi+%)’ Vi € Z. (6)

We consider a standard 3-point finite volume numerical scheme written in the general form

. N’ y o 0 on
w; +1 w; — A—x (fA(wl 7wi+1) - fA(wi—hwi ))

At S . S .
~ 9Ax (Ai(wi swit) (Wit — wi) + AR (w1, wi) (w!] _wi—l))

At .
At STt ). .

where fa : (R9)? — RY, Ag’R : (RH2 — R Sa - (RFH2 — RY, respectively stands for the con-
sistent numerical flux, the consistent discrete version of A(w), S(w,z) satisfying fa(w,w) = f(w),
Ag’R(w,w) = A(w) and Sa(w,z,w,z) = S(w,z). The numerical schemes ({7 correspond to a generic
form for (1)) (see for instance |11,20]) and the definition of a well-balanced, robust and entropy-satisfying
numerical scheme is now given for the sake of completeness.

Definition 2.1 (well-balanced, robust, entropy-satisfying numerical scheme). Let us consider System

endowed by a pair of convexr entropy-entropy fluzx (1), G) and the corresponding entropy inequality
B). Let us define

W= (w,z)" € Q xR, (8)

and consider (z;)icz C R defined by @ Considering a relation R : (Q x R)2 — R? that defines
stationary solutions at a discrete level, a three-point finite volume scheme is

(1) well-balanced for the equilibria R if
R(@, ") holds VieZ, then w!™ =uwl VieZ 9)

(i) robust if (wl)iez, C Q then (wP™)ez C Q.

(#i7) entropy- satzsfymg for the convex entropy-entropy flux (7, ) if there exists G (2xR)?2 — R such
that G(w,w) = G(w) and such that WM = (W™, 2;)icz verifies

() —agay) | G bf,) = G, dy)
At Az

<0, VieZ (10)

The relation R is a local definition of a discrete stationary solution. It may be explicit or implicit
algebraic equations and it may be correspond to an exact equilibrium (4]) or an approximation (see |33]
for the detail). In this work, we do not assume specific form for the local discrete equilibrium R, but
we assume a non-entropy production if R holds. This assumption writes

A

if R(w;', @) holds then G Wi q) — G(w') = 0. (11)

The above assumption is a direct discrete counterpart of . Several first-order robust well-balanced
schemes (7)) satisfy Definition ( )-(41) [2,/6)14,[17, 21} 129,404/50}/62] and the main objective is now
to define an improved version of in order to reach the entropy stability properties of Definition
(737). In this regard, we add an artiﬁcial viscosity to the scheme to get the following viscous
scheme:

o AL -
w; R w, — E (fA(wz awi+1) - fA(wi—hwi ))

At N - .
~ 5ag (ARG wf) (il — of) + AR @y wf) (] — wiy))



At

+ 5 (SK@p, ) + SRy, )

v At

2 Az
where v > 0 stands for the artificial viscosity coefficient. Our main result given below establishes a
suitable choice for v in order to preserve the well-balanced property and to get both robustness and
discrete entropy inequality. In this regard, we assume specific properties for the exact solution of the
Riemann problem associated to . Indeed, for any two constant states (wr,wg) € 22 and considering
the initial data

( Wit 2w +w )7 (12)

T .
(w(z,t = 0, S(w(z,t = 0),2))" = { ggg%% L N 8 (13)

we assume the existence of \* > 0 such that the solution We,(#/t,wr, wg) of the Riemann problem
made of , is such that

wr, Vo <A,

wg, Yz > \*'t. (14)

Wex(x/t, wr,, ’LUR) = {

Such a condition may appear restrictive but it is satisfied by both one- and two-layer shallow-water
models and also by the Euler equations with gravity. In fact, according to [6}9,44,53], the above
property is satisfied as soon as S(w, x) can be incorporated within the hyperbolic operator as follows:

w (Vf+A)(w) —S(w,a) w)
(o

Our main result is now given.

Theorem 2.1 (Robustness and entropy stability for well-balanced artificial viscosity schemes). Let
us consider endowed by a pair of convex entropy-flux entropy (9, G) such that the Hessian matriz
V2i(w, ) is positive definite. Let (w?)icz be given in € and consider the following quantities

~Nn ~, 1 n n
(wi+%,xi+%) zi(w, +wi+1,xi+$i+1) GQXR, (15)
* n f w?’wzn - f w? 1 n n
2 Aigl 2)‘z‘+l
A 2 2 (16)
. Sk wf) € B
wi',w w 1
P U8 ES (S S VTP S
it3 )‘i+— 2)‘i+l
Az 2 2 (17)
An Ik d
+ 2)\@ SA( 74+1) 6 R
&,y Ay (ﬁ(w 7+ o) - 007 - (o)) (18)
+ (G@?H) G(a)) € R, (19)
DH; =2)(w;" Wiy, @ Titl 1) — 7)) — (i) €R, (20)
where )‘i+§ > \*. Let be a well-balanced scheme defined by fa, AZ’R, Sa and assume
(h1): the matrices AZ’R are such that
]' n n n
B (AL (W}, wiy) + AR (w] i+1))(wi+1 —wy') =
At l+1At o o
N 1 OVer 1 5,)) e 507, ) (21



(ha): the discrete source term Sﬁ’R are such that

Az A an A
5 (sk@pap) + SRy, o)) =
At +1At o
At/ / 1AtS Wea( /t,wi,wi+1),m+xi+%) dz dt, (22)
(h3): the states wL+ wi*l are such that w” +1 =wj and wﬁ_’*l = wj 1 as soon as the local equilibrium
2 2 2
relation R (W} le) holds.
If v in the viscous scheme (12)) is defined as follows:
50
_’_,
0,—=—= |, 23
7 = max ( DH2) (23)
then v > 0 is bounded and if the time step At > 0 satisfies
At 1 .
()\,L+% + ’Y)Ix < 5, Vi € Z, (24)
then the viscous scheme is
(1) still well-balanced,
(i) robust under a suitable CFL condition: i.e. (w}™)ez C Q,

n+1

(iii) entropy-preserving: (w]'™);cz satisfies a discrete entropy inequality (10)).

The proof of Theorem (i7) follows the same lines as in [5], the main ideas being explained in
Lemma As a consequence, the establishment of the above main result mainly consists to prove
the entropy-preservation given by Theorem (731). The role of the assumptions (h1)-(hs) in this
proof will be highlighted in the sequel. The following section gives an equivalent reformulation for the

viscous scheme .

3 Godunov-type scheme reformulation

In this section, the numerical scheme with the artificial viscosity is reformulated as a Godunov-type
scheme. This reformulation is detailed in the following lemma;:

Lemma 3.1 (Reformulation as Simple Riemann Solver). Let us consider mfﬁ*,wgl JAip1) € QX
2 3 2
(RH)2 x Q x R respectively defined in , and let us define
A1 A,

@ =1 #>w” 4% e e R Vo e (LR} (25)
it+3 )\Z%—i—’y i*+3 /\H%—i—’y ”2

If the CFL restriction holds, then the viscous scheme is equivalent to the following Godunov-
type scheme:

Ax

| e
w = o [T et des 5 [ o D780 07 011) da 20)

where ® = (w,z)T € Q x R and the approzimate Riemann solver @(-, %%, ") : R x (2 x R)? — R?
satisfies
w? if x< _()‘H-% +’7)t7

Wi = (M +E<a <0,
w(o/t, i, i) = (27)
2

Wip1 of ()\Pr% Jr’)/)t <z



Moreover, under a suitable CFL condition, one can prove that w?’*l € Q.
2

Proof. First, let us remark that the last part of the lemma is easily proved following [5]. Indeed, Q2
being convex, there exists 7 > 0 such that for any w € R? satisfying ||w — wy+1/2\| < r, we have w € Q.
Now, in view of , it follows that w;:z € Q) for v large enough.

Let us now then prove the main result of the lemma. Using the above definition of the approximate
Riemann solver @(-, &7, %% ;) : R x (2 x R)? — R? we have

Az

1
7/ 2 w(I/At7’lZ}:L_1,wZL) dﬂj: ()\Zfl +,y)7w ,1 +7
Az 0

3
= Oy e (a8 —ar),
- %? + A1+ V)% ()\:1 (@;_1 —wi') + )\:\Z_iy(wﬁg — w?)) ,
2 2
TR )+ S s 28)
In the same way, we also have
a8 000) e = S ) + Mk ), @)

. Lx n Rx n .
But, according to (16| and (17)), w;! 1 w},  and w,” 1 w; respectively read

L,* n
)‘i+%(wi+% —w;') =
n n n 1 L n Az AT AT
— falwi, wi) + f(w]') — iAA(w s wipy) (Wit —wi') + 7SA< W),

R»* ny __
)‘z‘—%(wi,% —wy') =

Az
fa(wi,wi’) = f(w z)—*AR( wity, wi) (Wi — wit )+7SA( L1 W7).

As a consequence, using the above formulations in the sum of (28)) and (29), we deduce

Ax

1 2 an
E/o (%) At Wiy, D dl’—i‘*/ M Wi, i) do =
o S (Faluf ) = flup) - AR ol ] - )
At AT ’YA n n
+75§(wz 1, W )+§A7( wj' + wi' )
w) At n n n
+ o (sl + fa?) - GAK @l )@l - o)
At v At

+ 7SA( 0, Wik ) + 5@(“’&1 —wy').

Since a simple reorganization of the right-hand side of the above equality leads to the expected refor-
mulation that concludes the proof. O

The reformulation (26| is not unique because by analogy with the above computations, we can also



define the following approximate Riemann solver
wp if z< —(/\iJr; +v)t,
2

u~)l-+% if —()\i+%+’y)t§x<—>\. 1t

+57
wh i A t<2 <0
i+% i+§ —
~ AN AN
w(m/t7wi 7wi+1) = Rox . (30)
wi+% if O<a:§)\i+%t,
W

it if )\i+%t§1'< ()‘z'+% + y)t,

wi, if (/\i+% + )t < .

The Godunov-type scheme reformulation is useful to establish a discrete entropy stability. In this
regard we give in the following lemma a sufficient condition that ensures a discrete entropy inequality
(10). This condition is an extension of the work of Harten et al. [37]. For the sake of completeness, we
also recall a sufficient condition for the well-balanced property.

Lemma 3.2 (Entropy-preserving well-balanced Godunov-type scheme). Lest us assume System (|1))
endowed by a pair of convexr entropy-entropy flux (7, G’) Let us consider a Godunov-type scheme .
that approximates the solutions of and defined by an approrimate Riemann solver w(-,w;, Wi ;) :
R x (2 x R)?2 — R?. Let us define & : R® — R such that

1 he
x; = —/ ’ Z(z/at,xi—q, x;) doe + —/ T(%/At, x4, i) dz, (31)
Az Jo
where (x;)iez C R is defined in @ Assume the CFL condition holds.
(1) If the couple (w,T) satisfies the inequality

;/_A N((@, &) (x/At, &, @74 ) do < AY) 2’7(@?“) - 2;((;*( W) -GN,  (32)

where W = (w, x)T € Q xR, then the sequence (w?“, x;)icz satisfies a discrete entropy inequality
in which the entropy numerical flur G : (R? x R)? — R is given by
o G(oP,) + Gl Az, . o
Gy, ity = T T S ) — a(af))
Ax

toag | A0 @/AL G} B)) da (33)

1 0 N AN AN
~ oy [, @)/ At 0 07,) do
2

Toifx <0,
n ):{w; i Vi € Z, (34)

w1 otherwise,

as soon as the sequence (W}');cz verifies, at each interface of the mesh, the local relation
R(wi, i) then the Godunov-type scheme is well-balanced for the equilibria R.

Proof. Concerning (i), considering and we have

Az

1
(Wit 2;) = Aa:/o L (W, %) ()AL B, D dx+—/ T)(z/At, o, b, ) de.



Since the entropy (w, z) — 7(w, x) is a convex function, the Jensen inequality [54] applied to the above
formulation leads to

Aw] ™t a) <
L 0 o 1oy o
m/_%z N((@,2)(z/At, &7, D7) dw+ﬁ/0 H((w, &)(x/At, @) 1, @) dz
15 . | A -
—f—m/_%z??((w,x)(x/At,wi L)) d:r—i—ﬁ/ H((@, ) (z/At, bf, dF, 1)) dz
LI n 1 %A -
oy [ MDA 0 = g [ B 0l )

W(W?H,IEZ)S
oo TR

2Ax/m 0((, Z)(x/At, 0}, Wity ,)) dx+@ A n((w, &)(z/At, @) 1, @) dz
L) +0(d7) At (4, ., AL om

+5 (75 - o (G - Gpy))
Lp(dy) + (i) At /5 o, -

+5(73 -5 (Gl - Gan))

o [ i e A i) = [ e/ a0 00 de
2AL 7%77 w,x)(x y Wi 1, Wy x 5Az /o n((w,z)(z (O

Reorganized the above terms with the definition of the function G given by , we deduce the discrete

entropy inequality .
For the statement (i7), let us assume that the sequence (0]");ez is such that the local equilibrium

R(w}, 07, ) holds at each interface of the mesh. In that case, using the condition in a Godunov-
type scheme , we have

Az

LA
witt = o= [T w/anar,, 0 dx—l——/ (a0, 0y ) de,
1 % oo
=w;".

According to Definition (z) this last equality gives the required well-balanced property that con-
cludes the proof. O

On the one hand, remark that the relation formulates a sufficient condition for the well-
balanced property. This condition is well-known (see for instance [6}8,48,49]) and direct computations
could show the non-corrected scheme can also be written as in in the case v = 0, so that the
assumption (hs3) is equivalent to (34)).

On the other hand, the entropy condition needs the definition of # : R?* — R and, in this work,
we consider the following choice:



Lemma 3.3. Let us consider (z;)icz C R, 571‘4% € R defined in @, and 7 : R?® — R such that

zi if v <=+t
i'i—i—% if (/\H_l +'y)t<a:<—)\i+%t,
x; if —)\i+;t<m§0,
- 2
E(v/t, Ti, Ti1) = (35)
Tiv1 if 0<x§)\i+;t,
2
fi—i—% if )\i+%t§x<()\i+%+’}/)t,
Tiv1 if ()\H-% + ’Y)t < x.
The above definition for &(/t, x;, x;41) satisfies (31)).
Proof. According to , straightforward computations yield to
Azx
1 (%5 . 1 0 At
E/() z(e/At, w51, ;) do + Az /A; T(z/at, zi, i) do = 2 + ;A7($i+1 —2xi +xi-1).

But, arguing the definition of x; given by @, we have
Titl — 22 +Xi—1 = (AZL‘ +x; — 2x; +x; — AZL‘) =0,
that concludes the proof. O

Equipped with Lemma we are now able to show Theorem [2.I] The following section
concerns the proof of the well-balanced property preservation satisfied by the viscous scheme .

4 Well-balanced artificial viscosity

In this section, we establish Theorem [2.1}(7) which states that the viscous correction does not
modify the well-balanced property satisfied by the scheme . According to Lemma (m)7 the proof
will be completed as soon as is shown for the approximate Riemann solver . The proof is now
detailed.

Proof of Theorem |2.1+(i). Assume (}');cz is such that the local relation R(w}, 1wy, ;) holds at each

interface of the spatial mesh. As a consequence, according to the assumption (hg), the equalities

wZL:l = wy, wi’z = w}, | hold and SZ.OJF ; defined in (19)) reads
2 2 2

A L,* A R,* AL AT AL AT Nroan Ny oan
5Z-0+% = Ayl <77(wi+é7$i) + U(wH%aJUHl) — (') — U(wz‘+1)> + (G(wi—i-l) — G(w; )) ;
= G(if4) — G(a]).

Arguing the non-entropy production , the above formulation simply reduces to SSJF 1 = 0. Hence,
2

the artificial viscosity ~ defined in (23| reduces to v = 0 when the equilibrium relations R holds. In
that case, the approximate Riemann solver simply reads

wp if z < —)\i+;t,
2

Lx .
wi+% if —)\i+%t<w§0,
~ AN AN
'IU(I/t, w; 7wi+1) - Rx .
wH% if 0<x§)\i+%t,

Wit1 if )\iJr%t <z,



where the states wiLJﬁ’* are defined in , . Using once again the assumption (hs), we deduce
2

that the above approximate Riemann solver verifies

wi if x <0, VieZ
i :

~ AT AN _
w(%/At, ;] Wi ) = { n therwi
wi; otherwise,

According to Lemma this last equality achieves the proof. O

5 Discrete entropy stability

The aim of this section is to show that + given by in the viscous scheme (or in its equivalent

reformulation , ) ensures and thus the discrete entropy inequality holds.
According and , the viscous scheme can be equivalently defined by the following
couple (w,%) : R x (2 x R)? — R4+1 .

(w?,xi) if z< _()\i+% + V)ta

(ﬁ)iJr%,i‘iJr%) if —()\Z-Jr% +yt<z< _/\i+%t7

L .
(ler*l yxy) if = A
2

(wR’*l,xi_H) if 0<axz<A
Z+§

(@1, 1) i Nt <o <A1+

(wgﬂrl,xiﬂ) if ()\H-% +7)t <z,

. . L.R, : .
where (wi+%,xi+%,wi+% ") e QxRx (R%)? are given by —. As a consequence, a straightforward

computation shows that for the viscous scheme reads
0
5¢+§ +7D;41 =0,

where S& ; and D, 1 are respectively given by , . According to the above inequality, the proof

2

of the entropy-preservation for the viscous scheme stated in Theorem [2.1}(iii) will be proved as
soon as an upper-bound for the ratio —5f+ 1 /D, .1 will is established when Eio+ 1 > 0. In this regard, we
: 3

first state the following lemma that concerns an additional useful inequality.

Lemma 5.1. Let (w}')iez be given in 2 and A\, 1 > \* where \* is such that holds. Assume the
2

maltrices Ag’R that approximate the non-conservative product A(w)O,w satisfy and the discrete

A 1AL
source terms Sﬁ’R are such that holds. If At > 0 satisfies “Xr < % then the following inequality
holds

(e B 1) < 05T (36)

where “%H% € R is given by and where we have set

1 1
~HLL .__ n n n n
W 1= §(wi +wiy) — ﬁ (f(wit) — f(w])
2
- (AL (w?, wh ;) + AR (w?, wl )) (wit, — wy")
4)‘@'4-1 A\Wq » W1 A\Wq s Wit1 i+1 7 (37)
2
A
+ o (SK(ap, ) + SE(ar, ) € RY
4)‘i+§
@) +aer,)  Gap,) — Gay)
M = . o eR. (38)



Proof. Since the CFL condition A;, 1 At/az < 1/2 holds, the exact solution of juxtaposed Riemann’s
problems (We ((#=2;,1)/At, w?,wfﬂ)) satisfies

atWex + amf(wem) + A(Wex)a Wex — S(Wex7 )a (393)
NN Wegs ) + 0pG(Weg, 1) < 0. (39b)
At 1 ird 1 +/\ 4 At
As a consequence, applying the operator /0 Y "y N AL / o 12At -dx | dt to with )\i—i-%
+3 +3

sufficiently large, as specified in , we deduce

1 z+§At o
2 1At/ Weg (¥/at, 07, ) da =

%At
1, , n 1 . .
§(wi twly) - YV (f (wia) = f(wi)
z+2
At +1At 8
(il’ t7w 9 AZ W@Z’ 3 ’L dJI dt
2)\+;At/ / 1At (v/t, @7 9i'1)) (/e @7 7

At +1At
2)\ 1At/ / 1At ex(x/t wz 7w1+1) x+513 ) dﬂl‘dt

_ 1 Ay B A(W (z/at, Wi, D} ) @+ )daz<
2N, 1At ) At?? ex y Wi, Witq) i+l <
ity i+}
Ly o aram 1 . .
5 (D)) + A7) — W (Glar,) - ).
2

Using the assumptions , , and the definition of ﬁngL given by , the above formulations
2

write

1 )\i_,'_%At o
2)\ lAt/ Wex (I/At7wi 7wi+1) d.fU =

1 At
it3
1 n n 1 n n 1 L n n n
i(wi +witq) — DV (f(wiq) = f(w])) — I (A (wi', wi ) + AR (w} i+1)) (wiyy — wy')
i+ +35
A.’L‘ A An n N
+4)‘i+l (SA( Wilq) + SR z+1))
2

1 ’\¢+%At . “n ~HLL
2)\ 1At 1At77<Wecc (I/Atvwi>wi+l) x—l—x ) d$<771+1.
+3

Thanks to the definition of wﬁ}f detailed in the above relations simply reduce to
2

HLL 1 Aipg At n o~n
W = — Wep (2/AL, W, W dz
3 2)\.+;At /)\+1At e (720, 67, 051) de
il
2

! Z+%At A(W (z/at, @, 0 1) @ + 2 1) dx < A
Dy A o a T Wer (R0 G 24 By ) e ST
+3

But, according to @, , we have

=
+
[NIE
Il
DO
>
T | =
>
~+
—
o>
T
|
&
w
+
8
~—
o,
S
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As a consequence, using the Jensen inequality [54], we deduce

R ~ 1 Al JU
n(wiL%L,xH ) = <2>\ 1At / 21 N Wes (#/a6, 01, 07, 1) , @ + acH%) dx),
+3

<t //\ZJFQN N Wes (/28,07 , 07 1) s 2+ x;, 1) do
_2)\ 1At 1Atn ex y Wy s Wiaq) it+3 )
t3

which achieves the proof. O

The state wfj} defined in is an extension of the state derived in [37]. This state and the
2

inequality play an essential role in the proof of the entropy-preserving property verified by the
viscous scheme ((12)) (or equivalently ) The proof of Theorem is now concluded as follows.

Proof of Theorem (éi). According to Lemma [3.2}(3), it is sufficient to establish the inequality
0 ,
gi_t,_% + ’VDH_% <0, ViezZ, (40)

with 5&% and Di+% defined in , . Since DH% < 0, it is enough to show the ratio _’SS%/DH%

is bounded when €?+ ; > 0. As a consequence, the proof will be completed as soon as an upper-bound

2
for this ratio will be given.

From Lemma 5.1 and according to the definition of 5 1 D, e nIiLlL given by , , we
have

0 L Lk ~HLL
Sy Al il e - 200
’DH-% “ra ﬁ(ﬁ)zn) + 77( z+1) 277( H— ) +%) ’
Lo L Al -
N (w7 i) + A(wy, wi) — 20 (@8 5y 1)
> Al ~ )
Z+2 77( ’:L) + n( 7,+1) 277(w1+1 9 m1+%)
where wli% is given by (37). Noticing ( Lb Tyl ) = (%(wi% + wﬁr”%) $(zi 4+ zi41)), the above
inequality reads
oL . L R,
gz()+2 < )\ n(w +*1’ ) +77( +17wi+1) 277(%((“’ _,'_*171.1) + (wi.;.*%’xi-f-l))) (41>
Dz-{—— +3 (] )+77( z+1) 27)(w H— ) +§)

However, since the hessian matrix V27 is a definite positive matrix, f(@f ) +7(0f 1) —20(@;, 1, T;, 1) =
2 2

0 if and only if Wi, ; = @'. Hence, arguing standard, but laborious, Taylor expansions in the neigh-

borhood of @} =} ; in the right-hand side of (41)) ensures the expected boundedness as follows:

WL . . L R,
A(w; s, @) +i(w P10 Titt) = 27 (3 ((w w1, @) + (W1, i) o)
Y - ~ O(1),
77( ) +77( z+1) 21) ( z+%7xi+%)
that concludes the proof. O

6 Numerical results

In this section we apply the technique described previously for some particular cases. Specifically, we
consider first the shallow water equations as an example of a system of conservation laws with source
term. Second, we address the case of the two-layer shallow water system as an example that includes
non-conservative products.
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6.1 Single layer Shallow Water equations

In this section, we consider the single layer shallow water equations given by

O (hhu> + 0 <hu2 j—LZh?/z) - <—2h) vz, V(z,t) € Ix(0,T], (42)

where I C R is a given interval and 7' > 0 is the final time. This model governs the water height
h > 0 and the horizontal velocity v € R of a fluid over a given time independent topography function
2 : R — R. The gravitational constant is denoted g > 0. The unknown state vector w = (h, hu)* € R?
is assumed to to belong to in the convex set Q = {(h, hu) € R?|h > 0, hu € R}. System is endowed
with a given initial data wg : R — € that prescribes w(z,t = 0).

It is well-known [11}29] that the solutions of satisfy the following conservative entropy inequal-

ity
O (n(w) + ghz) + 0, (G(w) + ghzu) <0, (43)
where n(w) = hu?/2+gh?/2, G(w) = hu?®/2+gh?u. However, for a given bottom topography = + z(z),
the entropy (w,z) — n(w) + ghz(x) is not necessarily convex. In order to recover this convexity
property, we assume the solutions of are bounded i.e. w € L™ and also (9,2,02z) € (LT>°)? then
for C > 0, we add 9;(gCx?) = 0 to n(w) + ghz. As a consequence, the inequality is also equivalent

to
atﬁc’(wax) +8$G(w7x) <0, (44)

with the following entropy-entropy flux pair functions:

fic(w, z) = hu®/2 + gh*/2 + ghz(x) + gC2?, (45a)
G(w, ) = hu®/2 + gh*u + ghuz(z). (45b)

Since (w, 8, z,0%2) € (L™)3, a straightforward computation shows the existence of C' > 0 large enough
such that (w,z) — 7o (w, ) in (45al) is strictly convex.
On the other hand, the steady states of are given by

hu = cste, and u?/2+ g(h + z) = cste. (46)

Using the above equilibrium formulation, direct computations show that G defined in (45b)) satisfies
the non-entropy production assumption . In addition, among equilibria , a special attention is
often devoted (see for instance [10,30438}45},46,57,/63]) to the lake-at-rest

u=0, and h+ z= cste. (47)

It is usual to say that a numerical scheme is fully well-balanced if it preserves all the steady states,
while it is well-balanced if it preserves lake-at-rest solutions. Let us remark that if the base scheme
is either well-balanced or fully well-balanced, the artificial viscosity added as described previously will
not change this property.

We will consider different scenarios comparing several well-known numerical schemes. In particular,
we consider the schemes and corresponding notations given in Table[I] In the sequel, the corresponding
viscous versions for the schemes in Table [1| will be denoted with the additional suffix +AV.
In practice, the artificial viscosity v defined in is computed according to Algorithm . The
regularization parameter € > 0 in Algorithm [1}is fixed to e = 1074 and we denote A = max;cyz, Aiy 1.
An admissible choice for C' > 0 in is computed from the exact solution (or a reference solution
in a very fine mesh) for each test case.
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FullWB: Entropic well-balanced scheme defined in [47, Section 6]. This scheme
satisfies a fully discrete version of and it is well-balanced for the
moving equilibria . The well-balanced property may be locally lost
depending on the practical implementation of the scheme (see [47, Sec-
tion 7.3] for the details).

HR: Hydrostatic-reconstruction scheme introduced in [2]. The HR allows,
from a given base numerical flux for the case of flat bottom, to define
a well-balanced numerical scheme for the shallow water equations with
topography. If the base scheme is positive and/or entropy-satisfying,
then the resulting scheme is postive preserving and/or it verifies a semi-
discrete version of (43)). As base scheme we select here the VF-ROE
numerical flux [13].

GenHR: Generalized hydrostatic reconstruction introduced in [21]. This tech-
nique allows to build a fully well-balanced scheme from a given base
scheme for the conservative case. Here VF-ROE numerical flux [13] is
selected.

SubBM: Subsonic well-balanced scheme introduced in [12]. This reconstruction
technique allows, from a given base scheme for the conservative case,
to define a numerical scheme that preserves all subsonic equilibria. If
the base scheme is positive and/or entropy-satisfying, then the resulting
scheme is postive preserving and/or it satisfies a semi-discrete version
of (43)). Here we use as base scheme VF-ROE numerical flux [13].

Table 1: Numerical schemes used for the numerical experiments devoted to the single layer shallow

water model )

Algorithm 1 Well-balanced artificial viscosity for the single layer shallow water model

1: procedure
2: Data:

3 e > 0; > Regularization parameter
4 (wM)iez, ()\H%)iez, (fic, G), non-corrected scheme (7));
5: Initialization:
6 v <+ 0;

7: Main Loop:

8 for i + 1 do > Loop on interface ($i+%)i€Z

N L,* ~ ~ R,* ~ N
o (w 7y i) =nc(@f) (w7 zip)=fc (D) Glon - C(an
9: 0, A (—H + —2 ) + S,
it+i i+5 Az Az Ax
10: if &2 , > ¢ then
+3
No(@,, 1,%, 1)—nc(@)  Ac(®, 1,2 1)—hc(dl,)
. 2 2 2 2 .
L1 i+% - Ax + Ax ’
12:
_\/§ l+§ 2 . 4
Yivy DY |+ max(e, DL )’ (48)
\/ it+3 P d
13: Y <— maX(’YH%?’V);
14: end if
15: end for
16: Result:
return v;

17: end procedure
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6.1.1 Lake-at-rest steady state

Our first numerical experiment is devoted to check the well-balanced property for the lake-at-rest @
The initial condition and the topography bottom are the following:

ho(z) = max(2 — z(x),0), wuo(x) =0, =z(x)=max(0,1— |4z — 2|). (49)

The domain [0, 1] is discretized with 400 cells. The unknown h and u follow periodic boundary condi-
tions on both spatial boundaries. The constant C' > 0 in (45a)) verifies C = 8 and the final time is 1.0.
Figure [T and Table 2] display the compared results.

2 1
LS BiwB -+ Exact 0.5
FullWB+AV - Bottom
h+z 1 : 0
0.5 : —0.5 -
0 \ \ 1 ! . FullWB, ratio v/
0 02 04 06 08 1 0 02 04 06 08 1
x t
2.5 6 x 10713
9 5x 10718
4% 10713
1.5

| GenHR - Exact

—-13
"*ZGenHR+AV - Bottom 310
2x 10713
0.5+ 1 x 10—13
0 | | 0 | \GGDHR, ratho ’Y/é\
0 02 04 06 08 1 0 02 04 06 08 1
x t
2.5 2.5 x 10713
2 2x 10713
L . . —13
- Z1'5 SubBM - Exact 1.5 x 10
SlfbﬁM—i—AV o Bottom 1 % 10-13
0.5 - 5x 1071 &
0 l l 0 | \ SubBM, ratip v/\
0 02 04 06 038 1 0 02 04 06 08 1
x t
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2.5 6 x 10713
9 5x 10713
4 x 10713
L5 "HR . Exact
—13
h+ 2 1L HR+AV Bottom 3x10

2x 10713

05 — 1 % 10—13 8

0 \ ! 0 | | _HR. ratio v/\

0 02 04 06 038 1 0 02 04 06 08 1
x t

Figure 1: Numerical results and time evolution of the viscosities for the equilibrium at rest in a
mesh composed of 400 cells. The legend of the schemes is given in Table [I, +AV denotes the viscous
version (|12]).

Numerical errors in (h, hu)
for the lake at rest .

Numerical errors in (h, hu)
for the lake at rest .

h h
Ll L2 I,o° Ll L2 I,o°
FullWB+AV | 0.0E-00 0.0E-00 0.0E-00 GenHR+AV | 7.85E-16 &8.73E-16 1.08E-15
FullWB 0.0E-00 0.0E-00  0.0E-00 GenHR 1.27E-18 1.38E-18 1.30E-18
hu hu
LT L? L*>® LT L? L
FullWB+AV | 1.16E-19 1.86E-19 2.56E-21 GenHR+AV | 9.38E-16 1.20E-15 1.32E-17
FullWB 1.16E-19 1.86E-19 2.56E-21 GenHR 7.82E-18 &8.19E-18 6.69E-18

Numerical errors in (h, hu)

for the lake at rest .

Numerical errors in (h, hu)

for the lake at rest .

h h
LT L2 Le® LT L2 L
SubBM-+AV | 3.01E-16 3.34E-16 2.85E-16 HR+AV | 3.16E-16 3.59E-16 6.50E-16
SubBM 5.41E-18 6.49E-18 3.03E-18 HR 7.20E-19 7.31E-19 6.50E-19
hu hu
I 2 L ! 2 L>
SubBM-+AV | 1.83E-15 2.16E-15 1.07E-17 HR-+AV | 1.10E-15 1.33E-15 3.14E-18
SubBM 1.24E-17 1.48E-17 7.75E-18 HR 877E-19 1.06E-18 1.40E-18

Table 2: Numerical errors in (h, hu) committed by the numerical schemes given in Table |1} and their
viscous version denoted +AV both for the at rest problem .

6.1.2 Moving equilibria

Our second numerical test concerns the preservation of the well-balanced property for moving equilibria
defined by . Namely, we consider the following initial condition and topography:

(hu)o(z) = qo,

where qo = 5/2, By = 25/98 + 4g. Such data involve a subsonic equilibrium that satisfies u? < gh.

The spatial domain [0, 1] is dicretized with 400 cells and periodic conditions are imposed on both
sides. The constant C' > 0 in satisfies C = 2080 and the final time is 0.5. Figure [2[ shows the
compared results and Table 3| reports the numerical errors.

ud(x)/2 + g(ho + 2)(x) = By, z2(x) = (5/2) cos®(4mz), (50)
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Figure 2: Numerical results and time evolution of the viscosities for the moving equilibrium in a
mesh composed of 400 cells. The legend of the numerical schemes is given in Table [I, +AV denotes
the viscous version (12)).

Numerical errors in (h, hu)
for the moving steady states .

Numerical errors in (h, hu)
for the moving steady states .

h h
LT L2 Le° LT L2 L*>®
FullWB+AV | 0.0E-00 0.0E-00 0.0E-00 GenHR+AV | 3.27E-19 4.66E-19 9.75E-19
FullWB 0.0E-00 0.0E-00 0.0E-00 GenHR 0.0E-00 0.0E-00  0.0E-00
hu hu
LT L2 Le® LT L2 L*>®
FullWB+AV | 0.0E-00 0.0E-00 0.0E-00 GenHR-+AV | 0.00E-00 0.00E-00 0.00E-00
FullWB 0.0E-00 0.0E-00 0.0E-00 GenHR 0.00E-00 0.00E-00 0.00E-00

Numerical errors in (h, hu)
for the moving steady states (50).

Numerical errors in (h, hu)
for the moving steady states .

h h

L1 L2 L>® Lt L2 L
SubBM+AV | 3.36E-15 4.09E-15 9.72E-15 HR+AV | 1.93E-02 2.30E-02 5.24E-02
SubBM 2.11E-20 1.27E-19 1.62E-38 HR 1.93E-02 2.31E-02 5.24E-02

hu hu

L1 L2 L>® Lt L2 L
SubBM+AV | 8.29E-14 8.33E-14 8.43E-14 HR+AV | 0.56E-00 0.56E-00 0.58E-00
SubBM 5.84E-19 1.40E-18 1.97E-36 HR 0.56E-00 0.56E-00 0.58E-00

Table 3: Numerical errors in (h, hu) committed by the schemes detailed in Table|l{and by their viscous
version denoted +AV both for the problem (50).

Remark that this equilibrium is preserved by all of the numerical schemes used here with the exception
of HR. Since the HR scheme is not fully well-balanced, it does not preserve moving steady states .
This means that the solution computed presents an error and the equilibrium is perturbed. This results
in an artificial viscosity that make in order to satisfy an entropy inequality, as seen in the last picture
on the right in Figure

6.1.3 Evolution to a steady state

The third case test deals with the Goutal and Maurel problem [35]. The spatial domain [0, 25] is
discretized with 400 cells, the initial condition and the bottom topography are

ho(z) =2, (hu)o(z) = 4.42, z(x) = max(0,0.2 — 0.05(x — 10)?). (51)
On the left boundary, homogeneous Neumann condition is prescribed for water height with the dis-
charge hu is set to 4.42. On the right boundary, the water height is set to 2 and a homogeneous
Neumann condition is considered for the discharge. The initial condition will evolve until a final
steady state is reached. The final time is fixed to 500 so that the steady state is attained. The exact
solution is computed with the software SWASHES [27]. Figure [3| displays the compared results with
C = % in (45al). For the sake of clarity, the time evolutions of the ratio v/\ is only reported for

t € [0,100]. Table 4 shows the numerical errors.
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Figure 3: Numerical results and time evolution of the viscosities for the Goutal and Maurel’s problem
in a mesh composed of 400 cells. The legend of the numerical schemes is given in Table , +AV
denotes the viscous version ([12).

Numerical errors in (h, hu) Numerical errors in (h, hu)
for Goutal and Maurel’s problem . for Goutal and Maurel’s problem .
h h
LT L? L™ LT L? L™
FullWB+AV | 3.86E-02 1.41E-02 2.00E-04 GenHR+AV | 3.32E-14 1.01E-14 2.47E-17
FullWB 3.86E-02 1.41E-02 2.00E-04 GenHR 1.54E-15 3.93E-16 6.50E-19
hu hu
LT L? L> LT L? L>
FullWB+AV | 3.77E-02 2.10E-02 4.43E-04 GenHR+AV | 9.66E-14 2.46E-14 2.22E-15
FullWB 3.77E-02 2.10E-02 4.43E-04 GenHR 2.35E-15 5.28E-16 7.67E-17
Numerical errors in (h, hu) Numerical errors in (h, hu)
for Goutal and Maurel’s problem . for Goutal and Maurel’s problem .
h h
LT L? L LT L? L
SubBM+AV | 3.89E-14 1.19E-14 4.07E-17 HR+AV | 1.81E-02 6.89E-03 4.75E-05
SubBM 3.18E-15 T7.09E-16 6.50E-19 HR 1.81E-02 6.89E-03 4.75E-05
hu hu
LT L? L LT L? L™
SubBM+AV | 1.02E-13 2.75E-14 4.93E-15 HR+AV | 297E-02 1.67E-02 2.79E-04
SubBM 2.22E-15 5.96E-16 2.85E-16 HR 297E-02 1.67E-02 2.79E-04

Table 4: Numerical errors in (h, hu) committed by the schemes detailed in Table [1f and their viscous
version denoted +AV both for the problem

The numerical results are very satisfying for the GenHR and the SubBM schemes. Once again, a
large error is observed for the Hydrostatic Reconstruction (HR) scheme because this scheme is not
well-balanced for the moving equilibrium induced by the Goutal and Maurel problem . The large
numerical error observed for the FullWB scheme is an intrinsic defect of the scheme (see [47, Section 7.3]
for the details). The artificial viscosity method does not correct this defect.

6.1.4 Dam-break problem

Our final test case for the shallow water system concerns the dam break problem as detailed in [49].
The spatial domain [—1, 1] is discretized with 400 cells and the initial condition and topography are

3 ifx <O, 1
ho(z) + z(x) = n . up(z) =0, with, z(z) = = cos?(mz). (52)
1 otherwise, 2

Homogeneous Neumann boundary conditions are prescribed on both boundaries. The final time is 0.1.

A reference solution is computed on a fine grid made of 50 000 cells with the standard HLL scheme [37]

N
coupled to the discrete source term (—ghd,z)(z;, t") ~ —g%%f.

with C = 17 in (45a)).

Figure 4| displays the results
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Figure 4: Numerical results and time evolution of the viscosities for the dam break problem in a
mesh composed of 400 cells. The legend of the numerical schemes is given in Table [T, +AV denotes
the viscous version .

Since the non-corrected FullWB scheme satisfies a discrete entropy inequality, the viscous version
coincides with the initial scheme.

6.2 Two-layer shallow water equations

Let us now consider the two-layer shallow water system that models two inmiscible fluids in a shallow
regime of constant density p; and thickness h; (j = 1,2). We assume p; < pa so that index j =1
refers to the upper layer, while j = 2 corresponds to the lower layer. We shall denote by u; the
horizontal velocity within each layer and by ¢; = hju; the discharge. The fixed bottom topography
will be denoted as z(x).

The equations of the system may be written as

athl + aqu = 07

2 1
atql + Ox (Zl + Qgh%> = _ghlath - ghlaa:z7
1

53
8th2 + a:qu = 07 ( )
q% L.y P1
8tQ2 + 0y hf + §gh2 = _7gh281h1 — gh28932-
2 P2
This system can also be written in a compact form
0w + Oz f (w) + A(w) 0w = S(w)0yz, (54)
where
q1
h 21
q11 ;171 o9 h
w=| " )= M 7
2 q2
q2
2
4% 1 0
Iy + 29h2
0 0 0 O 0
. 0 0 gh1 0 . —gh1
grha 0 0 O —gha
with r = p1/ps.
The usual entropy-pair associated with the above two-layer shallow water system is given by
2 u2 h
Hw,z) = pjh; (; + Q?J + Z) + gp1hiha (55a)
j=1
2 u2
A j
Gw,z) = Z pihju; <2 +gh; + Z> + pr1ghiho(ur + u2). (55D)
j=1

We remark that the function (w,z) — n(w, z(z)) does not satisfy the required convexity and we may
introduce some additional convex correction with respect to x as proposed in . However, we take
the opportunity to test our numerical method out of the validity domain imposed by Theorem As
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a consequence, we here suggest to adopt the non-convex with respect to z but convex with respect to
w entropy function given by .
Concerning the steady solutions, we shall focus on lake-at-rest steady states given by

uy =u9 =0, ho—+z=cste, hy=cste.

We consider a path-conservative numerical scheme [52], with segments as family of paths combined
with a hydrostatic reconstruction [2,21]. More explicitly, we define

w?fH/z = ((hl)ig/za (‘h)i_l/za (h’Q)i_l/T (QQ)i_UQ)tv
(h2)z+1/2 max (0, (h2)i + 2i — zi11/2), (h2>1+1/2 max (0, (h2)it+1 + 2i+1 — 2it1/2),

(hl)Hl/Q (h1)i, (h1),+1/2 (P1)iv1,  Zig172 = max(zi, zit1),

and we consider a Roe path-conservative scheme written in a PVM formalism [15]:

At
n+1 n — -
wi = wf — = (fA(wi+1/2’ w;:-l/2) - fA(wi—1/2ij—1/2) I+ I, 1/2)
& (AR g0 w0y ) - (W = Wiy o) + ARG oy ) - (W, — w0y )
" 9Ax Wit1/2:Wit1y2 i+1/2 i+1/2 A\W;_q/2> W12 i—1/2 i-1/2/)>
(56)
where the numerical flux is given by
_ 1 _ _
fA(wi—i—l/Q’wf;:-l/Z) =5 (f(wi+1/2) + f(w;ll/z)) |AA\ (w} W12 = Wiyia) (57)
t t
M, = (0 0,0, ((h2) s (h%),-)) B (0 0,0, ((h2) o 1/2)> ,
with | A’} | the absolute value of the Roe matrix
0 1 0 0
| g9han—uk, 2uan gha 2 0
Aa = 0 0 0 1 ’ (58)
rghaa 0 ghag—ui, 2uap
ha; and up j, j = 1, 2 are the Roe averages and are defined as
hij+hiv1; VIijuig+ hiv1juiv;
haj=—"—F—""=, uaj= , J=1 2
’ 2 ’ Vhij+Vhiti;
Finally,
0 0 0 0
n o, mn n m 0 0 gh 0
AR (w] S Wi1) = AR (w] L Wi1) = 0 0 g OA’l 0 (59)
grhpas 0 0 0

6.2.1 Internal dam break with small density ratio

Let us first consider a test case with r = 0.2. The spatial domain is set to [—3, 3] which is discretized
with 500 volumes. The initial condition and bottom are set as

0.6, if z <0,

2(z) = 0.5exp(—x?), hi(x,0) + ha(z,0) + 2(z) =2,  ha(x,0) + 2(x) = { 185 otherwise

with zero discharge ¢;1(x,0) = g2(x,0) = 0. Open boundary conditions are considered and the final
time is set to t = 1.

Figures [ and [6] show the surface and interface evolution for ¢ = 0.5 and ¢t = 1 respectively. As we
see, the Roe scheme does not satisfy an entropy inequality and it results in a non-physical shock in the
interface corresponding to the maximum of the topography. Nevertheless, the AV correction allows to
overcome this problem. The corresponding AV correction is shown in Figure [7}
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Figure 5: Surface hi + ho + 2z and interface ho + z evolution of an internal dam break problem for
r = 0.2. Comparison for Roe scheme with and without the artificial viscosity method.

t =1.000 t =1.000
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Figure 6: Surface hi + ho + 2z and interface ho 4+ 2z evolution of an internal dam break problem for
r = 0.2. Comparison for Roe scheme with and without the artificial viscosity method.
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Figure 7: Time evolution of the maximum ratio v/\ for r = 0.2.
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Figure 8: Surface hi + ho + 2z and interface ho + z evolution of an internal dam break problem for
r = 0.9. Comparison for Roe scheme with and without the artificial viscosity method.

6.2.2 Internal dam break with big density ratio

Let us consider now the same initial condition used in previous example, but now we set the ratio of
densities to r = 0.9. When the ratio of densities is near 1, the perturbations on the free surface due to
the internal dam break are less noticeable. The internal waves propagate with smaller speed, while the
overall dynamics is similar, observing an internal shock that is formed in the interface. This is shown
in Figure [§

In this case, the artifact that can be observed in previous case is now less noticeable and we have to
zoom into the interface to observe it. In any case, the AV correction allows to overcome this problem
again. The corresponding AV correction is shown in Figure [9]

7 Conclusions

In this work, we have presented a general and efficient framework to ensure discrete entropy stability for
first-order well-balanced finite volume schemes applied to systems of balance laws, including those with
non-conservative products. Building upon the artificial viscosity approach introduced by Tadmor and
further developed in recent literature, we have proposed a minimal correction that can be systematically
added to a wide range of existing well-balanced schemes.

The proposed method maintains the well-balanced property and ensures robustness and guarantees
entropy stability through a carefully constructed artificial viscosity coefficient. The theoretical analysis
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Figure 9: Time evolution of the maximum ratio /A for r = 0.9.

confirms that the corrected scheme satisfies discrete entropy inequalities, preserves stationary solutions,
and remains robust under a suitable CFL condition.

A reformulation of the modified scheme as a Godunov-type method allowed us to derive sufficient
conditions for entropy preservation, well-balancing and robustness. Numerical experiments, particu-
larly on the shallow water equations and the two-layer shallow water model, have demonstrated the
effectiveness of the proposed method. The results confirm that entropy stability can be achieved
without compromising the accuracy or well-balanced properties of the base schemes.

An important contribution of this work is its flexibility and generality: the proposed correction
can be combined, for example, with the strategy described in |22 to extend any consistent first-order
solver for the homogeneous problem—i.e., without source terms—into a well-balanced, robust, and
entropy-satisfying solver for general one-dimensional balance laws. To the best of our knowledge, this
is the first time such a general and constructive procedure is presented, offering a unified framework
to develop stable and physically relevant numerical methods for a wide range of balance law systems.

Overall, this approach provides a practical and theoretically sound procedure to enhance existing
well-balanced schemes with entropy-preserving capabilities, offering potential for future extensions to
higher-order methods.
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