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ON SOME IMPLICIT AND SEMI-IMPLICIT STAGGERED SCHEMES
FOR THE SHALLOW WATER AND EULER EQUATIONS

R. HERBIN', W. KHERLJI? AND J.-C. LATCHE?

Abstract. In this paper, we propose implicit and semi-implicit in time finite volume schemes for
the barotropic Euler equations (hence, as a particular case, for the shallow water equations) and for
the full Euler equations, based on staggered discretizations. For structured meshes, we use the MAC
finite volume scheme, and, for general mixed quadrangular/hexahedral and simplicial meshes, we use
the discrete unknowns of the Rannacher—Turek or Crouzeix—Raviart finite elements. We first show
that a solution to each of these schemes satisfies a discrete kinetic energy equation. In the barotropic
case, a solution also satisfies a discrete elastic potential balance; integrating these equations over the
domain readily yields discrete counterparts of the stability estimates which are known for the continuous
problem. In the case of the full Euler equations, the scheme relies on the discretization of the internal
energy balance equation, which offers two main advantages: first, we avoid the space discretization of the
total energy, which involves cell-centered and face-centered variables; second, we obtain an algorithm
which boils down to a usual pressure correction scheme in the incompressible limit. Consistency (in a
weak sense) with the original total energy conservative equation is obtained thanks to corrective terms
in the internal energy balance, designed to compensate numerical dissipation terms appearing in the
discrete kinetic energy inequality. It is then shown in the 1D case, that, supposing the convergence of a
sequence of solutions, the limit is an entropy weak solution of the continuous problem in the barotropic
case, and a weak solution in the full Euler case. Finally, we present numerical results which confirm
this theory.
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1. INTRODUCTION

The objective pursued in this work is to develop and analyze a class of efficient numerical schemes for the
simulation of compressible flows at all Mach number regimes. To this purpose, our basic choice is to extend
algorithms that are classical in the incompressible framework, namely pressure correction schemes based on
(inf-sup stable) staggered discretizations.
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The fractional step strategy involving an elliptic pressure correction step has been recognized to yield algo-
rithms which are not limited by stringent stability conditions (such as CFL conditions based on the celerity of
the fastest waves) since the first attempts to build “all flow velocity” schemes in the late sixties [23] or in the
early seventies [24]; these algorithms may be seen as an extension to the compressible case of the celebrated MAC
scheme, introduced some years before [25]. These seminal papers have been the starting point for the develop-
ment of numerous schemes, using staggered finite volume space discretizations [4,6,34,35,38,41,47,64-69, 71],
colocated finite volumes [2,10,32,33,36,37,39,43,48-51,54,57,59,61,70] or finite elements [3,46,52,72]. Algorithms
proposed in these works may be essentially implicit-in-time, and the pressure correction step is then an ingredi-
ent of a SIMPLE-like iterative procedure, or only semi-implicit, with a single (or a limited number of) prediction
and correction step(s), as in projection methods for incompressible flows (see [7,60] for seminal works and [19]
for a review of most of the variants). The schemes which we propose in the present paper fall in this latter class.

We first deal with the barotropic Euler equations, which read:

O p+div(pu) =0, (1.1a)
O (pu) +div(pu ®@u) + Vp =0, (1.1b)
p>0,p=pp) =p", (1.1c)

where ¢ stands for the time, p, u, p, are the density, velocity, pressure in the flow, and v > 1 is a coefficient
specific to the considered fluid. For p = p7, v = 2 and p = h, we also get the shallow water (or Saint-Venant)
equations.

Then, we address the full Euler equations, which are obtained from the complete Navier—Stokes equations

Op + div(pu) =0, (1.2a)

O(pu) +divipu @ u) + Vp — div(r(u)) = 0, (1.2b)

O(pE)+div(p Fu) +div(pu) =0, (1.2¢)
1

p=(r-Dpe.  E=_ ul+e (1.24)

by neglecting the viscous stress tensor, i.e. setting 7(w) = 0. In this system, E and e stand for the total energy
and the internal energy in the flow, respectively.

Both problems (1.1) and (1.2) are supposed to be posed over £2x (0, T"), where {2 is an open bounded connected
subset of R4, 1 < d < 3, and (0,7) is a finite time interval. System (1.1) (resp. (1.2)) is complemented by initial
conditions for p and w (resp. p, e and w); these initial conditions are denoted by po and ug (resp. po, e and
ug), with pg > 0 and eg > 0. In both cases, we consider the boundary condition w - n = 0 at any time and a.e.
on J{2, where n stands for the normal vector to the boundary.

This paper is organized as follows. We begin by describing the space discretizations (Sect. 2). We then address
the barotropic case in Section 3; we introduce a fully implicit scheme and a pressure correction scheme (Sects. 3.1
and 3.2 resp.). We prove the stability of each algorithm and their consistency in the one-dimensional case, in the
Lax—Wendroff sense. We finally propose in Section 4 a pressure correction scheme for the full Euler equations. We
first give the general form of the algorithm (Sect. 4.2). The scheme solves the internal energy balance, which offers
three advantages: first, we avoid the space discretization of the total energy, which involves cell-centered and
face-centered variables; second, we obtain an algorithm which boils down to a usual pressure correction scheme in
the incompressible limit; third, this relation implies that the internal energy remains positive. Consistency (again
in the Lax—Wendroff sense) with the original total energy conservative equation is obtained thanks to corrective
terms in the internal energy balance, designed to compensate numerical dissipation terms appearing in the
discrete kinetic energy inequality. It is then shown in the 1D case (Sect. 4.3), that, supposing the convergence of
a sequence of solutions, the limit is a weak solution of the continuous problem. Finally, we present some numerical
tests in Section 4.4 for the case of the Euler equations (note that the numerical study of the correction pressure
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scheme in the barotropic case was performed in [27]). In several theoretical developments, we are lead to use a
derived form of a discrete finite volume convection operator (for instance, typically, a convection operator for
the kinetic energy, possibly with residual terms, obtained from the finite volume discretization of the convection
of the velocity components); the proofs of various related discrete identities are given in the Appendix.

2. MESHES AND UNKNOWNS

Let M be a decomposition of the domain (2, supposed to be regular in the usual sense of the finite element
literature (see e.g. [8]). The cells may be:

— for a general domain {2, either convex quadrilaterals (d = 2) or hexahedra (d = 3) or simplices, both types of
cells being possibly combined in a same mesh,

— for a domain whose boundaries are hyperplanes normal to a coordinate axis, rectangles (d = 2) or rectangular
parallelepipeds (d = 3) (the faces of which, of course, are then also necessarily normal to a coordinate axis).

By € and £(K) we denote the set of all (d — 1)-faces o of the mesh and of the element K € M respectively. The
set of faces included in {2 (resp. in the boundary 042) is denoted by Eint (resp. Eext); a face o € &yt separating
the cells K and L is denoted by ¢ = K|L. The outward normal vector to a face o of K is denoted by ng .
For K € M and o € &, we denote by | K| the measure of K and by |o| the (d — 1)-measure of the face o. For

1 < i < d, we denote by £ c £ and Se(f()t C Eext the subset of the faces of £ and Eqxy respectively which are
perpendicular to the ith unit vector of the canonical basis of R%.

The space discretization is staggered. In the case of rectangular or orthogonal parallelepipedic meshes, we
use the Marker-And Cell (MAC) scheme [24, 25]. For mixed simplicial or quadrilateral/hexahedral meshes, we
use the discrete unknowns of the Crouzeix—Raviart [9] and Ranacher—Turek [58] finite element spaces; however,
the associated finite element formulation is not used here (but it would readily provide a discretization of the
diffusion terms, in the Navier—Stokes case [1,16]).

For all these space discretizations, the degrees of freedom for the scalar unknowns are associated with the
cells of the mesh M; these are the discrete pressure and density unknowns, and, for the full Euler equations,

the internal energy unknowns, which are denoted by:

{pKa PK, €K, KGM}

Let us then turn to the degrees of freedom for the velocity (i.e. the discrete velocity unknowns).

— Rannacher—Turek or Crouzeix—Raviart discretizations — The discrete velocity unknowns are located at
the center of the faces of the mesh, and represent the average of the velocity through the face. The set of
discrete velocity unknowns reads:

{tpi, o €&, 1<1i<d}.

— MAC discretization — The degrees of freedom for the ith component of the velocity are located at the center
of the faces o € £ so that the set of discrete velocity unknowns reads:

{um, S E(i), 1< < d}.

We now introduce a dual mesh, which will be used for the finite volume approximation of the time derivative
and convection terms in the momentum balance equation.

— Rannacher—Turek or Crouzeix—Raviart discretizations — For the RT or CR discretizations, the dual
mesh is the same for all the velocity components. When K € M is a simplex, a rectangle or a cuboid, for
o € E(K), we define Dg , as the cone with basis o and with vertex the mass center of K (see Fig. 1). We
thus obtain a partition of K in m sub-volumes, where m is the number of faces of the mesh, each sub-volume
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K o'
€ = DO—‘DO—I
D,
o=K|L
L

FIGURE 1. Notations for control volumes and dual cells — Left: Finite Elements (the present
sketch illustrates the possibility, implemented in our software (CALIF3S [5]), of mixing simpli-
cial (Crouzeix—Raviart) and quadrangular (Rannacher—Turek) cells) — Right: MAC discretiza-
tion, dual cell for the y-component of the velocity.

having the same measure |Dg | = |K|/m. We extend this definition to general quadrangles and hexahedra,
by supposing that we have built a partition still of equal-volume sub-cells, and with the same connectivities;
note that this is of course always possible, but that such a volume Dy , may be no longer a cone; indeed, if
K is far from a parallelogram, it may not be possible to build a cone having ¢ as basis, the opposite vertex
lying in K and a volume equal to |K|/m. The volume D . is referred to as the half-diamond cell associated
with K and o.

For o € &, 0 = K|L, we now define the diamond cell D, associated with o by D, = D , U Dy, »; for an
external face 0 € Eext N E(K), Dy is just the same volume as Dy ;.

— MAC discretization — For the MAC scheme, the dual mesh depends on the component of the velocity. For
the 7th component, the dual cells are associated to the faces perpendicular to the ith unit vector of the
canonical basis of R?, i.e. to the faces of £() (which is, of course, consistent with the location of the velocity
discrete unknowns). A MAC dual cell only differs from the corresponding RT or CR, one by the choice of the
half-diamond cell, which, for K € M and o € £(K), is now the rectangle or rectangular parallelepiped of
basis o and of measure |Dg | = |K|/2.

We denote by |D,| the measure of the dual cell D,, by € = D,|D,s the face separating two diamond cells D,
and D,, and by £(D,) the set of the faces of D,.

Finally, we need to deal with the impermeability (i.e. u - mn = 0) boundary condition. Since the velocity
unknownuns lie on the boundary (and not inside the cells), these conditions are taken into account in the definition
of the discrete spaces. To avoid technicalities in the expression of the schemes, we suppose throughout this paper
that the boundary is a.e. normal to a coordinate axis, (even in the case of the RT or CR discretizations), which
allows to simply set to zero the corresponding velocity unknowns:

fori=1,...,d, Yo €D, u,,; =0. (2.1)
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Therefore, there are no discrete velocity unknowns on the boundary for the MAC scheme, and there are only
d — 1 discrete velocity unknowns on each boundary face for the CR and RT discretizations, which depend on
the orientation of the face. In order to be able to write a unique expression of the discrete equations for both
MAC and CR/RT schemes, we introduce the set of faces £ ‘,(32) associated with the degrees of freedom of each
component of the velocity (S stands for “scheme”):

g(i) \g(i)

ext

) for the MAC scheme,
s = )
EN\ &Y for the CR or RT schemes.

ext

Similarly, we unify the notation for the set of dual faces for both schemes by defining:
EDN\EL
E\EY)

ext

=(5) for the MAC scheme,
S =

for the CR or RT schemes,

where the symbol ~ refers to the dual mesh; for instance, £® is thus the set of faces of the dual mesh associated
with the ith component of the velocity, and gé;)t stands for the subset of these dual faces included in the
boundary. Note that, for the MAC scheme, the faces of £(*) are perpendicular to a unit vector of the canonical
basis of R%, but not necessarily to the ith one.

Note that general domains can easily be addressed (of course, with the CR or RT discretizations) by redefining,
through linear combinations, the degrees of freedom at the external faces, so as to introduce the normal velocity

as a new degree of freedom.

3. IMPLICIT AND SEMI-IMPLICIT SCHEMES FOR THE BAROTROPIC EQUATIONS

We study two schemes for the numerical solution of System (1.1) which differ by the time discretization: the
first one is implicit, and the second one is a non-iterative pressure-correction scheme introduced in [14]. This
latter algorithm (and, by an easy extension, also the first one) was shown in [14] to have at least one solution,
to provide solutions satisfying p > 0 (and therefore also p > 0) and to be unconditionally stable, in the sense
that its (their) solution(s) satisfies an inequality corresponding to the control in L>°(0,T") of the integral of the
discrete entropy over the domain. In this section, we complement this work in several directions. For the implicit
scheme, we obtain the following results.

— First we pass from a (discrete) global (i.e. integrated over (2) entropy balance to (discrete) local balance
equations. Precisely speaking, a discrete kinetic energy balance is established on dual cells, while a discrete
potential elastic balance is established on primal cells.

These equations yield the stability of the scheme (i.e. the same global entropy conservation as in [14]) by a
simple integration in space (i.e. summation over the primal and dual control volumes).

— Second, in one space dimension, the limit of any convergent sequence of solutions to the scheme is shown to
be a weak solution to the continuous problem, and thus to satisfy the Rankine-Hugoniot conditions.

— Finally, passing to the limit in the discrete kinetic energy and elastic potential balances, such a limit is also
shown to satisfy the usual entropy inequality.

For the pressure correction scheme, the results are essentially the same: the scheme is unconditionally stable,
and the passage to the limit in the scheme shows that if a sequence of approximate solutions obtained with the
scheme is assumed to converge to some limit, then the predicted and end-of-step velocities necessarily tend to
the same function, and that the limit is a weak solution to the problem, satisfying the entropy inequality. The
numerical study of this scheme (which is the only one implemented in practice) is performed in [27]. It confirms
the present theoretical study: in particular, the scheme is observed to converge to weak entropy solutions of
Riemann problems, with an approximately first order rate; in addition, it yields qualitatively correct solutions
for CFL numbers much larger than one.
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3.1. An implicit scheme

8.1.1. The scheme

Let us consider a uniform partition 0 = tg < t1 < ... < ty = T of the time interval (0,7), and let
0t =tpy1 —ty, forn=0,1,..., N — 1 be the constant time step. We consider an implicit-in-time scheme, which
reads in its fully discrete form, for 0 <n < N — 1:

K| i +1
VK € M, W (an - p?() + E;K) F;é’a =0, (31&)

For1<i<d, Vo€,

D,
Pl (optut = )+ Y FRrhurtt = 0o (A% )l 400 (V0 =0, (1)
ec€(D,)
VE e M, pit =0 (05 = (o) (3.1c)

where the terms introduced for each discrete equation are defined hereafter.

Equation (3.1a) is obtained by discretizing the mass balance (1.1a) over the primal mesh, and F’ 1@—;1 stands
for the mass flux across o outward K, which, because of the impermeability condition, vanishes on external
faces and is given on the internal faces by:

Vo = K|L € &, F”Jrl lo| p2 u”K+01,

where u”K+(T1 is an approximation of the normal velocity to the face o outward K. This latter quantity is defined by:

"'H e® . nk,. for o € EW in the MAC case,

uZH ‘ng s in the CR and RT cases,

n+1 __

uKo‘ - (32)

where e(? denotes the ith vector of the orthonormal basis of R%. The density at the face 0 = K |L is approximated
by the upwind technique:

+1 1
P ) if uf', >0, (3.3)
7 Pt otherw1se.

Note that the positivity of the density in (1.1c) is not enforced in the scheme but results from the above
upwind choice (see e.g. [16], Lem. 2.1).

We now turn to the discrete momentum balance (3.1b). In order to obtain the desired estimates on the
approximate solution such as a discrete kinetic energy inequality, the discretization of the momentum balance
must be performed in a way that is compatible with the discretization of the mass balance equation. Hence we
must carefully choose the values p%tl and p},_ as functions of the primal unknowns (p”KH) rem and (%) kem
and the fluxes on the dual faces F'! as functions of the fluxes on the primal faces Fj ”H . The values p”Jrl and
pp,» which approximate the density on the face o at time t"*t1 and " respectively, are given by the following
weighted average:

for 0 = K|L € &ipg, for k=nand k =n+1, | Do | p’f)ﬂ = (3.4)

Let us then detail the discretization of the convection term. The first task is to define the discrete mass flux
through the dual face € outward D, denoted by F71!: the guideline for its construction is that a finite volume

g,e )

discretization of the mass balance equation over the diamond cells, of the form

DU n n
Bl &‘ (P =pb,)+ D Fplt=0 (3.5)
ec&(Dy)

Vo € &,
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must hold in order to be able to derive a discrete kinetic energy balance (see Sect. 3.1.1). For the MAC scheme,
the flux on a dual face which is located on two primal faces is the mean value of the sum of the fluxes on these
two primal faces, and the flux of a dual face located between two primal faces is again the mean value of the sum
of the fluxes on these two primal faces [28]. In the case of the CR and RT schemes, for a dual face € included in
the primal cell K, this flux is computed as a linear combination (with constant coefficients, i.e. independent of
the cell) of the mass fluxes through the faces of K, i.e. the quantities (F}},t,l)aes(K) appearing in the discrete
mass balance (3.1a). We refer to [1,15] for a detailed construction of this approximation. Let us remark that
a dual face lying on the boundary is then also a primal face, and the flux across that face is zero. Therefore,
the values u?zﬂ are only needed at the internal dual faces; we choose them to be centered (in fact, the upwind
choice is also covered by our analysis, see the comments on the numerical diffusion below); so, for ¢ = D,|D,,
uzzﬂ reads:
ntl gt gy

€,1 2 (36)

The quantity (AMU)Z;.rl stands for a possible stabilizing diffusion term which may be written under a finite
volume form over any diamond cell D, associated with the ith component of the velocity:

—IDo|(AMwt = YT v (- (3.7)
e=Ds|D/

where h. is a characteristic dimension of the face €, and v stands for a non-negative coefficient, possibly depending
on a power of h.. Note that external faces are excluded in the sum at the right-hand side, which means that the
possible associated diffusion flux is set to zero. Note also that (AMU)Z;.rl is usually (i.e. for general meshes)
not consistent with a Laplace operator. Moreover, the upwind scheme
urtt A FRE >0,

o,

n+1

o’ i

n+1 __
ue,i -

u otherwise,

can also be written under this form, since in this case, the convection term may be written as:

n+1 n+1

Uy g + Ugr g 1
(Fptur )™ = ppt o o R (g = gt for e = Dol Do (3:8)
Hence the upwind choice is included in the formulation (3.1b), (3.6), with a numerical diffusion term defined
by (3.7), setting

1
vhi 2= |Frft (3.9)

2 o,€ )
and v behaves as h. in this case (provided that the density and the velocity are uniformly bounded).
The introduction of a numerical diffusion of the form (3.7) presents two advantages:

— On one hand, if we assume that the coefficient v is such that C1h¢ < v < Cyh® with C1,Cy € Ry and
0 < a < 2, we obtain a weak L?(H"') control of the velocity which is sufficient, at least in one space dimension,
to pass to the limit in the scheme (see Sect. 3.1.3). This is not the the case for a pure (i.e. without additional
diffusion term) upwind discretization, because v vanishes with the mass flux (i.e. the normal velocity).

Note however that the situation is different if we now assume that the approximate velocity u satisfies a BV
estimate: the convergence analysis of Section 3.1.3 then still holds in the centered or upwind case, without
requiring any additional diffusion.

— On the other hand, this formalism may prepare for a stabilization strategy which could be less diffusive than
the upwind choice, choosing for instance v on the basis of an a posteriori analysis of the local regularity of
the solution [20,21,40].
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The last term (Vp)“1 stands for the ith component of the discrete pressure gradient at the face o. The gradient

e}
operator is built as the transpose of the natural discrete divergence operator which is defined by

K| (diva)c = 3 Jo] ukeo. (3.10)
c€e&(K)

In the CR and RT case, the duality between the divergence and gradient operators simply reads:

> K| px (divu)k + Y | Dol ug - (Vp)y = 0.
KeM oc&

This duality relation may be rewritten so as to fit both the CR/RT scheme and the MAC scheme as follows:

d
7K pr(divu)k + Y Y Dol tigi (VD)o = 0. (3.11)

KeM =1 5egld

Therefore, on any internal face, the components of the gradients are given by:

g .
for o0 = K|L € &y, (Vp)it' = ﬁ P =) ng - el

Note that, because of the impermeability boundary conditions, the discrete gradient is not defined at the external
faces.

Finally, the initial approximations for p and w are given by the average of the initial conditions pg and wg
on the primal and dual cells respectively:

VK eM. ok = [ mi@)da.
K] Jx .

; 1
for1<i<d, Voe&f, ul,= N / (uo(x)); da.
o D,

3.1.2. Estimates

We begin with an estimate on the velocity which is a discrete equivalent of the kinetic energy balance. Recall
that in the continuous setting, the kinetic energy balance is formally obtained by multiplying the ith component
of the momentum balance equation (1.1b) by the ith component w; of u; this yields for 1 < ¢ < d, using the
mass balance equation (1.1a) twice:

O (%mﬁ) + div ((%mﬁ) U> + (0z;p) ui =0,

and thus, summing over the components:
1
O(pEy) +div(pEpu) + Vp-u=0, with Ej, = 3 lu|?. (3.13)

In the discrete setting, this multiplication must be performed on the dual mesh, since the velocity unknowns
are defined on the faces. This is the reason why we chose the fluxes on the faces of the dual mesh in such a way
that a discrete mass balance equation holds on the dual grid cells, thus allowing us to use Lemma A.2 (which
performs the discrete equivalent of the above formal computations) on the dual mesh.
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Lemma 3.1 (Discrete kinetic energy balance, implicit scheme). A solution to the system (3.1) salisfies the
following equality, for 1 <i<d, o € 5‘(;) and 0 <n < N —1:

1 |D,| 1
S D ) o, () by S ER )+ D (V) i = R (314)
6=D0-|Da/
where
|D 2 _
RZ?:—%‘;‘ oh., (ugfl—ugz) + Z v hi=2 (ugfl—ugﬁ) ugfl (3.15)

e=Dg|D
Proof. Let us multiply equation (3.1b) by the corresponding velocity unknown u™ 11 this yields

o )

T™ + T2+ T, =0

with: )
conv __ | U‘ n+1 7’L+1 n n n+1  n+1 n+1
Ttm’ - St (pD Ugi pDaua,i) + § : FO,e Ue i Ugi s
L €=DU‘D0/
A _ d—2 n+1 n+1 n+1
To,i - E : Vhe (ua,i —Ugr g ) Ugi s
6:D ‘D ’

O'Z

Ty, = Dol (Vp)yit ugih.
Applying Lemma A.2 with P = D, we get from the identity (A.9) that

conv 1 ‘DU‘ n n 1 mn ‘DU‘ n n \2
Ta,i = 5 5t {p%tl(ugjl)Q - pD,7 (ua,i)2:| + 5 DZ:D F +1 n+1 ugtil + 26t pD,7 (un+1 —u ,i) .

We then note that

A, Dol 1 1
g Pb (U5 —ul,)’ = Rt

where jol is defined by (3.15), which concludes the proof of (3.14). O

Let us now define the elastic potential P:

271

z if > 1,
P(z) = / % ds i.e. P(z) =< 7v—1 ! (3.16)
0 In(z) if ~v=1,
and let H be the function defined over (0,4o00) by

27

if y>1,
H(z)=2P(z) =4 71 (3.17)
zln(z) if ~y=1.

It may easily be checked that zH'(z) —H(z) = p(z); therefore, by a formal computation detailed in the appendix
(see (A.3)), multiplying (1.1a) by H'(p) yields:

9 (H(p)) + div(H(p) ) + pdiv(u) = 0. (3.18)

We now derive a discrete analogue of this relation.
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Lemma 3.2 (Discrete potential balance). Let H be defined by (3.17). A solution to the system (3.1) satisfies
the following equality, for K € M and 0 <n < N — 1:

K .
BT [rtoie) =] + X0 lol M) w4 1K g v e = —REE, (319)
c€e&(K)
with: X )
il
et = By i i L S el WO (- 3.20)
o=K|L
n 1 .

where ﬁKJr? € [min(pt, pit), max(pitt, pr)], PEtL € [min(p2tt, piit), max(p2tt, pith)] for all o € E(K),
and, for a € R, a= > 0 is defined by a— = —min(a,0). Note that, since the function H is convez, R?{H 18

non-negative.

Proof. Let us multiply the discrete mass balance (3.1a) by H'(plx™). The result is then a consequence of
Lemma A.1 with P = K, using the fact that zH’(z) — H(z) = p(z) and that p2T! is the upwind choice between
pr and pr, in the remainder term Ry 5. O

Summing (3.13) and (3.18) yields:
0 + div((n +p)u) =0,

where n = p Ej, + H(p) is the entropy of the system. This relation is only valid for regular solutions, and should
be replaced by an inequality to take into account the presence of shocks (see relations (3.34)—(3.35)). Integrating
over {2 and using the boundary conditions yields:

d
— [ n(z,t)de <0 (for regular solutions, — / n(x,t)de = 0),
a Jo a Jo

and, for t € (0,7,
/ n(xz,t)de §/ n(z,0) de.
7 2

The following proposition states a discrete analogue to this relation.

Proposition 3.3 (Global discrete entropy inequality, existence of a solution). Assume that the initial density
po 1is positive. Then, there exists a solution (u™,p™)o<n<n to the scheme (3.1), and, for 1 <n < N, p" >0
and the following inequality holds:

_ZZ|D|IOD up )+ Y K| H(pk) +R™ < Co, (3.21)

i=1 e KeM

where Cy € Ry only depends on the initial conditions, and R™ is the following non-negative remainder which
depends on the space and time translates of the unknowns:

Mg_

n
> > 15 N Dol Gk s Y whd k)

1 oesg> e=D,|D, €€’ (3.22)

n
Z Z |U‘ (ploc','y)’y_2 |ullc(,0'| (p];( - plz)2a

o=K|LEEns

s
Il

-

ES

MIQ

with pk . equal to either pk. or p§ and such that (pf ,)7~% = min((pf )72, (p§)772).
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Remark 3.4. For v > 1, the function H is positive and increasing over (0, +0o0). The inequality (3.21) thus
readily provides an estimate on the unknowns.

This is still true also for v = 1, since in this case H(z) = z1n z and therefore H(z) > —1/e, ¥z € (0, +00), and
'H is increasing over (1/e,+00). In fact, in order to get the usual formulation of an estimate, we may rephrase the
inequality (3.21) by changing the expression of H to H(z) = max(zlog(z),0) and adding |2|/e to the constant
C' at the right-hand side.

Proof. Let us give the proof of Proposition 3.3. The positivity of the density is a consequence of the properties
of the upwind choice (3.3) for p [16], Lemma 2.1; note that it may also be proved applying Lemma A.1 with
¥(s) = 3(s7)* and P = K.

Let us then sum equation (3.14) over the components ¢ and the faces o € Eél), equation (3.19) over K € M,
and, finally, the two obtained relations. Since the discrete gradient and divergence operators are dual with
respect to the L2-inner product (see (3.11)), noting that the conservative fluxes vanish in the summation, we
get, for 1 <k < N:

d
1 Do T k)2 E—1 (, k—1)2 K] k E—1 k k
52 Z St [PDU (ug.i)” —rp, (uz;') }‘F Z oL (H (pk) =M (o5 ') :_Z Z R;i— Z Ry
i=1 geel® KeM i=1 gegld KeM
(3.23)
Summing (3.23) for k = 1 to n, and using the fact that H”(z) = v2772 for any v > 1 yields (3.21), with R"
given by (3.22) and

d
Co=5 30 S0 Dl A b2+ 3 1K M),

i=1 gegl® KeM

Finally, the existence of a solution may be inferred by the Brouwer fixed point theorem, by an easy adap-
tation of the proof of ([12], Prop. 5.2). This proof relies on the following set of mesh-dependent estimates: the
conservativity of the mass balance discretization, together with the fact that the density is positive, yields an
estimate for p in the L'-norm, and so, by a norm equivalence argument, of the pressure in any norm; the discrete
momentum balance equation then provides a control on the velocity. Therefore, computing

(i) p from the mass balance for fixed wu;
(ii) p from p by the equation of state;
(iii) and finally u from the momentum balance equation with fixed p and p.

yields an iteration in a bounded convex subset of a finite dimensional space. O

3.1.3. Passing to the limit in the scheme

The objective of this section is to show, in the one dimensional case, that if a sequence of solutions is controlled
in suitable norms and converges to a limit, this latter necessarily satisfies a (part of the) weak formulation of
the continuous problem.

The 1D version of the scheme which is studied in this section may be obtained from Scheme (3.1) by taking
the MAC variant, with only one horizontal stripe of grid cells, supposing that the vertical component of the
velocity (the degrees of freedom of which are located on the top and bottom boundaries) vanishes, and that
the measure of the vertical faces is equal to 1. For the sake of readability, however, we completely rewrite this
1D scheme, and, to this purpose, we first introduce some adaptations of the notations to the one dimensional
case. For any K € M, we denote by hx its length (so hx = |K|); when we write K = [o0¢’], this means that
either K = (z,,2,) or K = (z,/,2,); if we need to specify the order, i.e. K = (z,,z,) with z, < z,/, then
we write K = [0—0’)]. For an interface o = K|L between two cells K and L, we define h, = (hx + hr)/2, so, by
definition of the dual mesh, h, = |D,|. If we need to specify the order of the cells K and L, say K is left of L,



1818 R. HERBIN ET AL.

—
then we write 0 = K|L. With these notations, the implicit scheme (3.1) may be written as follows in the one
dimensional setting:

1
VK e M, p% = W/Kpo(m) dz,

Vo € i, ud = L/ up(z) dz 2
) o |Da-‘ D, )
—
VK = [00’] € M,
K
B et — o) + Fp — it = (3.21b)
—
VJ S K‘L S gint,
‘DU| n mn n mn n
5 (Pbyue ™t = plb,ug) + P = F g (3.24¢)
—|Do| (Anu)s ™+ =it =0,
VE e M, pit =0 () = (o) (3.24d)
The mass flux in the discrete mass balance equation is given, for o € &y, by:
Fotl = gty (3.25)

where the upwind approximate density p2t! at the face o is defined by (3.3). In the momentum balance
equation, the application of the procedure described in Section 3.1.1 yields the following expression for the
density associated with the dual cell D, with 0 = K|L and for the mass fluxes at the dual face located at the
center of the cell K = [oo’]:

1
n+l
PD. = 31D,

(‘K‘ pT[L(Jrl + ‘L‘ pT[L,Jrl)’ F[Té+1 — % (F;L-‘rl —I—F:,Jrl) , (3.26)

and the approximation of the velocity at this face is centered: u/i™' = (u*! + u'')/2. Finally, for a face

= . — — 1 . . .
o = K|L with K = [0'0] and L = [00”], the stabilization diffusion term reads:

1 1
— (Ul =+ — (w2 =l | (3.27)

—|D,| (A ntl _ ; ”
Dol (An)st = v | ot ) + 5 (ut —

Definition 3.5 (Regular sequence of discretizations). We define a regular sequence of discretizations
(M) gtm) - p(m)) o as a sequence of meshes, time steps and numerical diffusion coefficients satisfying
the following assertions:

(i) both the time step 6t(™) and the size h(™) of the mesh M(™), defined by h(™ = SUpP e pqem) e, tend to
Zero as m — —+09;
(ii) there exists @ > 0 such that:

>

L

, Vm e N and K, L € M™ sharing a face,

SR

(iii) the sequence of numerical diffusion coefficients (1(")),,cy is such that:

B (m))2
lim ™ =0, lim (R _ 0.
m— 400 m—+oco p\m
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Let such a regular sequence of discretizations be given, and p(™), p(™) and u(™) be a solution given by the
scheme (3.24) with the mesh M(™) the time step 6¢(™) and the numerical diffusion coefficient v(™). To the
discrete unknowns, we associate piecewise constant functions on time intervals and on primal or dual meshes,
so that the density p(™), the pressure p(™ and the velocity u(™ are defined almost everywhere on 2 x (0,7
by:

N-1 n+1 N-1 n+1

P =3 3 (p) k@) K@, 2@t =3 D (3) T i) X0,

n=0 KeM n=0 KeM
-1

u™ (2, ) :gg(u )n+1 D, () Xn g1 (1),

where X, Xp, and A{;, ,41) stand for the characteristic functions of the intervals K, D, and (t", t"*1] respec-
tively.
A weak solution to the continuous problem satisfies, for any ¢ € Cfo(() x [0,T ))

T
—/ / [pOrp + pudyp| dedt —/ po(z) p(x,0)dx =0, (3.28a)
0o Jo 2
T
—/ / [pudip + (pu® + p) Ougp) dﬂcdt—/ po(x) uo(z) ¢(z,0)dz =0, (3.28Db)
0o Je Q
p=p". (3.28c¢)

Note that these relations are not sufficient to define a weak solution to the problem, since they do not imply
anything about the boundary conditions. However, they allow to derive the Rankine-Hugoniot conditions; hence
if we show that they are satisfied by the limit of a sequence of solutions to the discrete problem, this implies,
loosely speaking, that the scheme computes correct shocks (i.e. shocks where the jumps of the unknowns and
of the fluxes are linked to the shock speed by Rankine-Hugoniot conditions). This is the result we are seeking
and which we state in Theorem 3.7. In order to prove this theorem, we need some definitions of interpolates of
regular test functions on the primal and dual mesh.

Definition 3.6 (Interpolates on one-dimensional meshes). Let {2 be an open bounded interval of R, let ¢ €
Ce(£2 % 10,T)), and let M be a mesh of 2. The interpolate g of ¢ on the primal mesh M is defined by:

N—-1
em= D, D P X Xy,
n=0 KeM

where, for 0 <n < N and K € M, we set ¢ = p(xx,t"), with 2k the mass center of K. The time and space
discrete derivatives of the discrete function ¢ are defined by:

N—-1 n+l N-— n __ .n
5“0/\/1 = Z Z % XK X[tn tn+1) and 535(,0 Z Z SOLhi@K XD,, X[t'n.’t'n#»l).
n=0 KeM 7

F—
o=K|LEEn

Let ¢ be an interpolate of ¢ on the dual mesh, defined by:

N—-1
pe = Z ZQOZ XDU X[tn’tn+1),

n=0 oce&
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where, for 1 <n < N and o € &, we set ¢} = p(z,,1"), with =, the abscissa of the interface 0. We also define
the time and space discrete derivatives of this discrete function by:

Bepe = Z A e — v Xp, Xigpn gner), and Dppe = Z Z % Xic Xign g
n=0 oc€& K [ ]EM

Finally, we define 0,6 by:

Ok — Py Oor — P
x@/\/l E= Z Z T/QU XDge X[t”,tnﬂ),-i-m XDK‘,,/ X[t”,thrl)'

K= [a'a' JemM

Theorem 3.7 (Consistency of the one-dimensional implicit scheme). Let 2 be an open bounded inter-
val of R. We suppose that the initial data satisfies po € L>®(£2), 1/po € L>®(2) and ug € L>®(£2).
Let (./\/l(m), 5t(m), l/(m))meN be a regular sequence of discretizations in the sense of Definition 3.5, and
(p(m),p(m),u(m))meN be the corresponding sequence of solutions. We suppose that this sequence converges in
LP(£2 x (0,7))3, for 1 < p < +oo, to (p, p, u) € L=(82 x (0,T))%. We suppose in addition that both sequences
(PN men and (1/p"™)) e are uniformly bounded in L (2 x (0,T)).

Then the limit (p, p, @) satisfies the system (3.28).

Proof. With the assumed convergence for the sequence of solutions, the limit clearly satisfies the equation of
state (note that in reality this is the difficult point to prove with the estimates at hand, see e.g. [12]). The
proof of this theorem is thus obtained by passing to the limit in the scheme, first for the mass balance equation
and then for the momentum balance equation. Thanks to the assumption on the initial condition, the stability
estimate of Proposition 3.3 is uniform with respect to m, and thus provides uniform bounds for some space
translates of the solution (see the expression (3.22) of the remainder term), which are used all along the proof.
In particular, using in addition the assumption that both sequences (p("™),en and (1/p"™),,cn are uniformly
bounded in L (2 x (0,7)), exploiting the last part of the remainder term, we get the following weak BV
estimate for p:

N('m) 1

Vm € N, Z ot Z ‘ (u(m)>n+1
n=0

o
o= K\LEE

[(pw))’:l _ (p<m>)’:lr < (3.29)

lnt
where C stands for a real number which is independent of m.

Mass balance equation — Let ¢ € C°(2 x [0,T)). Let m € N, M(™_ 5t(™) and ("™ be given. Dropping
for short the superscript ™), let paq be the interpolate of ¢ on the primal mesh and let 9,0 and dg¢ g
be its time and space discrete derivatives in the sense of Definition 3.6. Thanks to the regularity of ¢, these
functions respectively converge in L"(£2 x (0,T)), for r > 1 (including r = 4+00), to ¢, dy¢ and 9, respectively.
In addition, @ e (-, 0) converges to ¢(-,0) in L"(£2) for r > 1 as m — +o0. Since the support of ¢ is compact
in 2 x [0,7T), for m large enough, ¥ e vanishes at the boundary cells and at the final time; hereafter, we
systematically assume that this indeed the case.

Let us multiply the discrete mass balance equation (3.24b) by dt %, and sum the result on n € {0,..., N —1}

and K € M, to obtain Tl(m) + TQ(m) = 0 with

N-1
1Y S KGR - ke T = e S [ - E] ek

_ —
n=0 KeM n=0 K=[oo'leM
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(In the above expressions and in the remainder of the proof, we whall omit the superscript (™) in the summations
for the sake of clarity.) Reordering the sums in Tl(m) yields:

N—1
== at Y IK| o —“’K — SR o

n=0 KeM KeM
T
—/ / ™ By o pgom dazdt —/ p0(z) @ aq0m (2,0) d.
0o Jo Q

Since, by assumption, the sequence of discrete solutions converges in L"(§2 x (0,7)) for r > 1, we get:

T
lim Tl(m) = —/ /ﬁ@tcpdxdt—/ po(z) ¢(x,0)dx.
0o Jo Q

m—>—+00

(m)

Reordering the sums in 7, , we get:

N—-1 n
T2(m) _ Z 5t Z |D | pn+1 n+1 (PL QOK’

= he

o=K|LEEns

where h, (which is equal to |D,|) is by definition equal to |z;, — x| and we recall that p”+1 is the upwind

approximation of p"*! at the face o. Using the fact that |D,| = (|K|+|L|)/2, we may write T2 ’T(m) +R(m)
with:

N-1
7—2(m) _ Z 5t Z [@ an+1 |L| prLLH s <PL Yk

2 7 he
o=K|LEEnt
- K| 1zl o7 — 3
R L B S L L R e I e
0’=m€5int 7
Therefore we get
T
/ / Oz pom) da dt, and lirrJlr 7—2(m) = —/ / p u Oppdadt,
m——Teo 0 J

(m)

and the remainder term R, is bounded as follows:

N-—1

RSV <Co S0t > Do] loRt = o uit
n=0 o=K|LEEns

1/2 1/2

N-1
<Co ' Yot | 3 funt e -t S 1Dl Jupt|

n=0 o=K|LEEint o=K|LEEnt

where the notation C, means that this real number only depends on the function ¢. Thanks to the stability
estimate (3.29), this term tends to zero when m tends to +oo.

Momentum balance equation — Let g, 0;p¢ and 0,p¢ be the interpolate of ¢ on the dual mesh and its
discrete time and space derivatives, in the sense of Definition 3.6, which converge in L" ({2 x (0,T)), for r > 1
(including r = +00), to ¢, Orp and O, respectively.
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Let us multiply the discrete momentum balance equation (3.24c) by 0t ¢?, and sum the result over n €
{0,...,N — 1} and o € &ne. We obtain Tl(m) + Tz(m) + Tg(m) + T4(m) = 0 with:

(m) n+1, n+1 no,mn n
Tl Z Z ‘D| pD Uy pDaua') Pos
n=0 oc€En¢
N-1

T =Y et Y [Ft gt - Ft ] el

n=0 o=K|LEEn

N-1
D DL D DI (AR A N
n=0

a:meflnc
N—-1 v
G DI DN I Dl s I 0
n=0 0€&int | K=[oo'] K

Thanks to the definition (3.26) of the density on the dual mesh pp,_, reordering the sums, we get for Tl(m):

N-1
K] Ll nt1 Yol — ¢ K] L]
Tfm) == Z ot Z 7/’1{“ + 7%“ Uaﬂ 51 - Z 79(}( + 7,0% Ug 902~
n=0  o=K|LEEns 0=K|LEEnt

Therefore:

T
== [ ] 8 g dadt = [ (p)a) (W)0) g (2,0
0 (9] 2

From the definition (3.24a) of the initial conditions and the assumed regularity of po and wug, the sequences
((p(m))o) and (u(m))o) converge in L"(£2), for 1 < r < 400, to pg and ug respectively. From the convergence
assumption for the sequence of discrete solutions, we thus get:

T
lim Tl(m) = —/ / pu Oppdrdt —/ po(z) up(x) ¢(z,0)de.
0o Jo Q

m—>+00

Let us now turn to T ™) From the expression (3.26) of the fluxes Fx and the values uk, reordering the sums,
we get:

= ISR Y e e ) () (6 o),
K=[oo']eM

which we write T2 T(m) + R(m) with:

N—1
R DL D DI o (A N L A0

= —_—
K=[oo']eM
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This term reads:

T T
7’2(m) = _/ /Qp(m) (u™)? d,pe dz dt, and so lirrJlr ’]’2(m) = —/ /Qﬁ u? Oy dxdt.
O m——+00 O

(m)

The remainder term Ry~ reads:

N—-1
m 1
RV =13 a Y [ e ) 2 () + ™)) (e e,
=0 K—loo'lem

Expanding the quantlty 2p"+1(( nH2 4 (u)?) thanks to the identity 2(a® + b?) = (a + b)? + (a — b)?, we
get RY™ = RYY + RYY:

RV =2 3ot 3 [(rt - ot o ) ) ] (e - o),
=0 g_lse/leM
st > et = w0 — h).
]

— [
n=0 K=[oo'leM

First we study 7'\’,2 1). Thanks to the definition (3.3) of the upwind value p2*?!, reordering the sum by faces, we
get that:

N—-1
1 n n n
RYVI= 21206 3 T e uptt it ) (e — o)),
= 0EEint,
o=L—K,K=[o0']

where the notation L — K means that the flow is going from L to K, or, in other words, that if u?*! > 0 (resp.

il L oth
ultt < 0), the cells K and L are chosen such that ¢ = L|K (resp. ¢ = K|L). Since |¢? — ™| < C, |K| <
Cy (|Do| + | Do), we get:

(m) 5t Do— 4 Da” n+1 n+1 un+1 un+1+un+1 )
[ Do| + Do) o7, | lug™ | | |

o€€int,
o=L—K,K=[o0o']

Therefore, by the Cauchy—Schwarz inequality, we get:

1/2
|R(m)| < LP h1/2 Z 5t Z ‘ n+1‘ ( n+1 an+1)
n=0 o=K|LEEnt
1/2
x 3 (IDo| + [Dor|) Jul ] (uzt +u )| (3.30)
o€E&int,

o=L—K, K=[o0']

Since the ratio of the size of two neighboring cells is bounded by the regularity assumption on the mesh (item
(ii) of Def. 3.5), we get from the estimate (3.29) on the solution:

RS < C Y2 ™ |5t g 0.y (3.31)
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Where the real number C' is independent of m and therefore ’R;nll) tends to zero when m tends to +oco. For

7'\’,2 5 , we have, thanks to the estimate (3.21):

h2

\Rzné)\ < Cy h? Z at Z an+1h uptt —ulf)? < C oy | p(m) 0 (2 (0,7))
n=0 KeM K

where C' > 0 does not depend on m; therefore, this term also tends to zero when m tends to 4oco, since, by
assumption, h?/v("™) tends to zero.

We turn to the term Tgfm):

N—1
=— Z ot Z K| prttre Tro LP“ = / / (M5, dz dt,
=0 K—[oo/leM
and therefore,

T
lim T(m) / / D Oppdadt.
m—>+00 0 0

Let us finally study 7, 4(m). Reordering the sums, we get:

N-1 m
=20 ) G (T g™ (g e,

=0 K—[oo/leM
The Cauchy—Schwarz inequality yields:
1/2 1/2
T(m) < N_15 V(m) n+1 n+1\2 N_15 V(m) n n \2
CUEDSUID SRR B D SUIND SR ey e I
=0 K lgo'leM =0 K—[oo'leM

and thus, in view of the estimate (3.21), this term tends to zero when (™) tends to zero.

Conclusion — Gathering the limits of all the terms of the mass and momentum balance equations concludes
the proof. ]

Remark 3.8 (Sharper bounds and convergence assumptions). The convergence properties and bounds assumed
for the solution have been chosen so as to match what may be observed in the theoretical works on compressible
Navier—Stokes equations [13,44,53]. Note that they are weaker than the assumptions of the Lax—Wendroff theo-
rem for colocated finite volume schemes on hyperbolic systems, see e.g. [11], Theorem 5.3. However, examining
the proof of Theorem 3.7, we observe that what we really need is that the sequences p(™u (™) p(m) (u(m)2,
p™ (™) converge in the distribution sense to pa, pi® and pu respectively, that (p(m))"’ converge a.e. to p7, and
that the sequence (u(™),en be bounded in L3(£2 x (0,T)). The required second assumption for (v("™)),,cy is

in fact: (2
m
lim (b))

m—-+o0o y(m

Hp(m HLoo(Qx(o,T)) =0,

and may be verified, for instance supposing a relation between §t(™ and (™ and invoking inverse inequalities,
with milder estimates on (p("™),,en. Finally, the bound of (1/p(™),,cn in L(£2 x (0,7T)) (which, loosely
speaking, means that the appearance of void is excluded) is needed to obtain the weak-BV estimate:

Jim ptm Z ST full (o — p})? =0 (3.32)

n=1 o=K|LEEn
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from the “weighted weak-BV estimate” (3.21):

N
Jim BTN T (05, gl (k — p1)* =0,
n=1 o=K|LEEns

where we recall that pj; . is equal to either pj or p7. This assumption is thus useless for v < 2. For v > 2, in
the case of a non-vanishing viscosity, equation (3.32) may perhaps be derived by using the density itself as test
function in the discrete mass balance equation, and invoking a control of the divergence of the velocity (from
the momentum balance diffusion term), see ([12], Prop. 5.5) for such a computation in the steady case.

Remark 3.9 (Less sharp bounds and more general meshes). The assumption that the ratio of the size of two
neighboring cells is bounded, i.e. assumption (ii) of Definition 3.5, is only used to derive (3.31) from (3.30),
which allows to conclude that the remainder term Rg"f) tends to zero invoking a control of the velocity only in
L3(£2x (0,T)). If we choose to use a uniform bound in L>°(§2 x (0, 7)) for the sequence of approximate solutions,

we may replace (3.31) by
m m) | 13/2
RG] < € B2 ™ o)

and assumption (ii) is useless.

We now turn to the entropy condition. Let us first recall that n = p Ey, 4+ H(p) is an entropy of the continuous
problem (1.1), in the sense that if we sum the formal kinetic energy (3.13) and elastic potential balance (3.18),
we get:

o+ 0z ((n+p)u) =0. (3.33)

In fact, in order to avoid to invoke unrealistic regularity assumption, such a computation should be done on
regularized equations (obtained by adding diffusion perturbation terms), and, when making these regularization
terms tend to zero, positive measures appear at the left-hand-side of (3.33), so that we get in the distribution
sense:

On + Oy ((77 +p) u) <0. (3.34)
An entropy solution to (1.1) is thus required to satisfy, for any ¢ € C°(2 x [0,T)), ¢ > 0:

/T/ [n0kp + (n+ p) udpyp| de dt +/ no(z) o(x,0)dx > 0, (3.35)
o Jao Q

1
where 79 = 3 Po ud + H(po)-

Theorem 3.10 (Entropy consistency, implicit scheme). Under the assumptions of Theorem 3.7, (p, p, @) sat-
isfies the entropy condition (3.35).

Proof. Let ¢ € C° ((Z x [0, T)), o > 0. Using the notations introduced in Definition 3.6, we multiply the kinetic
balance equation (3.14) by 7, and the elastic potential balance (3.19) by ¢, sum over the faces and cells
respectively, to get

SNoomrtten+ N Tt o =— Y R e — Y R ok, (3.36)
E€€int KeM E€&ing KeM

— — —
where, for 0 = K|L, K = [0'0] and L = [00”],

1
2

1
n+1l, n+l n+1l n+1l, n+l n+1 n+1 n+1 n+1
F upyt — = Frmuy ™ ulm + (pf T =) ug

Dsl1
rpet = LDl ity — g 2] + : -

1
2 ot
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—
for K = [o0'],
Tt = 20 (MR = Mok |+ u RO —u o) + p (i — )

and the quantities R?T! and R%! are given by (the one-dimensional version of) equations (3.15) and (3.20)
respectively.

The discrete weak form of the entropy balance is obtained by integrating in time (i.e. summing over the time
steps) equation (3.36). We obtain T(m) + Tz(m) + Ts(m) + T4(m) + Tém) + R(™) = 0 with:

)

]' n '3 n n
=3 Z > 1Do| [ ™) = o, (uh)?] el (3.37a)
n=0 o€&int
]' n n
=3 Z > K| R — Hpk)] e, (3.37h)
n=0 KeM
v
T =2 Yt > [Fpttupttuptt — FRtun ] o, (3.37c)
o’zmefmm

— —
K=[o'0o], L=[o0c"]

N—

=Y st S ) g ek (3.37d)
=0 K—loo/lem

m 1 n n 3
D D D DI A o R e S e O e K R = 10
_o:I(TﬁEE;m K:[;]EM

1 N-1 [

RM™W =2 6t| > Rygh+ D, Ri ¢kl (3.37f)

n=0 _szegim K=[oo'|eM

We first study Tl(m). Reordering the summations and then using the definition (3.26) of the density at the
faces, we get:

1= 1 12@”“‘@71 1 0 0y2 ,.0
—52 £ Dol it (upth) W—gzu%b%ﬂ (Ug)” ¥

oeé el

T
- %/0 /Qp“'” (ul™)? By dar dt — % /Q<p<m>>°<x> (™) @)]” pe(,0) da.
)

By the definition (3.53a) of the initial conditions of the scheme, since both py and ug are supposed to belong
to L(82), (p")° and (u™)° converge to po and ug respectively in L"(§2), for r > 1. Since, by assumption,
the sequence of discrete solutions converges in L"(£2 x (0,T)) for r > 1, we can pass to the limit in the previous
relation, to get:

lim T(m) = ——/ / )2 Oppdadt — %/ po(x) uo(z)* p(z,0) dz. (3.38)
Q

m—>—+00
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By a similar computation, we get for T- Q(m):

Z&Z K| H(ppH) “OK PSR H(pY

= KeM ocef
/ / H(p"™) Bpp ppom dfﬂdt—/ H((p"™)%) (@) @ e (2,0) da,
17
and therefore: .
lim TQ(m) / / H(p) Orp da dt —/ H(po)(x) p(z,0) dx. (3.39)
m—+00 0o Ja Q

Let us now study the kinetic energy convection term Ts(m) which reads, after reordering the summations:
| Nl
T =5 00t Y FRtultuntt (o o).
K=[oo'leM
Using now the definition of the mass fluxes at the dual edges, we have:
1Nl
R DI DI e e )
- K=[oo'leM

We now split T3 ’T(m) + 7'\’,3 , where

= Z5t > R e ) (e ) = [ ' [ o) e o,
K=[oo'leM
so that L
ml;nin(m) —5/0 /Qﬁﬂ‘gﬁxgodxdt,
and
Ry = Zét S [ttt e ) gt = i (st + )| (e o).
K=[oo'|eM

Expanding the quantity (u2+1)? + (u")3 thanks to the identity a® + b*> = (a + b)(ab + (a — b)?), we obtain
Ry =RYY + R with:

N—1
1
R PIL DY (ot = iy w4 (o = iy w Jun (o = o),
=0 K—loo/leM
RGY = Zét ST ot ) (upt =l (o — ).
=0 K—loo/leM

Reordering the sums, the term ’Rgn{) reads:

N—-1
1
=00 > e =) (Wt (e — ),
= o€&int,
o=L—K, K=[o0o']
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where €”T! = +1 and the notation L — K means that the flow is going from L to K. Thanks to the
Cauchy—Schwarz inequality, we get, by the regularity of ¢:

1/2
N-1
e N DI D D e A
n=0  o=K|LEEn:
1/2
N-1
< |Soat >0 K]t 2|
n=0 0€&int,
O'=L—>K, K:[a’a’l]
and thus: i
RS < Cp Y ™ |75t 0.
We now turn to Rén;) Thanks to the regularity of ¢, we get:
m (h(m))2 2 p(m)
Ry < Cy ) 16 oo ox 0.0y 18 Lo @x oy D s (uptt — w2,

K=[co']eM

and thus Ré";) also tends to zero when m tends to +oo as soon as the ratio (h(™)? /(™) tends to zero. As a
consequence, we get that

1 T
lim  T{™ = —— / / pitd, p da dt.
m——+00 2 0 2

Expressing the mass fluxes as a function of the unknowns in T4(m) and reordering the sums, we get:

N-1
==t > M (o - eh).
n=0 U=m€5int

Let us write T, 4(m) = ﬂ(m) + Rflm), with, thanks to the definition of the upwind density (3.3) at the face:

N—-1
T(m) _ 5t D H n+1 D H n+1 n+1 LlOTIL{ - 90%
4 = Z Z U Ko H(pk) + |Dr,o| H(pL )] Uy o
n=0 0=m€5int 7

(m) - 1 1 19k — $L
Ry = 0t 3 |Dpol [Hpp™h) = Hlpgh)] ugtt HE—E
n=0 o

We have:

T T
ﬂ(m) = _/ / H(p(m))u(m) Oz pom) dadt, SO lim ’]:L(m) = —/ / H(p) a0y dadt.
o Jo m——+00 0o Jo

By the regularity of ¢, we get:

N-1

RV <O b S 6t S0 M) = Hp| .

n=0  o=K|LEEnt
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Since both sequences (p(™),en and (1/p"™),,en are supposed to be uniformly bounded, we have |H(p”K+1) —
H(pz+1)| < C |pptt— p| with a constant real number C, and therefore Rflm) tends to zero as h("™). Therefore,

T
lim T\™ = /0 /QH(,E)ﬂaxwdxdt. (3.40)

m——+oo

Reordering the sums in the term Tém), we obtain:

(m) Z v Z pTIL(-‘rl ( n+1 800 o n+1 800) _'_pT[L(-‘rl ( Z+1 _ug/-&-l) (,0?(,

K=[oo']eM
hence:
) _ N~ K] i1 w1 P — %5, K] 1 o~ Pk
Tm - _ 5t =, n n YK Yo =, n+ n/ Yo YK
’ X_% ; g P Mo hK/2+2pK Yo T hi/2
n= K=[oo']leM
T
—/ / p(m) u(™ OzoMm e dxdt.
0o Jo
and so, since Oypaq,e converges to Oy in L7 (£2), for r > 1:
T
lim T;m>:_/ /ﬁﬂ@z@dxdt. (3.41)
m— 400 0 0

From (3.38)—(3.41), we get that

5

T
lirri ZTi(m) = —/ / [77 O + (n+p) u@mw] dz dt — / no(z) ¢(z,0)dx.
m——+o0 0o Jo Q

i=1

In order to complete the proof of Theorem 3.17, there only remains to show that lim,, . R > 0. Since we
only seek an inequality, the non-negative part of R(™, i.e. the first part in R and the whole term R?(H,
poses no problem, and we only have to study the terms coming from the second part of R?*!, which reads:

(m)
(Raa)i = | 30 T (upt = | unth,
hk
K=[oo’]
For0<n <N —1and K € M, K = [00'], let us define the quantity Q”H

n+l _ p(m) n+1 nt142
Q% _K(uo —ug )"

We have Q”K'H > 0, and, reordering the summation, we get that

Q(M) — Z ot Z (pg Rdlff n+ Z (pK Q?’Hrl]

o€Eint KeM

N—-1
1%
=D 0t Y E(U?“ —ul™) [l (e — ox) — ul M (o — 0K)] |-
K=[oo']eM
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By the Cauchy—Schwarz inequality and the regularity of ¢, we thus get:

1/2
Q™ < ¢ Nfét > —V(m)(u"+1—u”+1)2
=Y v hK o o/
n=0 K=[oo']eM
1/2
N-1
x| Soat > v (D] (w4 Do | (up)?)
n=0

K=[oo/]eM

From estimate (3.21), we thus get that
oM < ¢ (WmH)1/2,

where C' > 0 only depends on ¢, on Cj and on the assumed bounds on the solution. Since v(™) tends to 0 with
m, we then obtain that lim,, 4. R > 0, which concludes the proof. g

3.2. The pressure correction scheme for the barotropic equations

The implicit scheme which we studied in the previous section is easy to write, but difficult to implement in
practice, because of the large nonlinear systems to be solved at the algebraic level. Pressure correction methods
are based on the idea that one may compute the velocity and the pressure in a sequential way, thus yielding
a more practical scheme. The algorithm presented in this section is implemented in the open-source software
component library for fluid flows simulation CALIF3S [5], developed at IRSN on the basis of the software
components library PELICANS [55]; in this context, it is routinely used for industrial applications.

3.2.1. The scheme

In the algorithm given below, the velocity is predicted by solving the momentum balance equation with a
known pressure. This latter is obtained from the beginning-of-step pressure through a “renormalization” step,
in order to be able to perform the stability analysis (stability of the scheme and satisfaction of the entropy
condition). Note that the renormalization proposed here is different than that proposed in [22] in the context
of variable density incompressible flows or in [14] in the context of compressible barotropic flows. Indeed, in
these latter works, this step requires the resolution of a discrete elliptic problem for the pressure, while, here,
we only scale the pressure gradient by a simple weight. Then, the velocity is corrected and the other variables
are advanced in time. As for the implicit scheme, a discrete kinetic energy balance can be derived, provided
that the mass balance over the dual cells (3.5) holds; since the mass balance is not yet solved when performing
the prediction step, this leads us to perform a time shift of the density at this stage. The algorithm reads, for
0<n<N-1

Pressure gradient renormalization step:

——\ n+1 B p%a n

Prediction step — Solve for @

For1<i<d, Vo€ &Y,

D |

L (o, it = )+ ST Fpantt = Dl (AMA)E D] (Va)iit =0 (3.42b)

D, %o, o,V ®
e€&(D,)
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Correction step — Solve for p"*1, p"*! and u"*1:

For 1 <i<d, Vo€ £,

Ds| _
Del iy, s — ) 4 Do) (V) — ()] = (3.42¢)
K
VK € M, %(p}“ — )+ Y. Fril=o0, with Fptl = (o] p2™ upf), (3.42d)
ce&(K)
VK e M, pitt = (prh). (3.42¢)

Recall that the notation p*' in (3.42d) stands for the upwind choice of p defined by (3.3), while p},_

(resp. pp_ ') in (3.42b) is the convex combination of p} and p} (resp. p% ' and p}~') defined by (3.4). The
initialization of the scheme is performed as follows. First, p~! and u° are given by the average of the initial
conditions pg and ug on the primal and dual cells respectively:

VK e M, pg'= L/ po(x) de,
K] Je -

; 1
for1<i<d, Voe&f, ul,= N / (uo(x)); da
o D,

Then, we compute p" by solving the mass balance equation (3.42d). Finally, the initial pressure p® is computed
from the initial density p® by the equation of state: VK € M, p% = (p%)”. This procedure allows to perform
the first prediction step with (pBl)aeg, (p%a)o.eg and the dual mass fluxes satisfying the mass balance.
3.2.2. Estimates

As for the implicit scheme, we begin with an estimate on the velocity which is a discrete equivalent of the
kinetic energy balance.

Lemma 3.11 (Discrete kinetic energy balance, pressure correction scheme). A solution to the system (3.42)
satisfies the following equality, for 1 <i <d, o € 5‘(;) and 0 <n< N —1:

1 |Ds 1 -
e ety ] kS D (V) = R PR (344)
EZDU‘DU/
where
D, . o . _
ret =Dl o ) | e |
¢=Dy|D, (3.45)
D,| dt
prit = el 2 gy (@),
PD.

~n+1

UZ’

Proof. Let us multiply the velocity prediction equation (3.42b) by the corresponding velocity unknown
and use the equality (A.9) of Lemma A.2, on the dual mesh and with P = D,. We obtain:

1 |D, 1 -
Ll -t ] 41 Y Rnoa ]
2 Ot 2 _hoD,

Do |
ot

Pt (At =) = Do [(AMa) T Gt + (D] (Vp)itt alt! = 0. (3.46)

o,

Ll
2
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D, .
Dividing the velocity correction equation (3.42¢) by (% p?ja)%7 we obtain:
D, , 1'? D,| 6t1? D, . 1% D,| st1Y? —
e, |t [P o = [ | () @,

Squaring this relation, dividing by two and summing it with (3.46) yields the result, using the definition (3.7)
of (AMa)"+1, O

The discrete potential balance is again valid for the pressure correction algorithm, thanks to the fact that
the mass balance (3.42d) is satisfied. The proof is identical to that of Lemma 3.2 given for the implicit scheme.

Lemma 3.12 (Discrete potential balance, pressure correction scheme). A solution to the system (3.42) satisfies
the discrete potential balance (3.19), with Ri:T defined by (3.20).

Let us now turn to the entropy inequality.

Proposition 3.13 (Global discrete entropy inequality, existence of a solution). Assume that the initial condition
po 1is positive. Then there exists a solution (u”,p™)o<n<n and (@")1<n<n to the scheme (3.42), and, for
1 <n <N, p" >0 and the following inequality holds:

d

1 _

52 2 Dol it (g )* + D IK] Hipl) + R™ < Co, (3.47)
=loeel) KeMm

where Cy € Ry only depends on the initial conditions and on the density field p° computed at the initialization
of the algorithm. The remainder term R™ is non-negative, and gathers some estimates of the space and time
translates of the unknowns:

d n
RE=SONTS S Dol A bk st S vk (k)

i=1k=1 | " yee® e=Dy|D, €Y

'Y - — 5t2 ‘DU| n
+5 0t > o] (05.,)7 72 [ulie o] (0 — PE)* + 5 > S (Vp)a?, (3.48)
k=1 o=K|LEE 0E€Eint Do

with pk  equal to either pk. or p§ and such that (pf ,)7~% = min((pf )72, (p§)772).

Proof. The essential arguments of the proof of this proposition are given in ([14], Thm. 3.8) with slightly different
notations, so we briefly recall here how to obtain the estimate (3.47), for the sake of completeness. We sum the
kinetic energy balance equation (3.44) over the faces, and the elastic potential balance (3.19) over the cells, and
finally sum the two obtained relations. We obtain a “local in time” version of equation (3.47), which reads:

Tl g gl 4 oprtl 0, (3.49)
where: d
T = S RIHGE) + 5 Y0 3 1D s, ()
KeM =1 5eeld
and:

Rn+1: Z Z Rn{rl’ Pn+1: Z Z F)nJ_rI7

1<i<d aefg) 1<i<d aeﬁfg")ﬁfim
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with R”+1 and P”+1 given by equation (3.45). The term P"*+! thus reads:

P +1 _ 5 2 : | - | [|(Vp)g+1|2 o |(Vp) +1 2} _ 2 : ‘ T)L ‘ o ‘( K )1‘ . (3.50)
0€Em; ' Do o€t PD, pD

Then, summing (3.49) over the time steps yields the estimate (3.47) with:

at? >
Co= Y IKI M6l +2 3 3 100! o+ 2 3 Pel oo 0

KeM 1<i<d 5eg® o€ Do

Remark 3.14. As in the implicit case, the inequality (3.47) thus provides an estimate on the unknowns (see
Rem. 3.4).

Remark 3.15 (Regularity assumptions for the initial conditions). For a given mesh, the quantity denoted
above by Cj is bounded whenever py is positive and belongs to L' (£2) and wug belongs to L'(£2)%. When dealing
with a sequence of discretizations to pass to the limit in the scheme, we need to assume that Cj is controlled
independently of the mesh and time step, which necessitates (i) that the initial kinetic energy is bounded, (ii)
that H(p%) is bounded in L*(£2), and (iii) that the last term involving the discrete pressure gradient does not
blow-up.

Assumption (ii) (and, of course, (i)) may be obtained by supposing that both ug and py belongs to L°(£2)
and L>°(£2)9 respectively and that 6t /h is bounded (possibly by a number much larger than 1); indeed, p° is then
obtained in this case by a single time step of a (discrete) transport equation with a velocity field the divergence
of which is controlled by 1/h, and so p° is controlled in L>°(§2). Assumption (iii) may then be inferred by the
same assumption on the ratio §¢/h, together with the hypothesis that the data py (and so p~1!) is bounded away
from zero. Indeed, since p® is bounded, so is p® and we get:

D,| 6t? 5t |o|? h? |o|?
Il D D e L =L L D D

oE€Eint pD 0=K|LEEint Pp, ‘ 0EE&int
and the last sum is bounded. We shall work under these assumptions for the passage to the limit in the scheme.

The expression (3.50) in the proof of Proposition 3.13, where P"*! is set under the form of a difference
of the same two quantities taken at two consecutive time steps, shows the interest of the pressure gradient
renormalization step. We prove in addition in the following lemma that, under stability conditions, this remainder
term tends to zero in a discrete distribution sense.

Lemma 3.16 (Pressure remainder terms). Let (./\/l(m), 5t(m))m€N be a sequence of meshes and time steps, such
that K™ and 6t tend to zero as m tends to infinity, and satisfying the CFL-like condition:

5t(m) D,
VvmeN, — <, with i = min Do
h(m) aes("’) ‘0-|

and where C' is a positive real number which can be greater than 1. Let (p(™))men and (p™ ) men be (part of ) the
associated sequence of discrete solutions, satisfying equations (3.42). We assume that the sequence (p"™))men
is uniformly bounded in L>°(£2 x (0,T)) and in the discrete L1(0,T; BV (£2)) norm:

N(m)
vmeN,  [p™lremv =Y 6 > o [")E - ")k <C. (3.51)

n=0  s—K|Lee™

int
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We furthermore suppose that (p(™ ) men and (1/p"™),en are bounded in L>°(£2x(0,T)). Let ¢ € C2(02x[0,T)),
and, form e N,0<n < N"™ and o € 5i(nnt1), let o2 = p(xy,t"), with x, the mass center of o. Let us define
the quantity Pg““l, for0<n< N -1 ando € &Epnt, as:

D, t

Pn+1 —
(e
PDh,

(VP2 = (V) ] (3:52)

Then

Jim lz sty prit g] =0.

=0  oE&mnt

Proof. By definition of P**1, we get that

N-1 N-1

|o|? 1 1
§ ot § P;L+1 902 _ 2 :&2 } : 5 ‘ (pr[L(Jrl pz+1)2 - — (pK p2)2 @2.
n=0 o=K|LEEn n=0 o=K|LEEm: = ° pDa pDa

A discrete integration by parts yields:

N-1
1 |of|?

o Y omvasat| ¥ Ll e
D g

n=0 0=K‘L€5int O':K‘Legint

N-—1
e n
+> Y (P = P2 er ™ — o

n=0 o=K|LEEint P, |D |

Using the fact that, for 0 < n < N and 0 = K|L € &, (ph — pt)? < 2 HpHLOO(QX(O,T)) P — ph|, we get,
thanks to the regularity of ¢, that

5t?
>0t > P el < Cp o Dpllieqaxcomy (1P Invie) + IPll7omy ],
n=0 o=K|LEEns -

which concludes the proof. O

3.2.3. Passing to the limit in the scheme

Using the notations of Section 3.1.3, the pressure correction scheme in one space dimension reads:

Initialization — Compute p—!, u°, solve for p° and compute p°:

_ 1
VK e M, PR = W/Kpo(x) dz
1
Vo € &, ug = D—/ up(z) do
Do Jp, (3.53a)
— K
VK = ool € M, L i) + B - FY =0,
VK € M, Px = (P%)7
Pressure gradient renormalization step:
7 n pn n 3
Vo = K|L € &, (p)2t! = Do (pf — D) (3.53b)

Pp,
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Prediction step — Solve for @"*!:

—_—
VO’ S K|L S 5int7

‘Da| n ~n+1 n—1,n n ~n+1 n ~n+1
ot (PDGUU —Pp, ug) + Fpap — Fiag B (3.53¢c)
—|Dg| (Ap@)5*t + (6p)5*! =0,
Correction step — Solve for p"1, p"*! and u"*!:
—
Vo = K|L € &,
DO’ n n ~n S \n
| ot g, i = )+t - ) - G =0, (3.53d)
—
VK = [o0'] € M,
@ n+l _ n n+1 _ pnt+l _
6t (pK pK) + Fo'/ Fa’ - 0? (3’536)
VK e M, pitt = (pth). (3.53f)

Theorem 3.17 (Consistency of the pressure correction scheme). Let (2 be an open bounded interval of R. We
suppose that pg € L=(02), 1/po € L>®(2) and ug € L=°(82). Let (M™ 5t (M) be a reqular sequence of
discretizations in the sense of Definition 3.5, and let (p(m),p(m), u(m),ﬂ(m))meN be the corresponding sequence
of solutions. We suppose that this sequence converges in LP(£2 x (0,T))*, for 1 < p < +oo, to (p, p, 4, 0) €
L®(02x(0,T))*. We suppose in addition that both sequences (p™)men and (1/p")en are uniformly bounded
in L>®(02 x (0,7)).

Then @ = @ and the triplet (p, p, U) satisfies the system (3.28).

Proof. Let m € N be given. Dropping for short the superscript (™), the estimate of Proposition 3.13 yields:
n
5t Y |Do| pipt (@ —uf™)? < C ot (3.54)
1

k= o€Eint

where, by the assumption on the initial data, the real number C' is independent of m (see Rem. 3.15). Hence,

m) . (m 2 1
@™ = u™ (. = 66) L2 (ax 0y < C 6™ ||

P Lo (2 (0,1))
Letting m tend to +oo in this equation yields @ = .

As for the implicit scheme, with the assumed convergence for the sequence of solutions, the limit satisfies
the equation of state. The passage to the limit in the mass balance equation is the same as in the implicit
case, and we only need to address here the momentum balance equation. Let ¢ € C°(£2 x [0,T)), and let its
interpolate pg and its discrete derivatives be defined by Definition 3.6. Summing the velocity prediction and
correction equations, multiplying the result by dt ¢ and then summing over the faces and time steps, we get
™+ 1™ 7™ + T = 0, with:

N-1
T =30 32 1Dl b, @5 = i, ug] o

n=0 c€&int
N—-1

=0t Y |Frapt - Fragt| e
n=0 T

o=K|LEEns
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N-1
=> 6t > - s
n=0

—

U:K‘Legiut

NP>

n=0 0€&int K=[oo']

14
e (gt —alkthy| b

Thanks to the definition (3.26) of the density on the dual mesh pp,_, reordering the sums, we get for Tl(m):

N-1
L e e K] 1L
7™ = - Z& S Sk o] art fete— 3 [SoeRt + Sert] ub o
n=0  o=K|LEEm o=K|LEEn;
= / / @™ By o pqomy dadt — / (PN ") (™) () @ pgom (2, 0) da.
Q

From the definition (3.53a) of the initial conditions, the sequences ((p(m))_l) and (u(™)0) converge in L"(12),
for r > 1, to pg and ug respectively. Thanks to the convergence assumption for the sequence of discrete solutions,
and noting that the sequence (p(m)(~,~ — 6t))m€N converges to p as (p{"™)en, we get:

T
lim T(m) / /Qﬁ u Oypdxdt — /on(x) uo(z) (x,0)dx.
0

m—>+00

Let us now turn to T( ™) From the expression (3.26) of the fluxes Fx and the values uk, reordering the sums,
we get:

N—-1
m 1 n
Ty = =1 D00t YD (el (@ ) (05— @),
=0 K—[oo/leM

which we write T( m) _ T(m) + R(m) with:

(m) _ - Z 5t Z an |:un ~n+1 +'LLU/ unJrl} (802/ _ 902) (356)
=[oo’lem
/ / P (e = 6t) um (- — 1) @™ By da dt, (3.57)
and therefore,
lirri T / / p u* Oppdadt.
The remainder term Rgm) reads:
(N1
Ry = =208t > [(obup+ phuly) (g i)
n=0

K:[J]EM

= 2% (ug gt +up agt)] (oo — @)
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Expanding the quantity 2p% (u? a2+ +u?, a2") thanks to the identity 2(ab+cd) = (a+c)(b+d)+(a—c)(b—d),
we get Rém) = qu) + Rgf;):

N-—1
1 T T n n T n ~1 -~ n n
REY = =20t > (o — o) ui + (o — o) i) (@5 + ) (o — b,
=0 g [soleM
N-—-1
(m) _ 1 5 n n n ~n+1 ~n+1 n n
R2,2 - 4 Z t Z PK (uo - ua’) (ua' = Uy )(Lpa’ - 900)'
=0 K loo'leM

First we study Rg"f) Thanks to the definition of the upwind approximation, reordering the sum by faces, we
get:

N-1
1 - -
RyV =720 3 eh (o —pk) up (@ At (6 — ),
n=0 gEEint,
o=L—K, K=[oo']

where we recall that the notation 0 = L — K means that the face o separates K and L and the flow goes from
L to K at the time level n, and where € = £1. Since |¢} — ¢ | < C, | K| < Cy (|Ds| + |Do|), we get:

N-1
C ~ ~
REVI< =270t 3 (Dol + Do) Iof — okl ] Tt +
n=0 o€&int,
o=L—K, K=[o0o']

Therefore, by the Cauchy—Schwarz inequality, we get:

(m) CLP (m)\1/2 — n n n \2 /2
REY| < =2 02376t T sl (of — k)]
0

n= o=K|LEEint

N-1 J11/2
<[STt 3 (Dol + Do)l (@t ant)]
n=0

Ueginta
o=L—K, K=[oo']

Since the ratio of the size of two neighboring meshes is bounded by the regularity assumption on the mesh, we
get from the estimate (3.47) on the solution:

- 2
RSV < € (BN a0, + 1™ L 0. | (3.58)

where C' € R, does not depend on m, and so Rg"}) tends to zero when m tends to +oco. For Rgf;), we have, by
the Cauchy—Schwarz inequality:

N—-1
RYDI<Co S0t > K| ot ful +ul| (aptt - antt
=0 K loo'lem
B(m) N1 (m) v
14

= Ce oz 12 e @0y 1 izox oy | D0 D 53—

and thus, thanks to the estimate (3.47):

(m) h(m)

\Rz,z | <C W HP(m)HLm(nx(o,T)) ||u(m)||L2(.(Z><(O,T))’
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where C' € Ry does not depend on m. Therefore, this term also tends to zero when m tends to +o0o.

Next, we turn to the term Tém):

N-1

Tg(m) _ Z St Z K| pn+1% Yo _ / / (M3, e da dt,

=0 g_lso'leM

and therefore,

11n_1~_ T( m — / /p@wnpdazdt

Let us finally study T 4(m). Reordering the sums, we get:

Nl p(m)
_ ~n+1 ~n+1 n__,.n
- z_: ot ; hK (uO' — Uy ) (800' 900'/)'
- K=[oo']eM
The Cauchy—Schwarz inequality yields:
1/2 1/2
(m) - vt ~n+1 ~n+1\2 - ylm n n \2
T, < Z5t Z K(ua —ty) 2515 Z T (5 — ¥5r) )
=0 k_lsollem =0 Ke_loo'leM

and thus, again in view of the estimate (3.47), this term tends to zero when v(™ tends to zero. O

Remark 3.18 (On the “non appearance of void assumption”). The assumption that (1/p(™),,cn is bounded
in L>°(£2 x (0,T)) (which, loosely speaking, means that the appearance of void is excluded) is used twice in the
proof of Theorem 3.17. We use it for the first time to obtain @ = . Here, the hypothesis may be circumvented
by replacing this conclusion by pu = pu (or, in other words, % = @ wherever p # 0), which is easily obtained
from inequality (3.54) below. The second time is to obtain, as in the implicit case, the “non—weighted” estimate
of the density space translates (3.32) for v > 2, see Remark 3.8.

Remark 3.19 (Less sharp bounds and more general meshes). As in the implicit case, the assumption that the
ratio of the size of two neighboring cells is bounded, i.e. Assumption (ii) of Definition 3.5, is only used for the
remainder associated with the the convection term in the momentum balance. It may be avoided if we suppose
that the sequence of solution is uniformly bounded, replacing (3.58) by

)1/

RSV < € (B N)Y2 |ul™ L o0y 187 L (ox 0.1y

We now turn to the entropy condition. For any piecewise constant function ¢ on primal cells, we define its
LY(0,7;BV(£2)) norm by:

N
lgllzemy =0t > laf —aqxl- (3.59)

n=0 o=K|LEEint

With this notation, we are now in position to state the following result.
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Theorem 3.20 (Entropy consistency, pressure correction scheme). Under the assumptions of Theorem 3.17,
we furthermore assume that:

- the sequence of reqular meshes satisfies:
§t(m)

VmeN, —= <C, with K™ = min |h [,
ﬁ(m) UES( ¢

and where C' is a positive real number which can be greater than 1,
- the sequence (p™)men is uniformly bounded in the discrete L*(0,T; BV (£2)) norm defined by (3.59).
Then the limit (p, p, @) satisfies the entropy condition (3.35).

Proof. Let ¢ € C ((Z X [O,T)), @ > 0. Again using the notations of Definition 3.6, we multiply the kinetic
balance equation (3.44) by ¢, and the elastic potential balance (3.19) by ¢%, sum over the faces and cells
respectively and over the time steps, to get:

DR S IE T SE St DS S S A

o€Eint KeM €&t KeM 0€Eint

— —
where, for 0 = K|L, K = [0'c] and L = [00”],

9

_ 1 - - 1 - -
[P, () = p )] + 5 Fphan st — o Pttt o - ) ui!

1K

n+1l _
T = ot

(3 = M) | + s H () — i M)+ it — ),

the quantities R?*! and P"*! are given by (the one-dimensional version of) equation (3.45), and R%" is given
by (the one-dimensional version of) equation (3.20).

The discrete weak form of the entropy balance is obtained by integrating in time (i.e. summing over the
time steps) equation (3.60). We obtain Tl(m) + TQ(m) + Ts(m) + T4(m) + T;m) + R(™ + P(™) = ( where Tl(m),
T2(m), T4(m)7 Tém) and R("™) are identical to their namesakes in the implicit case (see proof of Thm. 3.10, defined
by (3.37a), (3.37b), (3.37d), (3.37e) and (3.37f) respectively, and

N—-1
1
=5 >t Y[Rt - me et et e (361a)
U=m€5inm
K=[o'0], L=[oc"]

Zét > Pt (3.61D)

n=0 0€Eint

The terms Tl(m), Tz(m)7 Tim), Ts(m) and R(™ were studied in the proof of Theorem 3.10. Let us then study the
kinetic energy convection term Tg(m) which reads, after reordering the summations:

m 1 Cntl ~
T =5 Y0t Y Fragtapt (eh - @)
K=[oo']eM
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We write 14" = Zg(m) + ’Rém), where

m K n g/_ g
T = Zét Z B o a2 w2528
]e/vl

:"/ / ('”)“—f”) ut™ (¢ = 5t) (@) (2,1))* Dupe dadt,

so that
1 (T

lim T(m) —/ / pu’ dppdadt.
2 /o Ja

m——+400

The remainder term Rém) reads:

(m) Z 5t Z [(paua _’_pa/u )un+1 un+1 an (UZ( n+1) -I—’LL ( n+1) ):| ((PZ/ _902).
K=[oo']eM

Reordering the terms in the sum, we get:

N—
m 1 n n ~n n~n n ~n n -~ n n
R =120t Y | (hant! — phap ) up gt + (ppagt — ppant ) up agt | (pn — o).
K:[(;;]EM Ds D,

Let us consider the term involving D;, and skip the exposition of the treatment of the term with Dy, which
is similar. Using the identity 2(ab — cd) = (a — ¢)(b+ d) + (a + ¢)(b — d), we split this first part of Rém) into
R + R with:

m 1 -
RGD = =376t ST wrantt (pf — pi) (@t +antt) (o — o),

m 1 n
RG = =g D0t > wnart (oh k) (gt = anth) (o — ).
=0 K_loo'leM

Thanks to the regularity of ¢, the Cauchy—Schwarz inequality yields:

1/2 1/2
N—-1 N—-1 )
RSV < Cp b2 oot > |upl (o - pk)? oot > K| upl(aptt (antt + arth) ;
=0 g_lsoleM =0 K—[oo/leM

and thus, invoking the estimate (3.47),

m m ~(m 4
R < € W)Y (™l 0,19y + 1™ s ecomn)] -
Similarly, we get:
1/2 1/2

. h N-1 N-1 .
RGNS Compm [ D00 30 g @t —apt? 1 30e X0 K| (it (h + k)|
n=0

K=[oo']eM =0 K—[oo']eM
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and thus:

m ) 3 N 3 3
R <C WOy ||U(m)||L6(nx(o,T)) + HU(m)HLG(Qx(o,T)) + [HP(m)HLG(Qx(o,T)) :

Therefore, under the assumptions of the theorem, we have

1 T
lim T\ = -2 / / pi® Opp da dt. (3.62)
m——+00 2 0 2

Together with the results which were obtained in the proof of Theorem 3.10, this yields

5 T

im (1™ + R™M) > —/ / (1 0rp + (1 + p) udugp] dadt —/ no(z) ¢(z,0)dz.
m—>+400 = 0 0 0

In the proof of Theorem 3.10, we obtained that lim,,_, 4 R > 0. Furthermore, Lemma 3.16 implies that

lim,,— 4 00 P(m) =, which concludes the proof of the theorem. O

4. THE PRESSURE CORRECTION SCHEME FOR THE FULL EULER EQUATIONS

We now turn to the development and study of a similar pressure correction scheme for the full Euler equa-
tions, that is for the system (1.2) assuming 7(u) = 0. Numerical schemes for the Euler equations have been
widely studied, and are very often based on Riemann solvers on the system consisting of the mass balance, the
momentum balance, and the total energy balance. We start this section by explaining why we use the internal
energy balance rather the the total energy in the correction scheme, and the precautions that must be taken in
order to compute correct shocks in this way:.

4.1. Internal energy, kinetic energy and total energy

Let us suppose that the solution to the Navier—Stokes equations (1.2) is regular. As already mentioned, taking
the inner product of the momentum balance equation (1.2b) by w and using the mass balance equation, we
obtain the so-called kinetic energy balance equation:

1 1
SO lul?) + Sdiviplufu) + Vp-u = div(r(u)) - u. (1.1)
Subtracting this relation from the total energy balance, we obtain the internal energy balance equation:
Ot(pe) + div(peu) + pdiv(u) = 7(u) : Vu. (4.2)

Since,

— from thermodynamical arguments, 7(u) : Vu > 0;

— thanks to the mass balance equation, the first two terms in the left-hand side of (4.2) may be recast as a
transport operator: 0;(pe) + div(peu) = p[Ore + u - Ve];

— and, finally, from the equation of state, the pressure vanishes when e = 0,

this equation implies that, if e > 0 at ¢ = 0 and with suitable boundary conditions, then e remains non-negative
at all times.

Our aim here is to build a scheme stable and accurate at all Mach numbers, and, in particular, which boils
down to a usual scheme for incompressible flows (or, more generally speaking, for the asymptotic model of
vanishing Mach number flows [45]) when the Mach number tends to zero. In these latter models, the natural
energy balance equation is the internal energy equation (4.2). In addition, discretizing (4.2) instead of the total
energy balance (1.2¢) presents two advantages:
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— first, it avoids the space discretization of the total energy, which is rather unnatural for staggered schemes
since the degrees of freedom for the velocity and the scalar variables are not colocated,

— second, a suitable discretization of (4.2) may yield, “by construction” of the scheme, the positivity of the
internal energy [18].

However, in the inviscid case and for solutions with shocks, equation (4.2) (with 7 = 0) is not equivalent
to the conservative total energy balance (1.2c¢) (with 7 = 0); more precisely speaking, at the locations of
shocks, positive measures should replace, at the right-hand side of equation (4.2), the term 7(u) : Vu which
is formally the product of vanishing quantities (for a Newtonian fluid, the viscosity) and infinite derivatives of
the velocity. Discretizing (4.2) instead of (1.2c) may thus yield a scheme which does not compute the correct
weak discontinuous solutions; in particular, the numerical solutions may present (smeared) shocks which do
not satisfy the Rankine-Hugoniot conditions associated with (1.2c). The essential result of this section is to
provide a solution to circumvent this problem. To this purpose, we closely mimic the above performed formal
computation:

— Starting from the discrete momentum balance equation, we derive a discrete kinetic energy balance (in fact,
this computation is already performed in the previous sections, since we use for the full Euler equations the
same discrete momentum balance as in the barotropic case). In this relation, residual terms which do no
tend to zero with space and time step appear (they are the discrete manifestations of the above mentioned
measures).

— These residual terms are then compensated by corrective terms in the internal energy balance.

We provide a theoretical justification of this process by showing that, in the 1D case, if the scheme is stable
and converges to a limit (in a sense to be defined), this limit satisfies a weak form of (1.2¢) which implies the
correct Rankine-Hugoniot conditions. Then, we perform numerical tests which substantiate this analysis. A
fully implicit scheme was studied in [26] along with two pressure correction schemes: the first correction scheme
is appealing for its (relative) simplicity, but does not seem to warrant the sign of the internal energy (so that
the unconditional stability induced by the above mentioned conservation of the total energy property is lost);
the second scheme cures this problem, at the price of the introduction of an additional elliptic problem which
must be solved at the beginning of each time step to determine a tentative pressure. Here, we present a variant
of these schemes, that preserves the positivity of the internal energy thanks to a renormalization step which
only consists in a weighting of the discrete pressure gradient and does not require any elliptic solve (and which
is thus much less costly). As the correction scheme for barotropic flows, it is implemented in the industrial
open-source code CALIF3S [5]. Let us mention also that fully explicit versions have been studied [30, 31].

4.2. The scheme

We propose in this section a pressure correction scheme, which, as in the barotropic case, features a renor-
malization step for the pressure gradient. As previously mentioned, we add a corrective term in the internal
energy equation; we are able to show that this corrective term is non negative, which ensures the positivity of
the internal energy and the existence of a solution to the scheme.

With the notations that were introduced in Section 3.2.1, the algorithm reads, for 0 <n < N — 1:

Pressure gradient renormalization step:

Pb, n A
T (V). (4.3a)
D

Voe&, (Vputt=
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Prediction step — Solve for "

For 1 <i <d, VO’E(S(Z),

Do |
ot

(Ph, gt = o tup )+ > Fraltt = |Do| (AMa)rtt + D, | (Vp)ah' = 0. (4.3b)

o 0,1 0’6 €,1
e€E(Dy)

Correction step — Solve for p"*t1, p"*1 en*! and un*!:

For 1<i<d, Voeé&Y,

D, _
Dol s — ) 4 Do) (V)3 — (V)] =0, (1.30)
VK e M @(p"“ B+ Y FRtl= (4.3d)
’ ot K 0,
oc€€(K)
VK e M |K|(pn+1 n+1 pn en)+ Z Fn+1 n+1
’ ot K K*K K,o €o (436)
ce&(K)
+IK| pictt (diva) it = S,
VKeM,  pit=(y—1) pitt et (4.3f)

where we make an upwind choice for e (again a crucial choice to ensure the positivity of the internal energy):

n+1 . n+1
€x if FK’O_ >0,

for 0 = K|L € &, entt = Ja (4.4)
L

otherwise.
The initialization of the scheme is performed in a way similar to the barotropic case. First, p~—!, €? and u° are
given by the average of the initial conditions pg, ey and ug, i.e. by (3.43) and the following relation:

1

Then, we compute p° by solving the mass balance equation (4.3d). Finally, the initial pressure p° is computed
from the initial density p" by the equation of state: VK € M, p% = (v — 1) p% e%. As in the barotropic case,
the objective of this procedure is to perform the first prediction step with (pl_)i)geg, (p%a)geg and the dual
mass fluxes satisfying the mass balance.

There only remains to define the corrective terms S in the internal energy balance (4.3e), with the aim
to recover a consistent discretization of the total energy balance. The first idea to do this could be just to
sum the (discrete) kinetic energy balance with the internal energy balance: it is indeed possible for a colocated
discretization. But here, we face the fact that the kinetic energy balance is associated with the dual mesh, while
the internal energy balance is discretized on the primal one. The way to circumvent this difficulty is to remark
that we do not really need a discrete total energy balance; in fact, we only need to recover (a weak form of)
this equation when the mesh and time steps tend to zero. To this purpose, we choose the quantities (S}L('H) in
such a way as to somewhat compensate the terms (Rgfl) defined by (3.45) appearing at the right-hand-side of
the discrete kinetic energy identity (3.44):

d
VK € M, Sitt =" Sptt,
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with:
1 . 2 s 2
S""‘1 Ean ! Z T (ug‘fl —uy,) + Z ke vhET? (ugfl u”“) . (4.6)
ce&(K)NEY cefl), enK#£0,
EZDU‘DU/

The coefficient o  is fixed to 1 if the face € is included in K, and this is the only situation to consider for the
RT and CR discretizations. For the MAC scheme, some dual faces are included in the primal cells, but some lie
on their boundary; for such a dual face €, we denote by N, the set of cells M such that M Ne # () (the cardinal
of this set being always 4), and compute ag . by:

K
K,e —

For a uniform grid, this formula yields ax = 1/4.

The expression of the terms(Sp™) ke is justified by the passage to the limit in the scheme (for a one-
dimensional problem) performed in Section 4.3. However, its expression may be anticipated, thanks to the
following remarks. First, we note that:

> St - Z > Rt = (4.7)

KeM i=1 geeld

Indeed, for K € M and o = K|L, the first part of S;‘(ﬁ-l, thanks to the expression (3.4) of the density at the

face p, , results from a dispatching of the first part of the kinetic energy balance residual Rgfl over the two

cells adjacent to o:

1|D‘ —1 (~n+1 2 1‘DK| 1 (~n+1 2 1|DL| —1 (~n+1 2
5 5; P%ﬂ (UZJ{ _ugz) 25 5t0 P (UZJZF _ng) +§ —&U Py ( ZJZF _“Zz) .
affected to K affected to L

For the second part of the remainder, a standard reordering of the sum yields:

d
2
d—2 ~n+1 n+1 ~n+1 d—2 ~n+1 n+1
g g g vhe (um- — Uy ) g g vhe (um- — Uy )

i=1 yee® =Dy 1D, i=1 —p,|D,, cc)

One may wonder why we do not use in S?(H the expression of this term as it is written in the remainder
Rgfl, i.e., in other words, use the numerical diffusion multiplied by u instead of the dissipation. A first answer
is that we mimic what happens at the continuous level: the term which appears in the kinetic energy balance
is div(7(u)) - u and the corresponding term in the internal energy balance is the dissipation 7(u) : Vu. A
more involved argument is that the expression in S?(H provides a positive source term to the internal energy
balance, and we may hope that the difference between the numerical diffusion multiplied by w and the associated
dissipation tends to zero (because the numerical diffusion tends to zero) in the sense of distributions. To have

an intuition of this fact, let us consider the toy elliptic problem, posed over {2:
v—vAv = f|

where v is a positive parameter and f € L2(£2). Assuming homogeneous Dirichlet boundary conditions, we
obtain by standard variational arguments |||l ) + 1/1/2||Vv||L2(Q)d < C, with C only depending on (2 and f.
We thus get, with ¢ € C°(£2):

/ [v(Av)v + v| V|| pdz = 1// div(vVu)pde = —1// vVu - Vede,
Q Q 7
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and so, finally, by the Cauchy—Schwarz inequality:

| a0+ 5190 oda| < C [Vl e 72
2

so this term tends to zero if so does v. A discrete analogue of this simple computation is used to pass to the
limit in the scheme in the next section (with a control on the unknown assumed and not proven).

Note that the term S7-"' is non-negative. Consequently, adapting the proof of ([18], Thm. 4.1) to cope with
this additional term, we obtain that the scheme admits at least one solution, which satisfies p > 0, p > 0 and
e > 0. In addition, equation (4.7) shows that the scheme conserves the integral of the total energy over the
computational domain.

Theorem 4.1 (Existence and stability). Assume that for all K € M, €} >0 and pi' > 0. Then there exists
a solution to the scheme (4.3), which furthermore satisfies p% > 0 and, for 1 <n < N and K € M, % > 0,
P >0, and the following discrete analogue of the total energy balance:

d
ST IEIek + 530 S0 Dol o () + R

KeMm i=1 yegl)
L
< Y IKlek 5> D Dol pp) (ug)* + R,
KeM i=1 yeel)

where:

D of?

TR SR NCA TR e iy
o€Einy PDo o=K|LEEm: Dol Pp,

4.3. Passing to the limit in the scheme (1D case)

We now undertake the passage to the limit in the scheme (4.3) in the one-dimensional case. Using the
notations (3.25)—(3.27), the scheme may be rewritten in “one-dimensional notations” as follows:

Initialization - Compute p~!, u% and p° by (3.53a) and €° and p° by:

1
VKEM,@%:—/ eo(z) dz,
K| Jx

(4.8a)
VK € M, p = (v — 1) pi ek
Pressure gradient renormalization step
~ P
Vo = K|L €&, (0p)5™ = =25 Wk —p])- (4.8b)

PD,
Prediction step — Solve for a"*!:

Do |
ot

- N
Vo = KIL € S, =0 (o, it — gy ul) + FRaptt — FRag™ — Dyl (Am@)s™ + ()3t = 0. (458¢)
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Correction step — Solve for p"*t1, p"*1 entl and u"+!:

—_— Do B " " ~
Vo = KIL € Em: 107 g (u — )+ 0 — ) — (Gl =0, (1.80)
— K
e L L S R S (4.8¢)
VK =[oo'] € M, W(P"KHJIL(H — plcelc) + Fptleptt — Fpttept! (4.8f)
AP (=g = S,
VK € M, Pt = (v =1) pit et (4.8g)
The corrective term S?(H reads:
K
VK = [o0'], Sptt= % Pt [(ag“ S R (i ug,)z] + hi (@t —amh)? . (4.9)
K

For discrete functions ¢ and v defined on the primal and dual mesh, respectively, we define a discrete
L1((0,7); BV(£2)) norm by:

N N

lallzemv =Y 6t > laf —akl  lolresy=6 > |og gl
n n

=0 o=K|LEEnt =0 e=D,|D,/ €&int
and a discrete L1(£2; BV((0,7))) norm by:
N-1 N-1
lallzemv = > IKID lai —ail,  lollzesy =D Dol D [ath — o,
KeM n=0 o€l n=0

For the proof of the consistency of the scheme (i.e. the proof of the Theorem 4.3 below), we need to introduce
the following stability assumptions on a sequence (p(m), p(m) | elm) g (m), u(m))meN of discrete solutions:

™5 + 1™ | + (™) | < €, VK € M™), for 0 <n < N, ¥m €N, (4.10a)
% <C, YKeM™ for0<n<N"™ vmeN, (4.10b)
(0|

(™) + (@™ < €, Yo e EM for 0 <n< N™ ¥meN, (4.10c)
Hp(m)”T,z,BV + ”e(m)HT,z,BV + ”p(m)”T,m,BV + Hﬂ(m)HT,x,BV <C, VmeN, (4.10d)
10" |7 .8y + |u™ | 7e8v <C, YmeN. (4.10¢)

Note that we do not suppose any control on time discrete derivatives of @™ (i.e. on ||@™)||7 ; y) and on the
discrete space derivatives of (™) (i.e. on |[ul™ ||z . pv). Note also that, by definition of the initial conditions
of the scheme, these inequalities imply that the functions pg, eg and ug belong to L*>°(£2) N BV (£2). As in the
barotropic case, we are not able to prove (4.10) for the solutions of the scheme; however, such inequalities are
satisfied by the “interpolation” (for instance, by taking the cell average) of the solution to a Riemann problem,
and are also observed in computations.

The following definition gathers the assumptions on the discretization which are needed in the proof of
Theorem 4.3 below.
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Definition 4.2 (Regular sequence of discretizations). We define a regular sequence of discretizations
(./\/l(m), 5t(m), l/(m))meN as a sequence of meshes, time steps and numerical diffusion coefficients which are
assumed to satisfy the following conditions:

(i) both the time step §¢(™ and the size h(™) of the mesh M (™) tend to zero as m — +o0;
(ii) there exists C' € Ry (not necessarily lower than 1) such that the following CFL-like condition holds:

1
VmeN, ——<C, withh™ = min = (hg +hp); (4.11)

o=K|Le&l™

int

(iif) there exists C' € Ry such that the sequence of numerical diffusion coefficients (v("™)),,cn satisfies
(m)
v

lim — <(C
m—+oo h(m)

A weak solution to the continuous problem satisfies, for any ¢ € C2°([0,7) x £2):

— / -p Orp + pu@wgo} dxdt — / po(z) p(x,0)da = 0, (4.12a)
22x(0,T) - 0

- / pudp + (pu® +p) 395@} dz dt — / po(x) uo(x) ¢(z,0) dz =0, (4.12b)
2x(0,T) - 9}

[ [pBow B+ puose]dedt— [ o) Eo(o) pla.0) do =, (4.120)
2x(0,T) - 2

1 1
p=(y—1)pe, E= §u2 +e, Ey= iu% + eg. (4.12d)

As in the barotropic case, these relations are not sufficient to define a weak solution to the problem, since
they do not imply anything about the boundary conditions, but they allow to derive the Rankine-Hugoniot
conditions.

We are now in position to state the following consistency result.

Theorem 4.3. Let 2 be an open bounded interval of R. Let (M) 5t(m) v (M) be a reqular sequence of
discretizations in the sense of Definition 4.2. Let (p(m),p(m), elm g(m), u(m))meN be the corresponding sequence
of solutions. We suppose that this sequence satisfies the bounds (4.10) and converges in LP(2 x (0,T))5, for
1 <p<+oo, to(p, p, & a, u) € L2 x (0,T))°.

Then @ = @ and (p, p, €, u) satisfies the system (4.12).

Proof. Let us first check that @ = u. We first note that thanks to assumptions (4.10a) and (4.10b), the pressure
prediction step (4.8b) yields that|(dp)2*1| < C |p% — p7|. Therefore, from the expression of the correction step
for the velocity (4.8d), we have, again using assumption (4.10b):

(™ — ﬂ(m)HLl(nx(O,T)) < OOt ||p"™|| 7 2.8v

which, passing to the limit when m — 400, yields the result.

We now observe that the stability assumptions (4.10) and the regularity assumptions for the discretization
of Definition 4.2 are stronger than the hypotheses made in the barotropic case (see Def. 3.5, Rem. 3.19 and
the assumptions of Thm. 3.20). In particular, combining L°°, space BV estimates and the assumption (iii) of
Definition 4.2 on the numerical diffusion coefficient, we can prove the same control on the space translates of
p and @ as provided by the remainder terms (3.48) of the inequality (3.47). Consequently, the passage to the
limit in the scheme for the mass and momentum balance equations is the same as in the barotropic case.
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We thus only need to prove that (p, p, €, @) satisfies (4.12¢). Let us first multiply the one dimensional version
of the discrete kinetic energy equation (3.44) by 0t ¢ and sum over the faces and the time steps. Similarly, we
multiply the discrete internal energy equation (4.8f) by 0t ¢’ , and sum over the primal cells and the time steps.
Summing the two obtained relations, we get Tl(m) + TQ(m) + Ts(m) + il(m) + Tém) = R(™), where the terms T(m),
T3(m), and Ts(m) are defined by (3.37a)-(3.37¢) in the proof of Theorem 3.20, and

" = Z‘” Z o e — pek] ek, (4.13)
n=0 KeM
"™ = Z oty [Frtentt — Frtlentl] o (4.14)
K—[—;]EM
RM — Z 5tz (Rn+1 Pn+1) o + Z 5t Z SnJrl " (4.15)
_ oeé = KeM

. . . payran 4 . —F —
where, in the latter relation, the remainder term reads, for 0 = K|L € &y, with K = [0'0] and L = [o0”']:

5 5 PD. |Uo - Uy

Rn+1 1|D | 1 [~n+1 g]2+ﬂn+1 {h’/ (an n+1 NZ'H)‘FL (ﬂg+1_~g+1) ’
K

and where P! is defined by (3.45), and S by (4.9).

The study of the terms Tl(m), Ts(m) and Tém) has already been performed in the proof of Theorem 3.20. The
study of the term Tvz(m) (resp. il(m)) is similar to that of the term T2(m) (resp. T4(m)) of the proof of Theorem 3.20,
replacing the elastic potential H(p) by the internal energy e. Finally, we have to deal with the term R(m), Here,
the situation is different from Theorem 3.20 since we have to prove that this term tends to zero whereas for the
entropy inequality in the barotropic case, we only had to prove that it is non-negative at the limit of vanishing
time and space steps. We split R™) into three terms: R(™ = R((;;n) + RZ”) + P(™) and give the expression of
each of these three terms hereafter. The first term reads:

N—

R =L S S - ) Py Y S Pl o ) ok

n=0 ce& 0 KEMoe&(K)

H

Thanks to the definition of the density on the faces, we get:

Z Y Dkl ottt —up)? (P — o),
n=0 KeM oec&(K)
and therefore, thanks to the regularity of ¢:

RV <, Y Y Y

n=0 KeM cc&(K)

1 2
(gt =)

Using the assumed uniform bound in L>(£2 x (0, T))) for the sequence (p(™),,en, We obtain that the remainder
R((;T) satisfies \R((;T” < C hm™) (R((;Tl) + R((;le)), where C'is a real positive number, independent of m and

Rz(S;nl) Z Z |D | n+1 n)2’ R((SZLQ) Z Z ‘D | n+1 an 1)2.

n=0 o€&int n=0 oEEnt
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The first of this term satisfies
RG] <2 16 e o,y N6l v

and, thanks once again to the expression of the velocity correction step (4.8d), we have for the second one:

RS < C s (™1l + (1@l ) 167,z mv,
‘ 5t,2 o) L (25(0T) Lo (2x(0,T)) Lo (2% (0,T))

where C is again a real positive number, independent of m. Hence R((;T) tends to zero as m tends to +o0o. Let

us now turn to R(Am)

_ v, ~ Voo
Ry = Z5t S at [t o s - a| e
o’zmefmm
K=[o'0], L=[o0"]

N-1
o0t Y (@t )’ ek
n=0

K=[oo’]leM K

, which reads:

As explained in Section 4.2, the general idea is now to recast this term as a discrete version of the integral over
space and time of a quantity of the form —u d,u d,¢ scaled by a numerical viscosity vanishing with the space
step; then, the supposed controls on the solution imply that the term tends to zero. Reordering the sums, we

get:

N—-1

DY a Yl @t o) @ - el b e (@ - ) e,

T K=[oo'leM

and thus:
N—-1
P=Ya Yt ) [ ek - o) + e - o)
K=[oo']eM K

We thus get, thanks to the regularity of ¢:
\R(Am)\ <vC, ||ﬂ(m)||L°°(Qx(o,T)) 1@ 7,2 v,

which yields the desired estimate. Finally, P("™) reads:

pim) = Z 5tZP"+1 o,

= el

and the fact that this term tends to zero is stated in Lemma 3.16. This concludes the proof. g

4.4. Numerical tests

In this section, we assess the behaviour of the scheme on a one dimensional Riemann problem. We choose
initial conditions such that the structure of the solution consists in two shock waves, separated by the contact
discontinuity, with sufficiently strong shocks to allow an easy discrimination of correct numerical solutions.
These initial conditions are those proposed in ([63], Chap. 4), for the test referred to as Test 5:

Pleft 5.99924 Pright 5.99242
left state: |uert| = | 19.5975 right state: |urghs | = | —6.19633
Dleft 460.894 Dright 46.0950

The problem is posed over {2 = (—0.5,0.5), and the discontinuity is initially located at = = 0.
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At the boundaries, since, in this test, the flow is entering the domain, the solution is prescribed (which,
in fact, is unimportant, the solution being constant at any time in a sufficiently large neighborhood of these
boundaries). Previous numerical experiments addressing barotropic flows [27] showed that, at least for one
dimensional computations with schemes similar to the one under study here, it was not necessary to upwind the
convection term in the momentum balance equation; consequently, we only employ a centered approximation
of the velocity at the dual faces.

The computations are performed with the open-source software CALIF3S [5].

The density fields obtained with h = 1/2000 (or a number of cells n = 2000) at ¢ = 0.035, with and without
assembling the corrective source term in the internal energy balance (Sk)xem, together with the analytical
solution, are shown on Figure 2. The density and the pressure obtained, still with and without corrective terms,
for various meshes, are plotted on Figures 3 and 4 respectively. For these computations, we take 6t = h/20,
which yields a cfl number, with respect to the material velocity only, close to one. The first conclusion is that
both schemes seem to converge, but the corrective term is necessary to obtain the right solution. In this case, for
instance, we obtain the correct intermediate state for the pressure and velocity up to four digits in the essential

part of the corresponding zone:
p*| _ |1691.65
8.68977

w| = } for z € (0.028,0.428)

(analytical) intermediate state: [

p € (1691.6,1691.8)
for € (0.032,0.417).
u € (8.689,8.690)

numerical results:

Without a corrective term, one can check that the obtained solution is not a weak solution to the Euler
system: indeed, the Rankine-Hugoniot condition applied to the total energy balance, with the states obtained
numerically, yields a right shock speed slightly greater than the analytical solution one, while the same shock
speed obtained numerically is clearly lower.

We also observe that the scheme is rather diffusive especially for contact discontinuities for which the beneficial
compressive effect of the shocks does not apply. More accurate variants may certainly be derived, using for
instance MUSCL-like techniques; this work is underway [17].

In order to check the consistency of the scheme, we give in the table below the L!({2)-norm of the difference
between the numerical and the exact solution (denoted (pex, Pex;Uex)) at t = 0.035, for various grids and still
for 6t = h/20.

h Hp_peX”Ll(Q) Hp_pex”Ll(.Q) HU—UexHLl(Q)
1/250 0.0662 1.235 0.00911
1/500 0.0452 0.619 0.00437
1/1000 0.0313 0.365 0.00232
1/2000 0.0215 0.170 0.00125
1/4000 0.0148 0.0849 0.000625
1/8000 0.0102 0.0357 0.000358

We observe a convergence rate of approximatively 1 for the variables which are continuous at the contact
discontinuity (p and u) and 1/2 for the other ones (in the table, only p). Since, as explained above, the error
essentially lies at the jumps of the solution, it means that a shock is captured in approximatively the same
number of cells, for any of the meshes used in this test; by a simple computation, this implies that the corrective
term (Sk)kem does not tend to zero.

5. CONCLUSION, PERSPECTIVES

In this work, we studied staggered implicit and semi-implicit schemes which had been found earlier to be
very efficient for viscous compressible flows [14-16]. We were able to show here that they are also well adapted
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FIGURE 2. Test 5 of [63], Chapter 4 - Density obtained with n = 2000 cells, with and without
corrective source terms, and analytical solution.
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FIGURE 3. Test 5 of ([63], Chap. 4) — Density obtained with various meshes, with (left) and
without (right) corrective source terms.

to the shallow water equations or barotropic Euler equations. We also showed that, with a careful discretization
of the internal energy equation, they are again an efficient choice for the full Euler equations.
There are several open questions under study at the present time or that will be in the near future:

— A proof of the consistency of the scheme in the multidimensional case is underway: there is a real difficulty in
going from the 1D case that we studied here in Sections 3.1.3, 3.2.3 and 4.3 to the multidimensional case, due
to the intricate definition of the nonlinear convection term in the momentum balance equation, which makes
complex the passage to the limit in this term. This difficulty has been adressed both for the fluxes defined on
unstructured meshes, with the Crouzeix—Raviart and Rannacher—Turek finite element unknowns [42], and
in the MAC case [29].
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FIGURE 4. Test 5 of ([63], Chap. 4) — pressure obtained with various meshes, with (left) and
without (right) corrective source terms.

— The consistency of the scheme with the entropy condition in the case of the full Euler equation is an open ques-
tion, although the numerical results suggest that this is true. We shall continue to investigate this important
issue.

— Comparisons are currently being performed, for the proposed pressure correction scheme, between the present
staggered discretization and a colocated version (density, pressure and velocity unknowns all in the cells), for
the Euler equations [62].

— An explicit version of this scheme has been studied both for the shallow water and Euler equations [30].
For this time discretization, higher order schemes using a MUSCL technique [56] have been studied and
implemented [17].

— Finally, setting p to a constant in the pressure correction scheme yields the usual projection scheme for
the incompressible Euler (or Navier—Stokes) equations. A natural question is therefore to know whether the
scheme is indeed asymptotic preserving: does the approximate solution tend to the incompressible solution
as the Mach number tends to 07 This question should be addressed in the near future.

APPENDIX A. SOME RESULTS ASSOCIATED
WITH FINITE VOLUME CONVECTION OPERATORS

We gather in this section some results concerning the finite volume discretization of the two convection
operators which appear in the Navier—Stokes equations:
— the convection operator C appearing in the mass balance, which reads, at the continuous level,

p— C(p) = Op + div(pu), (A1)

where u stands for a given velocity field (which is not assumed to satisfy any divergence constraint),
— the convection operator C, appearing in the momentum and energy balances, which reads, in the contin-
uous setting,
2+ Cp(z) = O(pz) + div(pzu), (A.2)
where p (resp. u) stands for a given scalar (resp. vector) field; we wish to obtain some property of C,
under the assumption that p and w satisfy a mass balance equation, i.e. d;p + div(pu) = 0.

Multiplying these operators by functions depending on the unknown is a classical technique to obtain convection
operators acting over different variables, possibly with residual terms: one may think, for instance, to the theory
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of renormalized solutions or entropy solutions for the operator C, or, in fluid mechanics, to the derivation of the
so-called kinetic energy transport identity for the operator C,, with z standing for a component of the velocity.
The results provided in this section are the discrete analogs of these properties.

We begin with a property of the convection operator C defined by (A.1); at the continuous level, this property
may be formally obtained as follows. Let ¢ be a regular function from (0, +00) to R; then:

V' (p) Clp) =4 (p) 0e(p) + ¥’ (p) - Vp + ¢ (p) p dive = 0 (¥(p)) +u - Vib(p) + p¢'(p) divey;

adding and subtracting ¥ (p) divu yields:

W' (p) Clp) = 3 (¥(p)) + div((p)u) + (pi' (p) — ¥(p)) div. (A3)

This computation is of course completely formal and only valid for regular functions p and w. The following
lemma states a discrete analogue to (A.3), and its proof follows the formal computation which we just described.

Lemma A.1. Let P be a polygonal (resp. polyhedral) bounded set of R? (resp. R?), and let E(P) be the set of
its edges (resp. faces). Let ¢ be a continuously differentiable function defined over (0,400). Let p% > 0, pp > 0,
0t > 0; consider three families (py)neepy C Ry \ {0}, (Vi)nesp) C R and (Fy)),eepy C R such that

Vn € E(P), Fy=py Vi,

and define:
Rose= | (pp— i)+ Y Fy| W/lor) (A1)
ne&(P)
L R
() + D ¥(py) Vo + (opt (pp) — ) >V, (A.5)
ne&(pP) ne&(pP)
Then

(i) If% is convex and p, = pp whenever V;, > 0, then Rp s > 0.
(il) If ¢ is twice continuously differentiable then

1|P _
Rpse = 2L (Bp) (op — 92— 3 30 Vo 0(7,) (o — eV

7765 P)

with pp € [min(pp, p}) max(pp, pp)] and ¥ € E(P), 5, € [min(py, pp), max(py, pr)].
Proof. We have:

P P
‘5‘ (p—pp)+ Y Fy| ¥ (op) ‘&‘ (op = pp) ¥ (pp) + > lpy) Vi
nGE(P) neE(P)
+ Z lon¥" (pP) — ¥ (py)] Vi,
ne&(P)
Pl

so the remainder term Rp s reads Rp s = rp + Zneg(P) Vi oy, with:

ot
rp = (pp — pp) V' (pp) — [¥(pp) = ¥(pp)], 0 = Py’ (pP) — ¥ (py) — (PP (pP) — P (pp)]-
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If the function ¢ is convex, rp is non-negative while r,, is non-positive (and vanishes if p,, = pp). If ¢ is twice
continuously differentiable, a Taylor expansion gives that:

(or = )0 (0r) = ¥(pp) = (0k) + 30" (Bp) o — 5
put! (00) —6(pn) = o (pp) — (o) = 50" (B,) oy — pr)?,

with pp € [min(pp, pp), max(pp, pp)] and for any n € £(P), p, € [min(p,, pp), max(py, pp); hence the re-
sult. O

We now turn to the momentum convection operator C, defined by (A.2); formally, using twice the assumption
Op + div(pu) = 0 yields:
V'(2) Cplz) =9/ (2)[0i(p2) + div(pzu)] = ¢/ (2)p[0z + u - V2]
= P[0 (2) + u- V()] = B (p(2)) + div(pu(z) ).

Taking for z a component of the velocity field, this relation is the central argument used to derive the kinetic
energy balance. The following lemma states a discrete counterpart of this identity.

Lemma A.2. Let P be a polygonal (resp. polyhedral) bounded set of R? (resp. R?) and let E(P) be the set of
its edges (resp. faces). Let pp >0, pp >0, 6t > 0, and (Fy)),ecepy C R be such that

1Pl
5t (pp = pp) Z Fy =0. (A.6)
ne&(P)

Let 4 be a continuously differentiable function defined over (0,+00). For up € R, up € R and (uy),cep)y C R
let us define:

P
Rps = |5t| (,OP’LLP pup ng(:P)F up | Y (up)
P
L o (ur) - + Y F, b)) (A7)
ne&(P)

Then:

(1) If is conver and u, = up whenever F, > 0, then Rps > 0.

(il) If ¢ is twice continuously differentiable, then

1P| , _ . 1 3

5%.013 ¢ (@p)(up — up)® — B Z E, ' (@) (u, —up)?, (A.8)
ne&(P)

Rp st =

with, Tp € [min(up,up), max(up,up)] and, ¥n € E(P), W, € [min(u,, up), max(u,, up)].
(iii) As a consequence of (i), for i defined by (s) = s%/2, and ¥y € E(P), u, such that u, = (up +up,)/2
(this is simply obtained by defining up, = 2u, —up), we get the following identity:

5t (ppup — ppup) Z F, P =135 - [PP up — pPp (Up)z] + B} Z Fy up up, + Rpst,
ne&(P) ne&(P)
(A.9)
with 1P
Rpsi = 5= pp (up —up)?,

2 4t
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Proof. Let Tp be defined by:

P
Tp = % (ppup — ppup) + Y Fyuy| ¢/ (up).
ne&(p)
Using equation (A.6), we obtain:
Tp = 5t pp (up —up) + Z n(un —up)| ' (up).
ne&(P)

We now define the remainder terms rp and (r,),ce(p) by:
rp = (up —up) ¥'(up) = [(up) —¥(up)], 1y = (up —uy) ¥'(up) — [P(up) — ¥(uy)].
With these notations, we get:

Pl

P . )
Tp = \5t\ oo [blup) = pwp)] + D2 Fy[Uu) = wup)] + S ppre = Y By,
ne&E(P) neé(P)
Using equation (A.6) once again, we have:
p = 1 o o bl + 2L .
P =57 [pp ¥(up) = pp ¥ Z Y(uy) Pp TP Z s
ne&(P) neE(P)

and thus: Pl
Rpst = o pp TP — Z .
ne&(P)
If ¢ is convex, the remainder terms rp and (7,),es(p) are non-negative, and if u,, = up, 7, = 0; hence, if we
suppose that u,, = up when F;, > 0, then Rp5; > 0. If ¢ is twice continuously differentiable, a Taylor expansion
yields:

1 _ . 1 —
rp = B} wll(“P) (up — up)2? Ty = 5 1/)//(“77) (uy — up)2
with up € [min(up,u}), max(up,u}p)] and, Vn € E(P), w, € [min(u,, up), max(u,,up)]. Thus (i) holds. The
assertion (iii) is then a direct consequence of (ii). O
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