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Abstract

We set up a numerical strategy for the simulation of the Euler equations, in the framework
of finite volume staggered discretizations where numerical densities, energies and velocities are
stored on different locations. The main difficulty relies on the treatment of the total energy,
which mixes quantities stored on different grids. The proposed method is strongly inspired,
on the one hand, from the kinetic framework for the definition of the numerical fluxes, and,
on the other hand, from the Discrete Duality Finite Volume (DDFV) framework, which has
been designed for the simulation of elliptic equations on complex meshes. We exhibit stability
conditions that guaranty the positivity of the discrete densities and internal energies. Moreover,
while the scheme works on the internal energy equation, we can define a discrete total energy
which satisfies a local conservation equation. We provide a set of numerical simulations to
illustrate the behaviour of the scheme.

Keywords: Euler equations. Staggered grids. Discrete Duality Finite Volume.

Contents

1 Introduction 2

2 Notation: meshes, unknowns 3

3 Definition of the scheme 8
3.1 Mass conservation on the diamond cells . . . . . ... ... ... ... ... ... 8
3.2 Transfer lemma and mass conservation on primal and dual cells . . . . . . .. .. 10
3.3 Momentum equation on the primal and dualcells . . . . . .. .. ... ... ... 14
3.4 Internal energy balance on the diamond mesh . . . . .. .. ... .. ... ... 16
3.5 Stability analysis . . . . . .. Lo 20

4 Conservation of total energy 31

*thierry.goudon@inria.fr
fjulie.llobell@unice.fr
fsebastian. minjeaud@unice.fr



5 Numerical simulations 35
5.1 Consistency analysis with a 2D manufactured solution . . . . . . ... ... ... 35
5.2 Numerical simulations in 2D . . . . . . . . . . ... 37

1 Introduction
This work is concerned with the simulation of the Euler system of gas dynamics

dp+ V- (pu) =0,
di(pu) + V- (pu®@u) + Vp =0, (1)
9 (pE) + V - (pEu) + V - (pu) = 0.

The unknowns depend on the time and space variables (¢, z) € [0,00) x Q with Q C R?, a regular
and bounded domain. In (1), p, u, E and p stand for the mass density, the velocity field, the
total energy and the pressure respectively. The pressure is related to the independent unknowns
(p,u, E) through an equation of state that depends of the adiabatic exponent v > 1; in what

follows we set )
o Il

+eand p=(y—1)pe,

where e is the internal energy.

The originality of our approach is to consider staggered grids, which means that the numerical
unknowns are stored at different locations of the mesh. Consequently, in contrast to the usual
approaches for the Euler equations, (1) is not treated as a system for the conserved quantities
(p, pu, pE), but instead each equation is considered “independently” on its own grid. Therefore,
the scheme is not based on resolution of local Riemann problems, but it uses only a relevant (and
simple) notion of numerical fluxes, and the upwinding principles. This viewpoint is particularly
motivated by the will to address simulations of complex models for mixtures which include an
additional constraint on the velocity field, or the simulation of flows in low Mach regimes. It is
indeed known that standard colocalized methods might lead to severe stability constraints, or
simply fail in capturing the correct solutions in these regimes, see [9, 10, 17, 18]. These issues
are beyond the scope of the present paper: here, we focus on the preliminary step which consists
in designing an efficient scheme for the Euler system on staggered grids.

This contribution takes place in a series of works, which started in [3] where the method
is introduced for the barotropic Euler equation in one-dimension. In particular, the proposed
scheme introduced numerical fluxes strongly inspired from the framework of kinetic schemes.
The scheme is shown to be stable, under suitable CFL-conditions, it preserves the entropy-
structure and the consistency analysis ¢ la Lax-Wendroff can be performed too [2]. This ap-
proach is further developped to handle complex systems for mixture flows [4]. The method
has been adapted to deal with multi-dimensional equations, when working on Cartesian grids
in [16]. It also includes MUSCL strategies that make the scheme second order accurate (for
smooth solutions), for both the barotropic and the full Euler system. When considering the
full Euler equations, we face the difficulty that the total energy mixes up quantities, typically
densities/energies vs. velocities, naturally defined on different grids. It leads to work with the
internal energy equation, at the price of taking into account appropriately the kinetic energy
balance, as in [20, 22]. Restricting to the barotropic case, the scheme has been adapted, still on
Cartesian grids, to set up an asymptotic preserving method in the low Mach regimes [15]. In
such a situation, the asymptotic regime leads to an incompressible limit. Accordingly the limit
scheme correctly handles the incompressibility constraint: owing to the staggered strategy, the
scheme has enforced stability /consistency properties, reminiscient of the MAC approach, in the
spirit of the pioneering work of F. H. Harlow and J. E. Welch [19]. However, these versions of



the scheme use strongly the Cartesian geometry of the grid. Here, we address the question of
the design of the method on unstructured meshes, for the full Euler system. The main difficulty
consists in finding consistent transfer procedures between the different grids, and a relevant ap-
proach for the energy equation, which cannot be treated by mere averages, due to the complex
geometry of the mesh.

To this end, and motivated by the treatment of incompressibility constraints and low Mach
regimes, the adaptation we are going to discuss on unstructured grids is strongly inspired by the
Discrete Duality Finite Volume (DDFV) framework. The DDFV framework has been introduced in
the 2000s in [11, 23] to solve the Laplace equation on general 2D meshes, including non-conformal
meshes, and, more generally, to numerically deal with elliptic operators V - (AVu), z — A(x)
being a matrix valued function. In the Finite Volume approach, one has to define numerical
fluxes AVu - n on the interfaces of the control volumes, and finding a relevant formula that
uses only unknowns stored at the center of the control volumes is not possible without severe
restrictions on the mesh geometry!. The DDFV approach has been extended to the Stokes
equations in [6, 7, 8, 25] and to the Navier-Stokes equations in [12, 13, 26, 29]. The main idea of
the DDFV method is to introduce additional unknowns so that full gradients can be reconstructed,
and to mimic at the discrete level the duality formula involving differential operators we are
used to for continuous quantities. The Euler systems does not involve any elliptic operator, and
it only involves first order derivatives. Nevertheless, the staggered scheme we propose gets its
inspiration from the DDFV approach designed in [12] to solve the non homogeneous Navier-Stokes
equations. We shall use ideas from [12] that consists in duplicating variables, together with a
suitable treatment of the convection terms in order to restore the consistency for the equations
on the primal and the dual meshes. We do not address this issue here, but we expect this
approach to be well-adapted to handle low Mach regimes on unstructured meshes. Moreover,
the duplication of variables can also open perspectives to reconstruct gradients and to design
a second-order version of the scheme, in the spirit of [5] where a MUSCL scheme for the Euler
equation is constructed based on DDFV principles.

The paper is organized as follows. In Section 2 we set up a few useful notations and make the
definition of the different mesh related quantities we are going to use precise. Section 3 details
the construction of the scheme. Two ingredients are crucial. First, the definition of the mass
fluxes, inspired from the kinetic framework, is very specific and induces several properties which
play a central role in the stability-consistency analysis. Second, suitable footbridges should be
introduced in order to transfer information from a grid to another. We pay attention to make
such a transfer consistently, which relies on a general statement, as discussed in [14]. We shall
equally discuss the stability analysis: under a suitable constraint on the time step, the scheme
preserves the positivity of the mass density and of the internal energy. In Section 4, we turn to
the balance of total energy. Precisely, we are able to provide a relevant definition of the discrete
total energy and we justify that its time evolution satisfies a local conservation law. Finally,
Section 5 validates the scheme by a series of numerical experiments.

2 Notation: meshes, unknowns

From now on, we suppose that € is an open bounded polygonal domain of R? and its boundary
is denoted 9f2.

Meshes. The construction uses three meshes: the primal mesh, the dual mesh and the diamond
mesh; the main steps of the construction are illustrated by Fig. 1.

Lif 2k and x5, stand for centers of adjacent control volumes, we only get an approximation of Vv in the direction
of [zk,zr], while we need a full gradient.



Figure 1: Meshes and associated notations.

e The primal mesh 9t consists of disjoints, non-degenerate, convex polygons K called “primal
cells”. We associate to each cell K its barycenter xx (see the blue cell in Fig. 1).

e The dual mesh 9* U 09* is made of cells built around the vertices zx~ of the primal
mesh. We distinguish the interior dual mesh 9t*, the vertices x i~ of which do not belong
to 0192, and the boundary of the dual mesh 09* for which xx~ € 0. There are two
options to construct the dual mesh, see Fig. 2:

@ with the direct approach the interior dual mesh 9t* consists of cells K*, built around
the vertex x g~ ¢ 09, by joining the centers x i of all cells having K* as a vertex (see
the red cell in Fig. 1) The boundary dual mesh 99t* is the set of cells K* such that
Tr~ € 0N and in this specific case, a dual cell is made by joining the centers of the
cells that share the vertex x i« and the centers of the two boundary edges containing
TR+

® the barycentric mesh is obtained by joining the centers zx to the midpoints of the
edges of the primal mesh, [7, §].

Clearly, the barycentric dual mesh can have a much more complicated structure than the
direct dual mesh, but it might have a practical interest in some circumstances.

e The diamond mesh D is made of quadrilateral cells D, - obtained by joining the endpoints
of the edges 0 = [x g+, x+] of the primal mesh to the centers of the primal mesh that share
this edge, which defines o* = [xx,x]. We distinguish the diamonds of the boundary
Dewt = {Do o € D such that 0 € 9N} and Dy = D \ Dege. In the specific case where
Dy o+ € Degt, the diamond cell D, .+ degenerates to a triangle.

In what follows, we assume
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Figure 2: Structured triangular mesh

e cither the direct dual mesh, case @), is such that all associated diamonds are convex. In
such a case the diagonals o = [+, x+], and 0* = [xk, 2], which are equally edges of the
primal — resp. dual — mesh, are included in the diamonds. When referring to the direct
mesh @), we always assume this convexity assumption.

e or we work with the barycentric dual mesh (). We refer the reader to Fig. 3 for an example
where there are non convex diamond cells. In this situation, considering a diamond cell
Dy ovy, 0 = [xg+,xp+] is still included in the diamond, and there are two edges of the
dual mesh, hereafter denoted o} and o}, which belong to this diamond, while possibly
0* =xk,2L] ¢ Do o+

€T, *
...... —_— . ...
0_*
L
(o
o],
*
0K
>\ . ....

TK

Figure 3: A case of non convex diamond cells: there are two edges of the dual mesh included in
the diamond cell. The shaded area is Dy o+ N L*

Of course, the three meshes cover the computational domain:

a=Jr= |J K= |J Do

Kem K*€M*UOM* Dy oe €D

The discretization is thus defined as a pair (T,D) where T = D U M* U IM* combines the
primal mesh 9 and the dual mesh 9t* U 99" and © stands for the diamond mesh. Note that



contrarily to standard DDFV notation, we do not introduce here the notation 991 for the set of
edges of the primal mesh 9 included in 0f2, considered as degenerate cells.

Boundaries. For boundary conditions, we distinguish

e the zero-flux boundaries with nothing going out or going in at the interface between the
domain and the outside,

e the outflow boundaries with no information coming from the outside of the domain,

e the Dirichlet boundaries where the variables are supposed to be known, equal to (pp,up,ep).

Notations. We refer the reader to Fig. 1 for the following notations.

e We denote 0 = K|L = [zx+,x1~] the edge separating two adjacent cells K and L of the
primal mesh, and ¢* = [zk, 2] is the segment that joins the centers of the cells K and
L. For the direct mesh, under the convexity assumption, we have o* = K*|L*, the edge
separating the adjacent cells K* and L* of the dual mesh.

e We denote s = Dy 5+ DU,,U*/ the face separating two diamond cells D, ,~ and D,

o For K € M, we denote D = {Dy o € D,0 € OK}. For K* € IM* U OM*, we similarly
denote D+ = {Dy o+ € D,0* € 0K*} if we work with the direct mesh. For the barycentric
mesh, the definition becomes D g+ = {Dy o+ € D,0K* N Dy 5« # 0}.

e The area of a cell X of 9, 9* U 9™ or © is denoted |X| and the length of an edge r of
type o, o* or s is denoted |g|.

e For a cell X of M, M* UIM* or © and for r € 90X, we define a unit vector ny , normal to
the face ¢ of the cell X and pointing outwards: ng , (with o € 9K for K € M), ng- o=
and ng- o+ (with 0,0} € OK* for K* € MM*), and npy o+ s (With 8 € 9D, 5+« N D,/ g
for Dy o« € ®). Note that

Nge = "MNLo, NK*oy = "Nixor, NEK+gr = —Nixor, NDoo*s = ~Npgr ouf -

e In order to analyze the preservation of the non negativity of the density and the internal
energy, we need to introduce a positive number reg (%) that measures the regularity of the
mesh 9

DO'O'* * *
reg (%) = sup <{|D|0|X| X € MUM* UIM*, Dy o e@xm’Dmt}

X .
U{IDa,a* , X € MUIM*, Dy e e:DXﬂ@m} > 1.

Unknowns.

o Density, internal energy and pressure are stored on the edges of the initial mesh: p, .~ and
€50+ are constant on the diamond cell Dy o+ € © and we set py o« = (7 — 1) po.o* €00

e Velocity fields are stored at both the centers and the vertices of the cell of the primal
mesh: ug is constant on the primal cell K € 9t and ug« is constant on the dual cell
K* e 9 U o™,
Observe that, in contrast to the Cartesian framework studied in [16], we store all the compo-
nents of the velocity on the centers and vertices of the primal meshes. The Cartesian case is
less demanding in terms of storage since the geometry allows us to store only the horizontal or
the vertical component at a given location, in the same fashion as the MAC discretization for
incompressible flows.

It is finally convenient to introduce two further scalar quantities, related to the internal
energy and the velocity, that are stored at the edges of the diamond mesh.



Definition 2.1. For s = D, ,«|D we denote

!
o’ 0%

* ’
6070' + eo./’o.*

€q 1=
2
For s = [zx,xk+]| an edge of D, o+, we denote
U +ug-
UDo,o*,5 = D) *Npoo*s-

For o = [xk~,x+] an edge of K such that o C 99, we denote

{ €s,0+ if 0 is a zero-flux or an outflow boundary,
e =

ep if o is a Dirichlet boundary,
0 if o is a zero-flux boundary,
u, = Mg+ Upn if o is an outflow boundary,
up 2 if o is a Dirichlet boundary,
and
Uy = Uy - N o
Note that

UDo,o*,5 = 7’“’D0",0’*’,5 if 5= Dma* |Do",o'*/

Remark 2.2. This discretisation technique differs from the staggered approach developed in [20,
22]: dealing with grids made of quadrilaterals in dimension 2, in [20, 22] densities and pressures
are stored at the center of the control volumes and, using ideas reminiscent to Rannacher-
Turek or Crouzeix-Ravart finite element methods, velocities are stored at the center of the faces
of the mesh. The corresponding scheme can be shown to conserve globally the total energy,
and stability /consistency properties are further discussed in [20, 22]. While the method differs
by many aspects (discretization, definition of the numerical mass and momentum fluxes), the
analysis of our scheme is based on manipulations close to the proofs of [20, 22].

In what follows, we shall repeatedly use the following elementary claim.

Lemma 2.3. Consider a triangle ABC'. For a given vertex V, we denote |v| the length of the
edge v that does not contain V. and ny stands for the outward unit vector, see Fig. 4. The
following equality holds: |ajna + |blnpg + |¢jnc = 0.

Figure 4: Triangle ABC



3 Definition of the scheme

For further purposes, we remind the reader that the sound speed of (1) is

c(e) = V(v — e,

which only depends on the internal energy e. This quantity naturally enters in the definition of
the numerical fluxes since it is related to the speed of propagation of the information as driven
by (1). Indeed, let us write (1) in the non-conservative form

Op+u-Vp+pV - -u=0,

ou+ (u-Vyu+p 'Vp=0,

de+u-Ve+p pV.-u=0.

Denoting U = (p,u, e), it can be cast in matrix from as ;U + A(U, V)U = 0 with

u-V pV- 0
AU V)= |p '8V u-V  plEVv
0 p 1pV- u-V

Let € € R? with [|£]] = 1. Then, denoting u = u-&, A\_(u,¢) = u— ¢, u and Ay (u,c) = u + c are
the eigenvalues of the matrix A(U, ¢).

3.1 Mass conservation on the diamond cells

We start by defining the mass fluxes on the interfaces of the diamond cell. The construction of
the fluxes proposed in [3] involves the following function, parametrized by p > 0, ¢ > 0, u € R,

5 €ER+— M[p,c,u] (6) = il\ﬁ—mgca

which has a compact support, precisely limited by the characteristic speeds of the Euler system.
This function arises in the definition of kinetic schemes for solving the Euler system [24], and
the support property plays a crucial role in the stability analysis of such schemes [31, 32]. The
numerical fluxes are defined by using this function, accounting for both a direction of propagation
and the characteristic speeds.

Definition 3.1. Let

0 if u < —c,
p .
Frpen) = [ Myo©ds = Lxcuo? it <e (2)
£>0 C .
pu ifu>e,
and
ou if u < —c,
_ 1% .
F~(p,c,u) :/ EMp,eu)(§)dE = —4—/\_(u, c)? if jul <e, (3)
£<0 C .
0 if u>e.

It is worth pointing out that, despite its “kinetic” flavor, the definition of the flux function
has a very simple expression and does not need any numerical computation of integrals. The
following properties are fundamental for analysing the scheme [2, 3, 4, 16].

Lemma 3.2. The functions F* satisfy the following properties

o symmetry :
F~(p,c,u) = —F(p,c,—u), (4)



e consistency :
Ft(p,c,u) + F (p,c,u) = pu, (5)

o foranyu €R, p >0 and c > 0, we have
0< ]:+(pv ) U) < p[)‘-i-(ca u)]+ et — p[)\_(C, U)}_ < ]:_(p7 & ’U,) < 0. (6)

The scheme is next based on the upwinding principles applied to the expression

Ft = EME.

£s0

Namely, given an interface, the mass flux associated to the positive (resp. negative) kinetic
velocities £ uses the backward (frontward) density. This definition significantly differs from the
scheme introduced in [20, 21, 22] which is based instead on the material velocity only (and not
on the characteristic speeds), in the spirit of AUSM schemes [28, 27]. It induces naturally some
numerical diffusion which prevents the formation of oscillations when the material u velocity
becomes small, see [3, Appendix BJ.
We thus define the mass flux Fpg o+,s from the diamond cell D, - through the interface
5= Dy o~ \Dg/ﬁ*/ as follows
Fpoo s = Fheoes+Fb

o,0%,5
with
]—'50’0*’5 = F 1 (po.orc(€s),Upsos) and Fpowes =F (Porgrs¢(€s), UDo,o5)-

It uses the velocity and sound speed naturally given on the interface by Definition 2.1, and
upwinds the density. The symmetry property (4) implies that

‘7:D<770*15 = _‘FDO'/,O'*/
and thus Fps e+ s is a conservative flux. Moreover we have the following two equalities:

+ o —_
Fhoors = —F

’
5 Do’,0* s

— _ +
and ‘FDU,J*,E =—-F

;.
Do',0* s

The discrete mass equation on a cell Dy o+ € Djyy is given by

Po,ox ~ Poo 1
d i Fpoors =0. 7
5t + |Da.z7*| Z |5‘ Do,o*,s ( )
’ SEBDG,U*

The definition needs to be slightly adapted at the boundary. For the diamond cell D, o+ €
Dext, we have to define the outgoing mass flux F, = F,} + F, through the boundary edge o.
Denoting K the primal cell whose ¢ is an edge, we adopt the following definition:

e Fi =0and F, =0 for Zero-flux conditions,

o Fi =F* (po,o+,cles), us) and F; = 0 for Outflow conditions,

o Ff =F(poo+,cles),us) and F, = F (pp,c(es), us) for Dirichlet conditions.

The discrete mass equation on a cell Dy o+ € D¢y is given by

ﬁaa* — Po,o* 1 |U‘
: ' FDo o+ Fo =0. 8
T 2. sFpeestp (8)

5€8Da,g* \89




3.2 Transfer lemma and mass conservation on primal and dual cells

In order to transfer the information from a grid to another, we shall make use of the following
transfer lemma, extracted from [14].

Lemma 3.3. Consider a cell € and for each edge s of €, with unit outward normal ng 5, we
consider a given fluz-type quantity Xy 5. There exists a function we, which is Haiy such that

1
V. Wg = @ Z |5|X‘€,5 (9>
s€0F
and
/w<g Ny s = |5|X<@5. (10)
5

This claim appeared in [12], in the specific case of quadrilateral and convex cells, as a key
ingredient for designing convection fluxes for the incompressible Navier-Stokes equation with
variable density; it has been generalized in [14], which, furthermore, provides practical proce-
dures to compute the transfer formula. This statement will be used in different places. First,
we need it in order to define the momentum fluxes to be used for updating the velocity. To
this end, we apply Lemma 3.3 on the diamond cells ¢ = D, ,- € ®©. This allows us to define
numerical densities on the primal and dual meshes, together with numerical conservative mass
fluxes, so that a discrete mass conservation holds on these meshes too. Second, we will work
the other way around, with ¥ = K or K* in Section 4 in order to justify the local conservation
of the total energy.

Let us explain how this works on the diamond cells € = D, ,« € ©. We remind the
reader that the edges s of the diamond cell D, ,« are of the form sxz« = [zx,xz+] with
(X,2*) e {(K,K*),(L,K*),(L,L*), (K, L*)}, see Fig. 3 and 5, and at each edge is associated
a mass flux Fpg o+ ,s-

Figure 5: Diamond cell Dy g+.

Since the diagonal o is an edge of the primal mesh, say for the cell K, we get a mass flux by
setting

|01 FK.0 = /wDa,ﬂ* DK (11)
g

This quantity has actually a simple expression by means of the original mass fluxes Fpy o« s
Indeed, we have

lo|Fk,o = / V-wp, . —/ WD, ,« Mgy —/ Wp, .« "N,
|§U'G*NKK| S K* SpL*
« N
= ‘057‘ Z 15| Fpoox,s — |5k K+ |Fosppe — |SKL* | Fosmp-
o,0*

5€0D, 5+

10



Using the obvious relation |D| = |D N K|+ |D N L|, for the interface 0 = K|L we finally arrive

at
D, NK 5 DyoxNL 5
fK,a'lfgl' > l"fD'|D| > |'|fD (12)
00" SEID 5 o+ g o, SEOD, o+ g

sCL sCK

These mass fluxes will be used to obtain a mass conservation equation on the primal mesh, but
they will also enter into the definition of the momentum fluxes. For this purpose, we need to
split

Fro=Ff o+ Fry  +tFi, 20,

since we wish to apply upwinding principles. A naive attempt would consist in performing the
same construction starting from the original decomposition Fpg o+ 5 = .7-750’0*’5 —&-.7-'5070*’5; but,
as it will be further detailed later on, there is no reason that the corresponding fluxes (11) on
the interfaces of K and K* preserve the sign property. Instead, we simply rearrange terms in

(12)

[Doox N K| |s| |Do,o- N L |s|
Froe = =22 Y iFbeors 1 2o 1. Doe
K,o |Dao*| |0" Do,o*,s |D00'*| |J| Do,o*,s
, 5€AD, 4 : S€EIDG o+
sCL sCK
>0
n |Do,o- N K| 3 ﬂ}_, _ [Door NL| 3 ﬂ}-+
|D<7,z7*| 5€0D, o |0'| Doya™.s ‘D(770'*| 5€0D,, o | | Do,
sCL sCK
<0
This is the definition we are going to use for .7-"50,”*75 and Fp, . 5, namely
+ [Doo- N K| ls| ~+ |Doo- NL| |s|
‘FK,J = |01; *| Z F‘fDa,a*,s - ﬁ; *| Z ﬂ]:g:r,o*,s' (13)
i 5€0D, o+ i 5€0D, 5+
sCL sCK

As far as we are dealing with the direct dual mesh @), by the convexity assumption, the
diagonal ¢* is an edge of the dual mesh, and we obtain similarly the following expression for
the mass fluxes on the dual cells

\/_"K*7g—* :f;*7o* +f_*,0*
with
|1)Uo*fjl(*| |5| 4 ‘I)UU*F]L*| |5
D P V™ £ S
K*,o ‘Da’o’*‘ |0‘*| Do,o*,s |-Da'a'*| |0_*‘ Do,o*,s ( )
’ s€0D, = , s€OD, 4+
sCL* SCK*

What is crucial is the fact the fluxes satisfy the conservation property: with ¢ = K|L and
0_* — K*|L*,
.FK,(; = _.FL’U and fK*}g* = —.7:[‘*’0*.

More specifically we have

Fio=-Ff, and Fi.,.=-FL .. (15)

o*

Let us detail how this approach generalizes for the barycentric dual mesh (), the geometry
of which is much more intricate. There is no restriction at all on the geometry of the cells, in

11



defining a mass flux on an edge s (of X = K or X = K*) contained in D, ,~, with the unit
outward normal ng by the formula

|s|Fx,s = /wav* ‘N, (16)
5

This is still a conservative quantity: if § = X|Y C Dy 4+, then Fx o, = —Fy,s, and we adopt
this definition from now on. In particular, it allows us to deal with the barycentric mesh. We
refer the reader to Fig. 3 again. The domain D, 5« N L* is delimited by o7, o} (which are not
necessarily on the same direction), sx 1+, and s7,+5,. The mass fluxes are already known on s+,
and sp+7,, which are boundaries of the diamond D, ,«, and we wish to clarify their expression
on o, oy, the boundaries of L*. Therefore, by definition of wp, . and the divergence theorem,
we obtain

D, o« NL*
T e i DL
Dg,oxNL* 797 s€aD, 4
= |0kl Freoy + 0L FLr 0y
+sxr:|Fp, v sxcpe T 150 LIFD, o spey -
We write
1= |Doox NL*| | |Dgor N K"
|Do,a* |DU,U*
so that
D, «NL*
lok|Freor + 1001 FLeor = |L57| > sl Fpooes
7,9 se@D,,,c,*
TAEKL*‘@*TU*JKL* - |5L*L|]:Davg*,sL*L
« N
ST lID DR o (a7)
o,0%*

$€ID, o+ NK*
|Dg,o+ N K| Z

F * g
|Da_.’g*| |5| Do,o*,s

$€0D, o« NL*

We recover the same expression as for the direct mesh, and it makes sense to still denote this
sum by Fg+ o+ (which thus does not need to determine explicitly |U}}\J:L*7,,;( and |0'z|]:L*7Uz:
the sum can be evaluated directly form the knowledge of the mass fluxes on the interfaces of
the diamond cells).

Next, we can define the splitting Fr« - = Fj. o+ + Frs o+ as we did for the primal
mesh or the direct mesh, which leads to (14). Tt it worth det:iiling further this decomposi-
tion and explaining its consistency. Indeed, the auxilliary function wp_ . depends on the fluxes
Fp =F} +Fp, and, it turns out that Fx , defined by (16) appears as a linear
combination of these fluxes; we get

g,0%t PN RN

]:X,s = E 77r]:Dm,,*,t-
t€0D, 5%, Dy o+ €D X

The expression of the coefficients is fully detailed in [14], but we dot not need this here: we
point out the the 7, are real, without definite sign; this explains why a construction applying
directly Lemma 3.3 to the }"5 . . would fail: it is not guaranteed that the combination of the
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]—% .« keeps the sign. Nevertheless, we can write

}—X,s = Z nrf;a‘v*’t + Z Ut]:BM*,r

720 7:<0

>0
+ Z nf]:l-i)_g,a*,t + Z 771"7:50)0*;'

7:<0 1 20

<0

This defines the splitting Fx s = ]-")'(" s + Fx - We apply this construction to define Frror =
Fieror + Fie,
to

. and Fgx o = ,t o+ +Fp» o« By summing these contribution, we go back
K "L "L

o L

0% | Fre o = 05| Freor. + 0L Fice ot
and then we obtain

|01 F i or = 05 F i .+ 10| F e o (18)

70-* L

For interfaces ¢ and o* such that D, s« € D¢qt, we naturally set
]:K,U:]:o and ]:K*,U:]:U-

since F, was previously defined as the flux outgoing through o. Moreover, denoting o =

[k, xL], we set Fis gv = ?(*70* + Fre o« With
+ |Dg,or N K*| |Do,o- N L
o™ | F o = TBTBKL* fajfskm - TET\SKK*U:;,SKK*
1Doo NK*|, o |Dyoe N L
5 FT _ > ]_‘:F.
+ 2|Do-70-* |J| o 2|Do-,a* |0-‘ o

With the motivation of writing a conservative equation for the momentum pu, we introduce
averaged densities on ¥.

Definition 3.4. The averaged density on a cell K of the primal mesh is defined by

Dy ox N K
PK = Z gpmax for K e M

D, ,+«€EDK |K|
and on a cell K* of the dual mesh, we set
DO‘ o* nK* * * *
PK* = Z |’|}(*|p070* fOI‘ K S m Uaf)ﬁ .

Dy ox €D g

With this definition at hand, considering either the primal or the dual mesh, the averaged
densities px and px+ satisfy conservative equations, as observed in [12].

Proposition 3.5. The averaged densities px, px+ satisfy the following conservative equations
for any K € 9 and any K* € MM* U OM*:

PK — PK _
|K|T+ Z 0| Fk,0 =0,

Do‘,a* EgK
Drcs — * g
|K*|%+ Z |0*|]:K*’0_*-|- Z %]‘—K*’Uzo_
Da,a* ED g+ Do,o'* EDgxNDegt

13



Proof. This is a consequence of the construction of the fluxes. Indeed, when considering
| K|2=PE | we are led to compute

Dy NK
s (2N s s,
Dy, ox €D KNDint i SE€EOD, o*
D, o+ NK
T SR =Tty VA Ry
o,0*

Dg o+ €DRNDext S€0D, o+ \ON

By definition and going back to Lemma 3.3, we get

>\ e

Dy ox €D K NDiny 5€0D, o

= E ‘Da,g*ﬁ]ﬂV'WD(,d* = E V.-wp, .-
Dy ox €EOKNDint D, o+ €EDKNDint Do o= NK

By virtue of the divergence theorem, this becomes

3 > [en.on

Dy ox €DKNDint \s€I(DNK)“?

Z /wDM* ‘ny +
[eg

Dy ox €D KNDint s

Z lo|F,o + Z 5| Fpoor.s

Dy o+ €D KNDint S€0D, o, SCK

> 0| FK .o 4 0.

D, o+ €EDRKNDint

S€0D, 5%, sCK

A similar computation holds for the external cells and the dual cells. Note that the same formula
holds for both the direct and the barycentric meshes, by merging contributions as in (17). For
the primal cells (and the dual cells for the direct dual mesh), the result can be checked by using
the explicit formula (13) and (14), see [30]. |

3.3 Momentum equation on the primal and dual cells

We now turn to the definition of the momentum fluxes G , for the primal cells and Gg+ o~ for
the dual cells. We first consider the case of interfaces o ¢ 92. In this case, for the primal cells
we set

Ok.o = Fie guk + Fr ,ur. (19)

Namely, for defining the momentum fluxes we use the mass fluxes .7-';0 given by (13). For the
dual cells, a similar formula based on (14)

QK*,,,* = f'?(_*,g*uK* + .7:_*70*11[,*. (20)

applies directly when we use the direct mesh @: the convexity assumption of the diamond cells
implies that o* is an edge for the dual cell and is included in D, ,«. For the barycentric dual
mesh (), there are two viewpoints:

*) either we define the mass fluxes on all interfaces of the dual mesh, by using the general
formula (16). Then, on these interfaces, say o}, we split as described above the flux into

14



positive and negative parts Fr« o« = Fp.

K o

.t Fres o and we apply the upwinding
principles accordingly by setting QK*’J;{ = ;*J;{ll[(* + ]—'ZJ;{ ur+. Asin (17), we can

merge the contributions |05 |G~ o+ and |07 |Gx+ o the sum can be cast into

**) or, we use directly the averaged formula (17), which defines ]-"I%*’U* by (14) too, and then
we make use of (20).

The two viewpoints coincide, owing to (18). Note that the momentum fluxes are conservative
as a consequence of (15). For the boundary conditions, that is for o C 99, we define:

Oko = f;‘uK +F,u, and g+, = fjuK* + Fu,.

Remark 3.6. For the fluxes Gi ,, the formula (19) is valid also for ¢ C 9 if we use the
convention uy = u, in this case.

The momentum equation also requires to introduce a discrete pressure gradient. It is obtained

by mimicking the formula
/ Vp = / pn.
X X

Definition 3.7. The discrete pressure gradient V gp is defined on ¥ by

1
(Vdp)K = ﬁ Z |J|pa,a*nK,Ua for K € mt,
D, ,+€DK
1 * *
(Vdp)K* = |K~—*| Z |U|p0',o'*nK*,o'*7 fOI' K € m y
Dy gr €0 e
1 o
(Vdp)K* = W Z |a*|pa,a*nK*,g* + Z %paﬁ*nK,g, for K* € o901*.
Da,g* ED pxNDint DU,U* EDp*NDint

For the barycentric mesh, the formula for (Vgp)x- still makes sense, by setting
0" 0K o+ = |0k [NK~ oz + 0K o, (21)

remarking that this vector is indeed orthogonal to ¢*, by virtue of Lemma 2.3.

The discrete momentum equation is given for K € ¥ by

PrUK — PKUK 1 Z

+ = l0|GK,o + (Vap)k =0,

5t |K| DUYU*GQK
Pr+UK* — PR=UK~ 1 Z | *
- g |Q’K*70*
5t IK ‘DUYU*EQK*QSMJ
42 3 [\a*|g**+mg*}+(v Jice =0
‘K*‘ K*,o 2 K*, o dp K )

Do',a* e@K*mgemt

Definition 3.7.

(22)

with px and pg~ given by Definition 3.4, fluxes defined in (19), (20) and pressure gradients in

15




3.4 Internal energy balance on the diamond mesh

At the continuous level, considering smooth enough functions, the internal energy equation is
deduced from the kinetic energy balance which is itself obtained by multiplying the momentum
equation by u. At the discrete level, multiplying the discrete momentum equation by ug or
ug-, whatever the considered mesh, introduces a remainder term that has to be taken into
account to write the discrete internal energy equation [20, 22]. To this end, let us introduce
kinetic fluxes Kx , from primal cells and K« 5+, K+ » from dual cells. For o ¢ 052, we set

2 2 2 2
u _ U = _ uy =
Ki.o = f;JL ’2(” +Fry u ;” . and  Kgeor = Ff . ” 5t *76*7” 5 1= (23)
These fluxes are conservative (Kg , = —Kpr -, and so on...) as a consequence of (15). For the
boundary conditions, that is o C 99, we set
2 2 2 2
u u U~ u
Ko = Fi | I;H T+ r ] ;” and Koy = Fi | . I £ ;H

Note that for the barycentric mesh, we can define the “intermediate” kinetic energy fluxes
FK+,01, Fi+or by going back to (18). It yields

[ug- 2)
b
2

) (24)

2
U
Krsor = (.7:;? , Jue- |17 + Free,

]CK*,JZZ(]:;;* Z”“K*” + Figu oy 122
0% Kk 0. = |05 | KK* 0z, +|0L\’CK* o -

o*
K
[lup=l

Remark 3.8. Note that, as for momentum fluxes (see Remark 3.6), formula (23) for fluxes
Kk.o, is valid also for o C 02 if we use the convention uy = u, in this case.

Definition 3.9. For K € 9 we set

1 ~ ik —ug|? Uk —url
R —ugl|®+ F —
o= Gty S e (1 ey,
o,0* K
with the convention that u; = u, when o C 99Q.
For K* € 9" U 99M* we set
_ Pk+ 2, 1 .| Ok —uge|®  |[Ax- —ugp- |
Ry~ = = U Frow o —
K= o5 10K uK”+|K*| 2 |U|K"’< 2 2
Dy or €D g
1 lof o (0= —ug- > [8k- —uy|?
—_— —F — )
TR 2. 5 7o ( 2 2

Do €D g ND ot

Lemma 3.10. The discrete balance of kinetic enerqy is given for K € I and K* € 9" U 9IN*

by
sl el
: ) 2t Z lo|Kk.o +(Vap)r -Ux = —Rk- (25)
t | K| vy
5 Uk ) g2
s — PK* 1
: 5t 2+ K] Z |o*| KR o
Dy ox €D gxMNDint (26)
1 g
ara 3 | ‘]CK*[,-I—(Vdp) g = —Ryee.

Do,a* EQK*mgemt
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Proof. For X € T, we multiply by ux the momentum equation (22) and use the averaged
mass equation in Proposition (3.5).

a) Let K € 9. In what follows, we use the convention that u;, = u, when the edge o C 99;
so that the expressions (19) and (23) are valid for o C 92 too (see Remarks 3.6 and 3.8). We
start by remarking that

Uk —pxug 1 Jugl®  Jugl® | Pre e
5t “K_5t< g Pkt lue k]
I S L
5t ( g UKIHuK )

Thus using the average mass balance stated in Proposition (3.5) we get

POk —prux _ 1 (gl lugl® | Pr 2

3t “K_at( g kgt e k]
u
> lolFro (” L 'UK) :
|K| c€dK
Next, using the notation Fl'' = F+ — F~ and bearing in mind that F = F* 4+ F~, we get
]:H[,—"']:KU ]:Ko'_]:"lg- ug +u ug —u
rp = — —ug + — BTy, = Fr oL + Fl L.
2 2 2 2
Hence, the momentum equation multiplied by ux becomes
[uxl® [ukll?
PK 9 PK 9
- + B ot~ + (Vanhic -+ i 3 [olBrr =0
JG@K
where
Jug|® ug —ug || UK L —
Brko=FKko F
K, ( 9 5 +JK 3 K

u 2 u 2 u 2 u 2
S B (L T )

With definition (23) we are left with

- 2 = 2
_ Ug —ug Ug —urp
BKUZICK,O"‘_J—'VK’O-(” H - H ” )a

2 2
and thus we obtain (25).

b) For K* € 90t* U 99*, as previously, we first remark that
&

Jug-|* | Pk- 5
5 PK* 9 + 9 Ug- — Ug-||

P —pre (k-]
ot 2

ﬁK*ﬁK*—pK*uK*_ﬁ I ||t
St K st

— Ui~ -uK*> .

17



Thus using the average mass balance stated in Proposition (3.5) we get

Pl —preug- 1 ug P flug-|® | e B 2
ot U ( K9 iy e —usel
1 . [ug-|” =
+ |K*| Z o™ | Frcs o ( 5 —Uug* - UK
Dy ox €D o
1 o] Jug-|? =
+ K] Z 5 Ko < 5 K K
Dg o €D gxNDext
The momentum equation multiplied by Tx+ becomes
[ax-|? . Jug-|?
K+ —PKT—5 5
2 2 PK* 1= 2 =
U+ — UK~ v * c UK *
5t T 55t (v k" 4+ (Vap) k- -k
1 . o] [ug]” =
s e 2 ) (P e
Dy ov €D Dy o# €D o ND et
+ 0" |G e + %G, | i =0
il T st X o) ue=o

2
Do €D g Dy ot €0 gx ND et

We obtain (26) by remarking that, as in the first part of the proof, we have for all Dy 5« € D g+
2

Ug = _ _
Fre o (” 5 Uk 'UK*> + Gk o - Ug~
|12

= = 2
_ Ur~ — UK~ Ug+ — Ufp«

and similarly, we also get for all Dy o+ € D g+ N D¢y that
2
U g
Fo (” I; ” — Ug~ 'UK*) + Gk o - Uk

= ICK*yg' +-F; (HUK* _2uK*||2 - ||ﬁK* 2_110’”2) .

We remind the reader that the kinetic energy equation does not have to be solved since
we already know the velocity on the primal and dual meshes from the momentum equation.
This computation only aims at defining the remainder terms Rx and Ry« that will be used

in the equation for updating the internal energy. Before this, we need to introduce a discrete
divergence operator, naturally inspired from

/V-u:/ u-n.
X X

Definition 3.11. The discrete divergence operator on a cell D, o« € ® is defined as

1

LS fslupes
|DU’U*| 5€0D, ,*

(Vd . u)o,a* =

when Dy o« € Dint, while for Dy o« € Dege, We set

E Y elupens + g
UDo,o*,s
S€OD,. 4+ \OQ 2| Do,

(Vd : U)U,U* =

U+ + Uur«
(u”Jr — L)‘HK""

| 0,0*|

18



The following statement gives an equivalent formulation of the discrete divergence; it will be
useful to study the stability of the scheme.

Lemma 3.12. The discrete divergence operator on a cell D, .« € D recasts as
1

(Va-u),,. = 2(D (lol(up —ug) ng,e + 0" (U —ug+) g g:), VDor € Dint.
o,0%*
1

(Va-u), . = 2Dy o+ (lo| (e —ug) nge+ 0" (aps —ug+) ng- o), VDoo+ € Dear-
o,0%*

Proof. Let us first assume that D, ,- € D;,:. Using the definition of upgs e+ and of
(Vag-u) we have

o,0%)?

Uug UK *
|5|uD07<7*75 = ’ (|5KK* |n0'75KK* + |5KL* |n0'15KL*) + ’ (|5KK* No sy pen T ‘ELK* ‘n0'75LK*)
2 2
SEOD, o

uy, uy,*
+ 35 (IsLr+ o5, o + S22 M0s,,.) + 5 (Iskr*Mosy . + |50 Mos,,.)-
By using Lemma 2.3, it follows that
ug Ug = * ur, ur *
S Isluneors = = - lolnke = —h- - 0" K or = < folnpe = S - [o"|nge g
2 2 2 2
$€0D, 5+

We conclude by using —ny, , = ng , and —np« ,« = ng« o+ (with definition (21) for ng« ,~ on
the barycentric mesh).
The proof for Dy o+ € D¢yt follows exactly the same lines and is left to the reader. [ ]

For the discretization of the internal energy equation, we define the following numerical
fluxes, for all Dy o+ € Dint and § = Dy o+ |D ) jur € ODg o+,

_ + —
8D<77U*;5 = €0,0*Y Do,o*,s + €s' 0%’V Doo* s (27)

We observe that the fluxes £p, o+ s are conservative by definition. For D, ,+ € Dz, we have
to define the outgoing flux &£, through the primal egde o C 90D, o+« N 2. We take

Eo = €oonFy +esF,

Finally, we also give the definition of a remainder term R, .+ on the diamond cell, which is
based on the remainder term Ry and Ry« given in Definition 3.9,

R |Do.o+ NK|Ri + |Dg,o» N LIRL + |Do,o+ N K*|Rig+ + |Dgo+ N L*|Rp-

i 2| Dy o
with the convention that Ry, = 0 if Dy 5+ € Dege. This definition comes from the derivation of
the local conservation of the total energy that will be discussed in the forthcoming Section 4.

The remainder R, - is defined so that it exactly balances the kinetic energy contributions that
will appear when summing the internal energy equation and the kinetic energy equations.

;o (28)

The discrete internal energy equation is given by

D wCo gx — %€ gk 1
Po,o*€o,0 Po,o*€a,0 i Z ‘5‘51)0,0*’5
ot | Do+ | edpr .
+pa,o* (Vd : ﬁ)o-’g* = Ro,a*7 VDO',O'* € gint (29)
Po,o*€a,0* = Po,o*€o,o* 1 |0-‘
ot Dy o | 568%: ) lEpoa.a |Dy 0| 7

+p0’;0* (Vd 'ﬁ)a,a* = RU,U*7 VDU,U* € @ezt

where the flux Epy o+ s is defined by (27), V4 - U is given by Definition 3.11, and R+ by (28).
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3.5 Stability analysis

We now turn to the stability analysis of the scheme. Firstly, we exhibit a CFL-condition
which ensures that the numerical density remains non-negative. Secondly, in order to justify
that the scheme preserves the non-negativity of the internal energy too, we exhibit a condition
guarantying that the remainder terms Rx and Rg~, and thus R, »+, are kept positive. To this
end, we shall use Lemma 3.2 and specifically property (6) of the numerical flux.

Proposition 3.13. Let py o« = 0. We assume that the following CFL-like conditions are
satisfied

ot
Z |5|[>‘+(C(€5)auDa‘,o*,ﬁ)}+ < 13 vDa‘,o* S Qint

ot
| Dy o [ Z Is|[A+(c(es), upgo=,s)] T + oA (cleo) ua) T | <1, VDg0+ € Deat-
T L 5D, o+ \OQ

(30)
Then, the non negativity of the density py o+ is preserved: p, ,« > 0.

Proof. Let D, o~ € D;,:. We go back to the mass conservation equation (7) and we make use
of Lemma (3.2) and we are thus led to

_ 3t B
Po,ox = Po,o* — |D | Z |5| (-F+<pcr,a* ’ UDa,a*,s) +F (pa'/7o'*/ ) uDU,U*,5))
0,0" 5€0D, o+
5t )
> Po,o* — |_D7 Z |5|‘F (pO',O'*auDa,o'*75)
o,0" 5€0D, =
3t .
> poo = | S [slpoe e (eles). upmon o))
99" 5€aD, .=

With ps o+ 2 0, the right hand side of this inequality remains non negative under the CFL-like
condition (30). The proof for D, o+ € Dy follows exactly the same lines and is left to the
reader. [ ]

Remark 3.14. In order to compare the stability condition with the CFL condition obtained

in 1d and on MAC grids, see [3, 16], we remind the reader that upe e+ s = —ue’ s S0 that the
characteristic speeds of the system satisfy:
[Ap(c(es), upg,ons)|T = [Mp(cles), =t s)|T = [=A(c(es), uor )] T = [A-(c(es), tor,6)] ™

It allows us to rewrite the conditions (30) in a form similar to what has been obtained on
Cartesian grids. For instance, the first one can be recast as

ot

m Z A+ (elea), UDU’U*75)}+ T Z |s|[A—(c(es), Uo’,s)]_ <1
7 $€OD, 5+ scoD, -
oK sCL

We now turn to the remainder term Rg. The fact that R remains non-negative depends
on the mesh-regularity coefficient reg (T), and the obtained condition is stronger than (30).

Proposition 3.15. Let us assume that the following CFL-like conditions are satisfied

ot
|DG,U*|

S JslDs (eles)s upmer )] < ——

X T VDO',O'* S CDinta (31>
S€OD, 4 1 +reg (%)
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(X tellalelen: upne ) Hol o). un)]) < o VD € Do

| Do.o+| S€OD, 4+ \OQ
(32)
" (14 ves (£)) A (elen). u)
‘Dma*‘ 2 + o)y Yo

+ |o] PD
2(reg (T) — 1) po.o-

+ reg (T) Z |5|[A+ (c(es), uDo,o’*,s)]+) g 1, VDO',(T* S :Dezt
$€OD, 5+ \00Q

(At (eles), up)]™

(33)
Then, Ri >0 VK € M, R >0 VK* € M* UIM* and Ry o+ > 0 YD, q- €D.

Proof. Let us split the proof into two parts depending on the type of cell we consider.

a) Let K € M. By using the averaged mass equation in Proposition 3.5, the remainder term
Rk in Definition 3.9 can be rewritten as

|[ak — ug? 5t . 1 _ g —ug]?
Rk = 25t PK |K| Z ‘O—|‘FK,U |K| Z |0-“FK,O' 9 ’

occoK c€0K

where the last contribution is non negative since Fj; . < 0. Hence, we get

[tx — ugl

Ri =
K 20t

ot
Ag where Ax = px — K| Z ‘U|]:1+<7a- (34)
c€OK

Having Ax > 0 is thus enough to ensure Rx > 0. Going back to Definition 3.4 for px and to
(13) for ]—"};0, we modify the expression of Ag, and we arrive at

|Dg.o+ N K]| ot
Ax = > <|K|Pcw* - @lﬂlfi
Dg o+ €EDRKNDext

‘Dao‘*mK| 5t |DUU*QK| +
+ =oo” 771 L 0t [Poor 1A olF *
Do, G;Kﬁgint < K] Pre K| |Doo 566%; . i Do,o*,s

sCL
0t |Dy o+ N L N >
+ sl Fr w ).
K] D], 2 o
ECKY
Dyor NK
Adding and substracting [Dog- O K| > |s|Fp, - o leads to
|DU,U* S€EOD,; o+ Y
sCK
Dy N K| ot
A = %2 -1 e — — JTJF
e (e o = a7
D, «NK ot
+ > |Door N K| D D i
D EDKND; ‘K| ‘Da,a*\
o,0* K int se@Daya*
ot 1 _
+ m Z Dy o | Z Is| <|Da',o'* N K\]—‘gg}g*’s + |Dy,ox N L\.}‘DU}U*&) )
Dy ox €O RNDint ’ $€EOD, o+
sCK

Let us start by analysing the third sum. By using the equality |Dy o+ NL| = |Dy o+ |— | Dy o+ NK],

21



we have

1 —
> 5 . > sl (1D NV KIFS e o+ Do N LF e )
Dy o €D KMDine ' 7 | 5€0D, 5+
sCK

1 _ .
= > Dy o] > sl (\Dw* NK|Fp, oo+ \DGVU*|}‘DU’U*75> .
D, ox €D KNDint 9,0 5€0D, o+
sCK

Since the flux Fpy o+ 5 is conservative, we get

Z Z |5|]:D0,0*,5 = - Z Z |5|]:Dg’a*’5,

Do o* EDKNDint €D, o Dy ox €DKNDent SEID,, o= \OQ
sCK
and thus
- — +
ZDU,U* EDKNDint . Z |5|}—Dc7,o*,5 - ZDU,G* EDKNDint c Z ‘5|]:D‘71U*75
s o,0* 5 s
sCK sCK
- ZDM,* €DK NDest > |5|F Do s

5€3Da,g*\69
Plugging this result in the definition of Ag yields
‘DU o* N K| ot ot
Are = <’Pw* — ol FS |8 FDoox,
2 K| K| Do | 2 ’

Dy ox€DKNDent SEID, o+ \OQ

|Do.o+ N K]| ot
LY 1K P77 1 Dyoe] > 8o
Dy ox €DK NDint i $€ID, o*

1) D, NK .
T DD S o D DR T SONED SIS DR Ut

Dy ox €D KNDint S€0D, o Dy ox €D KNDint S€EID, o+
sCK sCK
We are going to establish a bound from below. To this end, we proceed as follows. Since FI'l >0
and F < FT, we get
AK 2 B?gt + B}?t7

with
, |Dg o N K| ot ot
Bet= Y ( e e~ Tl ST sl F e )

D, o+ €DKkNDeat g,0 5€OD, 5+ \0Q

and
; D, «NK ot
B;?t = Z | U,TK| | pa,a* - |D *| Z |5|‘7:2)_a,0*,5
Dy ox €D KNDint T 5€8D, on

)
- ﬁ Z Z |s|f50,0*,5'
D

o0t EDKMDint €EID, o+
sCK
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Substracting the non negative term > S s ]:$
Dy ox €EDKNDint SEID, o+

sor.s L0 B, we get

sCL
. D, .~ NK]| ot
B}?t 2 Z |0-7(|7-}—{| Po,o* — |.D . | Z |s‘fgo',o'*,5
Dy ox €D gk NDiint 57 5€8D, on

1)
- é Z Z |§|]:—50,0*,5

Dy ox €D KNDint SEBDU’U*

JF
> 2 : |Da,o* N K|P 1— at <1 + |Da,a*| ) 2 : |5|fDU,J*,5
= o,0%* —
Dy o+ €DK NDing K | Do | Do N K] S€DD 5 o Po,o

By using Lemma 3.2 we end up with

. D, o NK]| ot | Do o+

Bmt> ‘ 0,0 Jd1 = 1 0,0 )\ . +

¢n 8 Pt (1l () X e
Dy o+ €EDRNDint ’ ’ s€0D, .=

(35)
Therefore B > 0 holds when

ot | Do |
1> 14 10l A ipy n
|D‘77‘7* ( - |Da,o-* n K|> 5.53%: ‘5” +(C(€5) UDg, ’5)]

Da o*
This inequality holds when (31) is fulfilled since reg (%) > |D|ﬂK

b) We now turn to the study of B¢**. Since, for all Dy 5« € Dk NDest, |Door NK| = | Dy o
we have

Dy o St Fi 5t |K| Fho o
Bea:t — | ag,0 - 1_ o _ 0,07,5
K D TR ( Dyor]” Do Dop] 2

)

Dy o+ €DK ND cat Po.o 5€9D,, 5+ \ON Poo
Dy o] < 5t
> T po.or | 1 — 5ol [A - (cleq), uo)] T

oo, TK] Dur

5t .
D reg (%) Z Is|[A4(c(es), upo,o=.s)]" )
S S€OD, ,\OQ
Therefore B$** > 0 holds when
ot
1> Doar] (\U|[A+(C(ea)aua)]+ + reg (T) Z |s[[A+(c(es), uDa,a*,s)]+>

S€0D, o= \ o0

This inequality holds when (32) is fulfilled since reg (%) > 1. Thus, Rg > 0, for any K € 9.
We now turn to the study of Ry~ for K* € 9* UIM*. The proof follows the same lines. By
using the averaged mass equation in Proposition 3.5, the remainder term R~ in Definition 3.9
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can be rewritten as

||ﬁK* — Ug~ 2 ot + ot ‘0’|
Ric = 1k U E () — NFf ol £+
K 251 PK K] Z " F k- 0 7| Z 9 Yo
DU,U*GQK* Da,o*EQK*mgemt
1 % _ Hﬁ[{* — ur* 2
- R e e
|K*| Z |0 | Nea 2
D, o+ €D =

1 o] o k- — ug?

— 7_;' £z - -0

K, 2 a3t 3o

DUY(,* ED px NDeat
where the two last contribution are non negative since F. _. <0 and F; < 0. Hence, we get

[T — uge|?

R~ = Agc, 36
K 25t K (36)
where . 5t o]
o
A = pree — o 0" | Ffoe e — il
K=, Ze:@ 7K, E@Z (D 2
o,0* K* o,0* K* ext

Having Ag+ > 0 is thus enough to ensure Rg+ > 0. Going back to Definition 3.4 for pg+ and
to (14) for Fji. we modify the expression of A+, and we arrive at

_ |Dg o N K*| 5t |o| .
A= % <|K|p - el
Dy ox €D g MNDext
(52‘: |DU o* ﬂK*| 6t ‘DU o* N L*| B
B ’ | FS . Sk K| F,
|K*| |DU’U*‘ |5KL | osgre T |K*| |D076* ‘ KK | PP
ot |DUU*ﬂK*| 5t |Dog*mL*| -
— ) f+ y f
K 2D, Ve TR 2n,, e
|Dyox N K*| 5t |Dyo NEK*| .
oo 2 e — , r *
+ Z ( |K*| Po, |K*| |Dz7 a*| Z ‘5‘ Do,o* s
Dﬂ,a'* ED e+ NDint s 5eaDaya*

sCL*

0t |Dg o+ N L¥| _
+ * 7 E : |5‘]: o,0* )
|K*|  [Do.o-| Doete

$€0D; o=
SCK*;
D, s« NK*
Adding and substracting |(|Tl; ea% 15| F /g = leads to
0,0 5 o,0*
sCK*
|Dg,ox N K*| ( 5t ol Dy o+ |Dg.ox NL*|
Aprs = ~90 -1 . 7( 14 ) .F+— ) F )
" D *G@z;;*ﬂg f|K*| po_p’ |D0'70'* 2 ( |Da'7o'* mK*|) 7 |-D(T,a'* ﬂK*| g
ot |Dg o N K*| |Dg,o+ N L*| _
+ * Z - = |5KL*|F;5KL* + LWKK*“FJJKK*
] Do Do
DU,G*EQK*mDewt ’ ’
|Dg,o+ N K*| ot n
> TSI G- P DL
Dy o €D gxNDint ’ $€0D, o+
ot 1 _
STHEED SRR LD D U ([ XPSeF it SR P,
Dy o €D g MDine - 7 1 s€0D, .
sCK*

Let us start by analysing the fourth sum. Using equality |Dy o« N L*| = | Dy o

- |Da,¢7* ﬂK*|,
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we have

1 —
Z D | Z |5| <|DU70* n K*|f$‘770*75 + |D‘77‘7* N L*|‘FDU,0*,5)
Dy, o €D g*xNDint a,0” S€OD, 5+
SCK*
1 Y _
= > S sl (1D VKA Fb s 1D P )
Dy ox €D g+ NDint |DU’U*‘ S€OD, o+ o n

sCK*

Since the flux Fpy o+ s is conservative, we get

Z Z |5|]:D0,0*,5 = - Z Z |5|.7:D(-;’0*’57

Dy o €D pxNDint $€0D, o+ Dy ox €D gxNDext €D, 5+ \IN
sCK* SCK*

Z Z ‘5|]:BU,U*,5

Dg,G* ED*NDint 563D07‘7*
sCK*

= Z Z |5|‘7:ga,a*,5

Dy ox €D g*xNDint €D, 5
sCK*

- Z Z |5|]:Da',a*.,5~

Dy 0% €D ox MD et SEAD,, 5%\
sCK*

and thus

Plugging this result in the definition of Ag- yields

Dy« NK* ot o D, o= Dy« NL*|
Aps = Z |U7UK'*|<'O‘77‘7*_ 5 %((1_‘_ D| o0 e ) a+_ |D<7,<7 K*‘ U))
DU,U*EQK*HQQN‘ | ‘ ‘7"7*‘ ‘ o,0% N | | o,0* N ‘
5t Dy o N K*| |Dg.ox N K*| _
- K* Z CUI;*L‘&KL* ‘FIEKL* 0-57*|5KK* fa‘,EKK*—HﬁKK* F;gKK*
| ‘DM*eDK*ﬂDm | Do | [ Doo|
[Do,o+ N K*| 5t
+ Z U|UK7*| Pa,on = |D | Z |5|]:$U,0*75
Da,a*GQK*ngﬂ,nt a,0* 568D,,,c,*
ot 1 ol =l
e 2 T 2 WlPee KNS,
K] Dy ox €D g+ ND; | U"’*| s€dD
o,0* K* int o,0*
sCK*

ot
+
_|K*‘ Z Z |5|]:D0',U*,5‘
Dy o €D g*NDint SEID, o+
sCK*

Since FI'l > 0 and F- < 0, we have

O,S KK *
A > BFEE+ B,

with

Dy o N K*| 5t o] 1Dy, o+ | |Dg,o= N L*| >

BiEt= Y [Doo- N K| M*_77<1 7.0 Ft+_1Poo F)

K | K| <’0’ |Dg.o| 2 ( +|DMmK*|) 7 |Dgo- NK*|"°
Dy o €D x ND eyt ' ) )

ot |D o N K*|
K Z (Tl;*SKL*]:IsKL* +lsrx
Do,ﬁ*egk*mgezt i

+
‘F0'15KK*>
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and

: Dy e N K*| 5t
B’Lnf = | 2 o,0* T .7:+ *
. 2 Cml G om D ML

Da‘,a* GDK* ﬂgint

1)
_ﬁ Z Z |5|.7-"$07U*,5.

Dy o €D gxNDint S€EOD, 5x

SCK*
Substracting the non negative term u‘z—’i‘ > > |5|J’:EU’U*’5 to Bint, we get
Dy o €D g*NDint S€EID, o+
sCL*
int |Do,a* ﬂK*‘ 6t +
P TSI Gl o P DL
D, o+ €D gxNDint ’ S€EOD, .=
ot
+
B | K| Z Z |5|]:Dcr,a*,5
Dn,a* ED g+ NDint SeaD(,’(,*
+
S Z |Da,<7* n K*‘ 1— ot 1+ ‘DUJ* Z ‘5|‘FDU,U*75
g BT Do I U Do 1K

.
Dy ox €D g*NDint €D, Po,o

By using Lemma 3.2 we end up with

: Dy o NEK*| st Dy v
Bt > “07 «|1— (1' il s|[A(c(es), UDgor )]
RSP a1 Il W Toes i s o P PR AR

Therefore B}?f > 0 holds when

ot 1Dy |
1> — (14 —22 A\ pg e )
| Do, o+ | ( + | Dy o ﬂK*) 568%: Is|[A+(c(es), Upeo,o+,s)]

DO’ o*
This inequality holds when (31) is fulfilled since reg (%) > M

We now turn to the study of B¢, Since, for all Dy 5+ € D g+ NDeat, |Dyor NK*| = | Dy o
we have

_ 0,0* ‘K*| ot |C| |LO'U*‘ |Daa* L*‘ _

Bert = D, Jp— 7<1+7’ Fr_ : }‘)

Z | *‘ (p ’ |DO'O'*| 2 ( |DJU* ﬂK*|) 4 |Do'o'* ﬂl(*‘ 7
D, o €D gxNDeyt ) ) ,

)

ot " | Do+ | n
Dy (locse Pl + e 1 7] o)
|Dy o N K*| ot |a|( Fr 1 F-
> — o Poor | 1- — (1 T g — g )
Z |K*‘ p ’ ‘DU,J* ‘ 2 ( + reg ( ) ) pcr,cr* reg (S) - ]- po,a*

Do,a'* EQK* mgernt

ot Fle . Fio .
reg (‘3:) (|5KL* % —+ |5KK*p,5KK>)-

|D0',O'* o,0* o,0*

(37)
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Therefore B¢** > 0 holds when

1> o (1 res(9) 00 e o)

ol PD -
g (6 1) P e o)
+reg (%) Z ‘EH)\*(C(es)v“Da,a*,s)]+)

5€0D,,, o+ \0Q

This inequality holds when (33) is fulfilled. Thus, Rg+ > 0.
That Rp, . is non negative follows from the fact that Ry, R, Rk~ and Ry~ are all non
|

negative.
We are now able to exhibit the CFL-like condition that ensures the non-negativity of the

internal energy ey o=.
Proposition 3.16. Let e, o+ > 0. We assume that (31), (32), (33) are fulfilled, and, moreover,

that the following CFL-like conditions are satisfied on each diamond cell Dy o+ € D:

1 ot *| 4
12 5 ol (i) + clea) + fapna ) VD €D (39
7 Dol it N V2l
2l ot C(ea J*)|U| )
2 I+ ———F T 5 vD(TU’“ egin 39
1+1eg (%) ~ |Doo-| ( V2 reg (T) ' t (39)
1 dt o*| + o] A N
—> > lsl| = cleo.o Heles) Hupo.ow s ) Hol([uo] T + c(es))| s YDg.ow € Dea
7 oo\ seipr N V2l
(40)
v ot c(e,0+)|0] lolv/2 b ~
> 14 : reg (%) Mi(cles), u , VDy o € Dy
14reg (%) |DU’U*< V2 g (%) 1— reg (3)° po,a*[ +(c(eq), up)] : t
(41)

Then the non negativity of the internal energy is preserved: we have €5 o= > 0.

Proof.  We start by observing that (31), (32) implies (30), so that p, ,. > 0 if py o« > 0.
Next, we turn to the non negativity of €, ,+; we follow the arguments in [16].

Let us write (Vg -1),_ . as in Lemma 3.12 and then apply the Young inequality for each four
terms. For X € M and i € {0,1} we write

(_1)2(7 - 1) [IOO',U* €o,0* (ﬁX - uX) ‘NK o + Po,o*€o,oxUX - nK,a]

c(€o,o%) 2 (C(eg o*) i >]
> —Po.o ’ Uy — u + (v —1)eg.o* ’ —(—D)'uxng, ||,
Poc |~y [ax —ux|”+ (v = Deo, i (—D'uxng,

(_1)ipo,a*ﬁXnK,o -

so that
dt|o| L dt|o| c(eoor) /1 9 9
— Do+ (U — UK )NK s = — - : U —u + (urp —u
2|Dcr,a* Po, (ur K) K, 2|Da,a* Po, 2\@V (|| K K|| lar LH )
5t|0| 20(60 a'*)
- - 1 o,0*Co,0* . - ol
D] e ( va e,

For X € OM* U OM* and i € {0, 1} we write
(71)ipa,d*ﬁXnK*,a* = (*1)2(7 - 1) [pa,a'*eo,a* (ﬁX - uX) : nK*,o* + pa',a* €o,oxUX * nK*,a‘*}
(eoov) | 2 c(eqor) : )]
Z —Po,o* z ux —u +(vy=1egor | — == — (1) 'uxng- o= ,
pror | oz = il 0= e (452 - 1w
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so that

otlo* otlo* c(e
wl,*p”*(““ e o > T | oo éf D (e — e | + iz — g |)
2c(eq o+
S (= Dt () s = e ).

Let us split the proof into two steps, depending on the localisation of Dy o+ in Djnt or Degy.
a) Suppose that Dy o« € Ding, We get p, ,+€o.0+ = To + T + T + T+ + T+ with

_tlo| <20 €o.0+)

TO = Po,0*€o,0* — Po,o*€o,0* D uL - uK)nK,o)
2| o,0%*

l\')

5t|a
e
ot
Dol S e
00" 5€0D, ,*
and for X € {K, L, K* L*}
ot o] 2
*Cle * —u .
2|D o 2\/}}/00,0— ( 0,0 ) XH
In order to guaranty €, .+ > 0 it is sufficient to ensure that these five terms are non negative.
Using Lemma 3.12 on (Vg4 - u) Tp becomes

2¢(e
( 02’0 (up» —ugs)ngs o+

Tx =

(|Do-’o-* ﬂ X|RX -

o,0%)?

ot o+ |o
Tp = Po,o*€o,0* 1- |D o (’7 - 1) \/§|C(€U,o*) + 568%2 . |5‘UDU,G*,5
ot
- |D | Z |5|5D<7,0*75'
o0 S€OD, 5+

; — + +
Owing to Lemma 3.2, we have Epgors = €00+ F g e s + €1 o' Fp o's S €00 F Do e s S

Po,o* €00+ [ A+ (c(€s), Ups o) and this allows us to bound Tp from below as

ot lo*| + |o|
TO 2 po,a'*ea',o* (1 - (7 - 1) 76(60,0*) + Z |5|UDU,<7*,5
Do VI
ot
T i D C R
7,0 5€0D, 5+

Finally, since upg,o+s < [Upo,o*,s]T and [Ap(c(es), upeooe.s)]T < [Upo,or,s]T + c(es), the fact
that Ty > follows from

ot |o*] + |o] 5t
12 -1 — 7 o)+ 5||UDg,o* + S|I(|UDg,o* ++C€ .
D10\ T e 563%;0*‘ lwpeeal™ |15, ] se&%;(,*| |([upo,o ] +eles))

Gathering the [up, o+ s]T terms and using v > 1 lead to the assumption (38). Next, we turn to
the Tx term. Owing to (34), we can write

Hﬁx — uXH2 ( (5t0’|>
Ty > ——— | |Dgor N X|Ax — pg.o-Clg.ox)— | .
X2 Dy P MAx = poo-cles )\/i»y

28



. ID_, .« NX|
Going back to (35), we have Ax > 3, —5%7— g o' Qo - Where
o’edX ’ ’

ot |D,s o
G =\ 171D, <1+D/ ’,m)q) > lslhe(ele): upg oo I

568D0,.U*/
With (31), we get Q4 5+ = 0 for each o' € 0X so that Ax > W;}U’U*QU’U* and
|DU o N X‘Q = 2A
Ty > —M——M8M8M— dJlaxy —u «
X = 4|Da,g* X| Po,o X XH QU,U )

where
~ ot lo || X|

o,0* = Woox — C€g 0% .
Qoo = Qoo = cleor) BTD, A XT?

That T’x is non negative follows from QGJ* > 0 and we have

oo O denrlohes(® x|
o,0* 2 Wo,o |D070* \/§’Y ‘DU’U*QX|
ot c(ego*)\zﬂreg(i) |X|
>1— — | (1 +reg (% s|[Af(cles), Upeor,s)] T + :
B [ 3D i) wp ) o e X

|o*] + |o]

V2

¢(es,o+) on the right hand side

Substracting the non-negative term (I4+reg (%))

‘DU,U*‘
and using (38) yield

G o1 Ot (1 +1eg(T) | cleaor)lofren(T)  |X] )
77 2 T Dy o Y V2y [Doo+ N X]|
. 8t 1+ reg (%) <1 n c(eg,0)|0] | X )

> Dy ~ V2  |Doo-nNX|)’

which is thus non negative when (39) holds.
b) Suppose now that Dy o+ € Deqe, wWe get Poox€oox 2 To+ Tk + T + Tk~ +Tp» with

dt|o] 2¢c(€eq,0%)
Tp = o,0*Co,0* 7 Po,o0*Co,0* 57 | -1 — - o
0 = Po,0*€o, Po,o*€o, 21Dy - ( ) < NG + (ur — ug)ng,

5tlo* 2c(€q.0+) )
— Po,o*€o,0* -1 ————= 4 (up* — U )Ng= o=
praeoe gy~ 1 (22 e = e

ot ot
Y 15/€D0.0+ s — 5 0l&,
| 0’6*| 568%;0* : |D0,0*|
and for X € {K, L, K* L*}
ot |o] — 2
T = - Dg’o’*ﬂXR - — = Fo,o* o,0% - .
« = g1 (1P 1 X1Rx = 51t ol —ux]

In order to guaranty €, ,+ > 0 it is sufficient to ensure that these five terms are non negative.
Using Lemma 3.12 on (V4 - u) To becomes

o,0%)

ot lo*| + |o]
To = poo-€oo- | 1 — (V=1 | —=—cleoo)+ D |8ltnooes
Do V2 5€OD, o
ot ot
D D Fl e P
| U,a*| |DU,0*|

566Dm(,*
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Equation (6) yields

_ + — + +
Epo,ors = eo,a*fDo,a*,s + eo”,a*l]:Do./)o.*’ < 60'70'*‘FD0'70'*75 < Po,o* o0 (At (c(€s), UDo o s)]

y5

and & = eo ox Ff + €5 F,; < €50vFy < pPoo€oo [ At(c(€s), us)]" and this allows us to bound
Ty from below as

5t lo*| + |o]
TO = Po,o*€a,0* (1 - ('Y - 1) 76(6070*) + Z |5|UDU7U*,5
‘DU’U*‘ \/i SEOD, o
ot ot
B 5 el e I ol ele) )] ) )
a,0* SEOD, ,* 0,0"

Finally, since upe,o+s < [Upo,o*,s]T and [Ai(c(es), upo,oe.s)]T < [Upo,ox,s]T + c(es), the fact
that T, > follows from

ot lo*| + |o]
> (v =1 | —F% o) + lsl[upe.oe 5]
|D0,a* \/§ : HGBZD; o* :
5t N 5t N
1D, D 1sl([upooe o]t + cles)) + mlol([uo] + c(es))-

SE€EOD, ox

Gathering the [upy,q+,s]T terms and using v > 1 lead to the assumption (40). Next, we turn
to the T'x term: if X € 9t we follow the same sketch as a) and we get T'x > 0 under assumption
(39); we are thus left with the case of X* € 9*. Owing to (36), we can write

[Ux —ux-~|? ( dt|o|
TX* > — ‘D , *ﬂX*|AX*—p , *c(e , *)7 .
= 4|Da_7o_*| o,0 o,0 o,0 \/i’y
. ‘DU/ p— ﬂX*‘
Going back to (37), we have Ax= 2 3.p co .r9.., — % Po o Qo o+ Where
ot o] Fr 1 Fs
Qe 21— 75— 121 (1 4 reg (7)) 20— )
' Dy oo | 2 Porox 1 —1€8(T) pyr yer
ot Fhoo . Fho.oo
— T res (%) (\5)(2* _ g Sxzr 4 |5XX*‘%).
| oo oo o’ ,o*'
With (33), we get @, .- > 0 for each o* € dX* so that Ax- > |’%’l")(;plx*l,OJ,U*Qa,a* and
|D0 o N X*‘Q — 2A
Tye > o2 2 L, Ex — ux- .,
X2 4D, o] P e —uxe Qe

where
ot |o* ]| X*|

V2 Do NXP
That T'x« is non negative follows from QU)U* > 0 and we have

0t c(eg,ox)|o*|reg (T) | X
|Dg o | V2y | Dy o N X*|

Qa’,a* = Qa,a* - C(eg,o*)

Qo’,(r* 2 Qma* -
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which leads to
lo

7' ((1 +reg (T) )My (cleq), uo)t + 1_Iig(g)pi";[M(c(eg),w)])

Qo > 1-— +reg(T) Y [slh(e(es), upgon o)l

|D0',0'*| $€OD, 5+ \00Q
+ c(eg,0+)|0* |reg (T) | X
V2y |Dg,ox N X*|

Substracting the non-negative term

ot

o™ + o]
|Do',a*

V2

on the right hand side and using (40) yield

c<ew*>+"’2'[A+<c<ea>,uo>}+)+ ST sl (eles), upmoe.o)]

5€0D,. o+ \0Q

(1+reg (%)) (

d 1 PD _
o [ 2 T @ e )
|Da' o*l 1 +reg (T) ( C(@U o’*) 0-*| IX*| >
’ +—— 14+ ==
v V2 |Dsor N X*|

which is thus non negative when (41) holds.

Qo’,a* 2 1

4 Conservation of total energy

Definition 4.1. We define a kinetic energy Eg‘g, stored on the cell Dy s+ € Djyne, by the
formula

2
HDa,a*ﬁLﬂ%

2 2
D, U*mﬂmﬂm a*mumﬂpm*m{*
Ekin _ ’ 2 s 2 ,

o,0%
2|Dg o

S -
2

Po,o*

and a total energy Ej ;+, stored on the cell D; 5+ € Dy, by setting

Egor = €g o + ES2..
We wish to write a local conservation equation for the total energy ps o+ Fs o+. This property
is in fact related to the duality relations between discrete operators, as discussed in [14], and
based on Lemma 3.3.

Proposition 4.2. The discrete total energy py o« By o+ satisfies the following conservative equa-
tion on Dine:

Poo-Eoor = PootEg o 1 1
ooxto,o - o,0* o,o + |D | Z |5|TDU,U*,5 + wi‘ Z |5|qD(,70*’5 =0,
79" 5coD, ool seopn ..

where

® Tpoo=s s a conservative total energy flux through the interface s of the diamond cell

DU,U*;
. ﬁ > 15|9Do,0* s s a conservative discrete version of V - (pu) on the diamond cell
77 5€0D,, o
Dy .
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Proof. We identify the corresponding fluxes by using Lemma 3.3. It is helpful to bear in
mind the typical shape of a diamond cell with vertices g, i+, ¥, xr~ as depicted in Fig. 3
and 5. Let X € {K, L, K*, L*} and multiply the kinetic energy balance equation on the cell X
‘Da,a* ﬂX‘
b 2|D<7,cr* ‘
cell Dy o=

. Next, add the four relations to the equation for the internal energy (29) on the

*) The first task is to identify some conservative fluxes Kpy o+ s such that

Dy, NK DyoeNL
S sl s = Do OB 5~ ey Pee OLL 5= e,

S€EID, 4 AR ik AL L
‘DU o* ﬁK*| / |D(T.U* ﬂL*| /
Poer - 1 Kien g + 20 2 1 Kr- o (42
P 2 oK+ T D (oK (42)
o' €K o' €L

Applying Lemma 3.3, on each primal cell ¥ = K with Xk, = Kk, provides a function wg
which satisfies (9) and (10). For the dual mesh, we distinguish the construction for the direct
mesh ® and the barycentric mesh (0):

o for (@), we proceed as for for the primal mesh to define wg« from the fluxes Xg+ 5« = Kg+ 5=
on the interfaces of K*.

o for (B, we still apply Lemma 3.3, but in order to define wg~, we should use the two quan-

tities X« o = ICK*’U;( and XK*»"Z = KK*,q, see (24), associated to the two interfaces

oy and o} of K* that belong to Dy 5.

We next define a conservative flux of kinetic energy for each s = [vx,2x~] € 0Dy o~ as follows

1
Kpo,or,s = ﬂ /(wK + Wi+ )Npe o+ s Where § = s g+
5

5|Kpo,o+,s as

1
5 WKND, o spcpc T WKND, .« s5p*
SKK* SKL*
1
+ 5 WLND,  «,51x* + WLND,  «,s11%
S K* SprL*
1
+ B WK*ND, o spopc T WK*ND, 51 cx
SKK* SpK*
1
+ 5 WL*ND, o« spcp= + WL*Np, wspp= | -
SKL* SLL*

First, let us explain how we proceed with the mesh @). Since the kinetic energy fluxes Kg , and
Kk~ o+ are conservative, we have

]CK,U + ICL’U =0 and ]CK*,U* + ICL*70‘* =0. (43)

Applying again (10) in Lemma 3.3, these two equalities recast as

1
3 (/ WKNK & Jr/wLnL,c,) =0
1
5 (/ wK*nICK*J* —|—/ wL*nL*J*) =0. (44)

With a convenient reorganization of the terms, we write » D, .-

and
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We add these expressions in the sum ), 55 | |5|/Kpo,o+,s and we get

1
E 5|KDoo+,s = 3 WKNK,; + WKND, v sppce T WKND, o 5pps
o 5K K S r*

5€0D, =
1
+ 2 wrnp s + WLND, ,«.5p5x T WLND, o \5p 1«
o SLK* Srr*
1
+ 5 WK*NEK* o+ + WK*ND, v 65 pex + WEK*ND, o 51
o* S K* SLK*
1
+ 5 Wr*NL* o+ + WLND, yospps T WL*ND, sx,sppx | -
o* 5 SpL*

KL*

Thus, by the divergence theorem, and because V - wx is constant over the cell X, we get

Dyor NK DyorNL
5 s Doy Doy
5 o,0*
Dy o NK* Dy o« NL*
+7| : 5 lV-WK*‘Fil : 5 |V'WL*~

Applying (9) in Lemma 3.3 shows that (42) is satisfied. Finally, we define a conservative flux of
total energy Tpe,o+,s through the interface s of the diamond cell D, ,« by

TDmo*,s = ’CDO',O'*75 + 5D0,a*,5~

For the mesh ®, we should modify (43) since we take into account the two interfaces o
and o7 ; on the dual cell K* we now have

Kisor +Kpror. =0=Kg+ o1 +Kp= 5.

/ wK*nK*_’gz —|—/ wL*nL*’JZ> .
o o

L L

Accordingly, (44) becomes

1 1
3 (/ Wi=NK* g% +/ WL;(nL*,J;‘(> =0= 5 <
ok o

K
We are thus led to

1
§ |5|ICD0',(7*,5 = 5 WKNEK & + wKnDa,a*,ﬁKK* + wKnDa,a*ﬁKL*
o SKK* SKL*

S€0D, =
1
+ 5 wrny o + WLND, o575 + WLND, o+ 51+
o SLK* S+
1
+ 5 i (JJK*DK*J;( —+ ) wK*nK*,a'z
Ok oL
+/ WK*DD, .55 K= +/ wK*nDa\o‘*ﬁLK*)
S g r* SLE*
1
+ B WL op + WL Loy
9K 9L

+/ WL*ND x5 » +/ wL*nDo,a*vsLL*> .
SKL* SpL*

>From this, we can apply the divergence theorem and conclude as for the mesh @.

**) We now turn to the pressure term. There are four terms coming from the sum of the
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kinetic energy equations and the discrete version of pV - u, namely

Dgg*me Do-a'*mLi
%UK : (Vdp)K + %UL : (Vdp)L
Dy o NK*|_ Doo- N LY
+ QUK* (Vap)k- + QUL* ~(Vap)L-

2 2

+ |-Da',a*

Poo (Va 1), .. (45)
§|¢Do,o*,s With ¢pe o+ s verifying the conservation
Property gpo,o*,s = —Qpyr o+ s Where § = Dy o« |D ) oo

To this end, we apply Lemma 3.3 again on each primal (resp. dual) cell € = K (resp.
K*) with, now, Xx o = Poo+Uk - Di,o (TeSp. Xk+ o+ = DporUk+ - D+ o+ for mesh @), or
XK+ o1 = Poo+ UK+ - DR+ oty Xk 02 = Poo-Uk+ " N g2 for ®). It provides functions wg
(resp. wg~) that satisfy (9) and (10).

We next define, for each s = [vx,xx+] € 0Dy o~,

We wish to rewrite this sum as > .5y .
o,0

1
qDo,o* 5 = m (WK + WK*) *Npg.o*.s where 5§ = sg .
5

By construction, this quantity is conservative.

§|¢pe,o+,s coincides with (45). With a
convenient reorganization of the terms, we write > 55 . [5|¢po,o+ s a8

1 1
5 WK nU,SKK* + WK - nG,EKL* + 5 wr, -+ nG,ELK* + wr, - nG,SLL*
SKK* SKIL* SILK* SrL*
1 1
+ 2 WK* " N5y pee T WE* *No gy |+ 92 WL Mg s + Wrx *Nospp« | -
SKK* SpK* SKL* SrL*

We only detail the computation with the mesh @). We make use again of Lemma 3.3 to write

We are now going to check that the sum > ,p |

/WK ‘Ng o = ‘O—|pg,a*ﬁK ‘NKg o and / WE* * N gx = |O—*|pa,a'*ﬁK* TR g
o

o
For the mesh (), the latter is replaced by the sum over the interfaces o} and o3.) For
K L

X € {K,L} we add 3 [ wx -nx, + 5 [ . wx+ - nx+ .- and substract %poyo’*ﬁX ‘ny, +

o] 1 in the ab i d t
5 Po,o*Ux+ - Nx= o+ in the above expression and we ge

1
E 15|4D0,0+ s =3 WK "N, + WK Mgy + WK Mg gy
o SK K SKL*

5€0D, =
(/ wL'nL,U—’_/ WL " No sp s +/ WL'na,SLL*>
o Sp* SpL*

(/ WK*.nK*VO.* +/ WK * 'n0-75KK* +/ WK * 'n0-75LK*>

ag* SKK* S K*

1
+ 5 Wr* - Npx* g + Wr* "N g + Wr* *Ng 51

o* SKL* Sp*

_ ol

+

N = N

+

_ _ o _ _
?pa,a* (uK ‘NK o +uy - nL,U) - %pg,a* (uK* "NE* o* +ur* - nL*,a‘*)'

Thus, using equation (9) of Lemma 3.3 together with Definition 3.11 of the discrete divergence
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operator yields

D, .- NK D. .NL
S g e Bl Dl

2 2
S€I0D, ,*
Dy o« NK* Dy o« N L*
+7| ’ |V-wK*+7| : |V-wL*
2 2
+ Do o Po.o (Va 'ﬁ)g,a* :

Applying (10) in Lemma 3.3 shows that

_ |D<T’U* ﬂK‘ ’ |D0'7a* mL| ’
Z |5|QDU,J*,5 = 2|K| Z |J ‘QK,J/ + 2‘L| Z |(7 |QL,0’

5€0D, 5+ o’c0K o'€dL
|Do,o+ N K*| / |Dg,o+ N L*| ,
oK D 10T gk oo + 2|7 > o lape oo
o* €K+ o €dL*
+ |Da,a* Do,o (Vd . ﬁ)ma* .

Finally, coming back to the definition of gx » and next, to Definition 3.7 of the discrete pressure
gradient, we remark that for X € {K,L, K*, L*}

1 1 _ _

x| Z lo'lgx.0r = x| Z 0" |Pgr g Tx DX o =Tx - (Vap)x.
o' coX o'€dX

‘We can conclude that

|Dyox NL|_

— 1

Dy o NK|_
Z |5|4Dg,0%,s = %UK (Vap)k + 5 L (Vap)L
5€0D, =
Dy o NK*|_ Dy o NL*|_
+ QUK* . (Vdp)K* + QUL* . (Vdp)L*

2 2

+ |-Da,cr*

Po,o* (Vd . u)gva* .
|

5 Numerical simulations

In this Section we present some numerical test cases on unstructured grids. We compare the
performance of the scheme to the MaC discretization [16]. The unstructured primal mesh is a
tessellation made of triangles, provided by GMSH, which leads to a dual mesh which cells are
polygons of any type.

5.1 Consistency analysis with a 2D manufactured solution
In order to numerically validate the scheme, we compute the solution of the 2D problem

d(pu) + V- (pu®u) + Vp = f(t,x),
Oc(pe) + V - (peu) +pV -u = 0,
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where the force field (¢,x) — f(¢,x) is tailored so that the smooth solution reads

po(t,x) = exp ( —2/(x cos(t) + ysin(t) + 1)2 + (—zsin(t) + ycos(t) — 0.1)2>,
uex(t,x) =Y,

v (t,x) = x,

exp ( — 3/ (zcos(t) + ysin(t) + 1)2 4 (—zsin(t) + ycos(t) + 0.1)2)
p(t,x) ’

where x = (x,y). We perform the simulations for ¢ € [0, 0.2] with v = 1.4 on the circle of center
(0,0) and radius 2. We use a series of tessellations made of triangles, provided by GMSH: the
characteristic length used in GMSH (the quantity that determines the mesh size) is divided by 2
between each mesh.

The discrete L? norms of the errors between the discrete and the exact solutions, for the
density, the internal energy and the first component of the velocity, on the different meshes, are
reported in Table 1 and Table 2:

€2p = ( Z |Da',a*
D

o,0% €D

¥ =[xpex,xp ]

co=( X |Dar
D

o,ox €D

oF =[x, xp %]

eon = ( 3 |K\‘uK - UEX(XK)D

Kem

e (t,x) =

1
XK+ + X[ 2\ 2
pDovo*fpex( 2 )‘) ’

1
ex XK+ T XL* 2\ 2
€D, o — € 9 )

[N

1
2\ 2
. Cag = ( Z |K|’vK_vex(xK)’ > ’

Kem

1
2\ 2
), ewz< > K v — o™ (xk-)

2) 2
Kem+uom~

N ( S fug e (e

Kem+uom+

We also report the characteristic length h of the different meshes computed as follows
h =max(|o],|c*|)

The results are almost the same for the second component. For this test case, we have set
dt = 10~%: the small value of the time step ensures that the stability condition is satisfied for all
the considered grids. We observe as expected a first order convergence. In Fig. 6 we show the
resolution of the density and the internal energy and their exact solutions, on the finest mesh.
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; X0 ) log(e%z)g;/e((: 11))) ) 10%(9% ;/e((: 11)))
’ log(h™ /h0 D) ’ log(h™ /h—D)

1 262x107" || 410 x 1072 — 1.78 x 1071 —_

2 || 1.43x 107! || 2.50 x 102 0.82 9.70 x 102 1.00

31| 710 x 1072 || 1.41 x 1072 0.82 4.91 x 1072 0.97

4| 3.74x1072 || 8.08 x 1073 0.87 2.59 x 102 1.00

5| 1.96 x 1072 || 4.47 x 1073 0.91 1.36 x 1072 1.00

6 || 1.01 x 1072 || 2.38 x 1073 0.96 6.96 x 1073 1.01

Table 1: Error in L?-norm between approximate and exact solutions for the density and the internal

energy on several meshes.

log(eS), /5 ")

log( eSL Je5D)

g S | iontntm | % | gl mtn)
1] 262x1071 | 1.16 x 107! — 3.07 x 10! —
2 || 1.43x 107! | 6.54 x 1072 0.95 1.74 x 107! 0.94
3| 7.10 x 1072 | 3.66 x 102 0.83 9.95 x 1072 0.79
4 || 3.74x 1072 | 2.05 x 1072 0.90 5.75 x 1072 0.86
5| 1.96 x 1072 | 1.17 x 102 0.88 3.29 x 1072 0.86
6 || 1.01 x 1072 | 6.55 x 1073 0.87 1.90 x 1072 0.83

Table 2: Error in L?-norm between approximate and exact solutions for the first component of the
velocity on several meshes.
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a) Density, t =0 b) Density, ¢t = 0.2
) Internal energy, t =0 ) Internal energy, t = 0.2

Figure 6: Density and internal energy, numerical solution on a mesh with 923868 primal cells.

5.2 Numerical simulations in 2D

1) We use the scheme for the simulation of the 2D Mach 3 wind tunnel with a step. The
computational domain € is the L-shaped domain

Q=0 Qteps 0 =10,3] x [0,1], Queep = [0.6,3] x [0,0.2].

We perform the simulation for ¢ € [0,4] with v = 1.4 and §t = 10~%. The initial data reads
p =14 u=(3,0) and p = 1. On the top and bottom walls, we use reflection boundary
conditions which means zero flux boundary conditions. To make the flow enter through
the left boundary we use a Dirichlet boundary condition, p = 1.4, p = 1 and u = (3,0),
whereas a free boundary condition is used for the right section.

In Fig. 7 (at the top), we present the result obtained at T' = 4 with an unstructured primal
mesh made of 204 254 triangles and 307 081 edges. We compare this result to the one
obtained in [16] on a 960 x 320 cartesian grid which is reported in Fig. 7 (at the bottom).
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0.5 1.0 1.5 2.0 2.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 7: Test 1, simulation of the 2D Mach 3 wind tunnel with a step, density with 50 contour
lines on a MAC mesh (bottom) and on an unstructured triangular grid (top)

2) The next test case is inspired from [1]: we consider the 2D simulation of three falling
columns into a rectangular basin. The computational domain is the two-dimensional square
[-1,1] x [-1,1]. We deal with the full Euler system with v = 2. Initially we suppose a
constant initial temperature (or internal energy e) in the basin. The PDE system is
endowed with zero flux boundary conditions and the following initial data

P(ny) =3+ 1(:t—0.5)2+(y—0.5)2<(O.15)2 + 1(m+0.5)2+(y+0.5)2<(0.15)2 +2- 1z2+y2<(0.2)27
e(0,x) =1,
u(0,x) =0,
v(0,x) =0,

with x = (z,y). In Fig. 8 and 9, we show the density and the internal energy at time
T = 1.035 with 6t = 10~*. The mesh has 43400 primal cells made of triangles and 65356
edges. The result is compared with the same simulation made on a 255 x 255 Cartesian
grid with the MAC scheme presented in [16].
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Figure 8: Test 2): Simulation of the 2D three falling columns into a rectangular basin: Density
with 50 contour lines on an unstructured grid (left) and a 255 x 255 Cartesian mesh (right).

Figure 9: Test 2): Simulation of the 2D three falling columns into a rectangular basin: Internal
energy with 50 contour lines on an unstructured grid (left) and on a 255 x 255 Cartesian mesh
(right).

3) The last test case is a 2D supersonic flow in a channel with a circular arc bump. The fluid
flows from left to right. Due to the geometry of the obstacle, the MAC grid proposed in
[16] is not appropriate. The computational domain € is the rectangle [0,3] x [0,1] with
a circular arc bump of length 1 and thickness 0.04 located at the bottom, at a distance
1 from the inlet. We perform the simulation up to the final time 7" = 5. We have set
v = 1.4 and the time step is 6t = 10~%. The initial data are given by p = 1, u = (1.65,0)
and p = 1, so that the initial Mach number is 1.65. On the top and bottom walls, we
use zero flux boundary conditions and on the left we use Dirichlet boundary condition
p=1,u=(1.65,0) and p = 1 whereas on the right boundary a free boundary condition
is used. In Fig. 10, we show the Mach Number with 50 contour lines. The simulation
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Figure 10: Test 3): Simulation of the 2D subsonic flow in a channel with a circular arc bump flows

is performed on a triangular mesh with 516192 primal cells and 775313 edges. Oblique
shocks are formed at the two extremities of the bump. All the shocks are well resolved.
The simulation can be compared with the result presented in [33].

2 7
/%////f/

0.5 1.0 1.5 2.0 2.5

from left to right: Mach number at time 7' = 5 on an unstructured mesh.
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