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An explicit finite volume scheme on staggered grids for the Euler
equations: unstructured meshes, stability analysis and energy
conservation

Thierry Goudon? Julie Llobell! Sebastian Minjeaud?

Université Cote d’Azur, Inria, CNRS, LJAD
Parc Valrose, F-06108 Nice, France

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. The time discretization is
explicit and 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.
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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)
Oy (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 deunsity, 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 > 1; in what
follows we set

_ h)? e
E= 5 +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 [15, 16, 27, 28]. These issues
(which would require some appropriate implicit time dicretization) 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 [6] 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 [5]. This ap-
proach is further developped to handle complex systems for mixture flows [7]. The method
has been adapted to deal with multi-dimensional equations, when working on Cartesian grids
in [25]. 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 [30, 33]. 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 [24]. 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 [29]. 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, 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 [18, 35] to solve the Laplace equation on general 2D meshes, including
non-conformal meshes, and, more generally, to numerically deal with elliptic operators V -
(AVu), © — A(z) 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 [9, 13, 14, 38] and to the Navier-Stokes equations in [21,
22, 39, 44]. 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 [21] to
solve the non homogeneous Navier-Stokes equations. We shall use ideas from [21] that consist
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 [§]
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, an issue pointed out in [4].
We pay attention to make such a transfer consistently, which relies on a general statement, as
discussed in [23]. 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. The constraint has the usual flavor of CFL conditions: the larger the material velocity
and the sound speed and the finer the mesh, the smaller the time step; the constraint also
involves some regularity coefficient associated with the mesh geometry. 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. This desired
statement can be seen as a consistency property of the scheme with the system of conservation
laws, not obvious at first sight since the scheme works on a different version, non-conservative,
of the equations. According to the recent works [2, 19, 20, 31], such a property could be the
preliminary step to justify a consistency statement d¢ la Lax-Wendroft [40]. Finally, Section 5
validates the scheme by a series of numerical experiments.

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 to compute the flux AVu-n when A is a full matrix



2 Notation: meshes, unknowns

From now on, we suppose that € is an open bounded polygonal domain of R? and its boundary
is denoted 0f2.

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.
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Figure 1: Meshes and associated notations.

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

e The dual mesh 2* U 99* is made of cells built “around the vertices xg+" of the primal
mesh. See the cells with red edges in Fig. 1. There are several options to construct the dual
mesh. To this end, it is convenient to distinguish the interior dual mesh 9t* associated
to vertices xx~ which do not belong to 02, and the boundary of the dual mesh 09t*
associated to xx+ € 0. In what follows, we focus on the direct approach: the interior
dual mesh 9t* consists of cells K* by joining the centers x g of all cells K having x g+ as a
vertex (see the red cell in Fig. 1). When zx~ € 99, a dual cell K* is made by joining the
centers xx of the cells K that share the vertex xx+ and the centers of the two boundary
edges containing x .

o The diamond mesh ® is made of quadrilateral cells D, .~ obtained by joining the endpoints
of the edges 0 = [z, x1«] of the primal mesh to the centers xx and zy, of the primal mesh
cells that share this edge, and we denote o* = [zk,21]. See the cells with green edges in



Fig. 1. We distinguish the diamonds of the boundary Dy = {Dy o+ € D such that o €
0N} and Dy = D\ Deye. In the specific case where D, o+ € Dy, the diamond cell Dy
degenerates to a triangle.

As explained above, we work with the direct dual mesh. From now on, we assume that the
primal mesh is such that all associated diamonds are conver. In such a case the diagonals
o = [xk~,xp+], and 0* = [z, z1], which are equally edges of the primal — resp. dual — mesh,
are included in the diamonds. In appendix A, we shall relax this assumption and consider an
alternative construction of the dual mesh — the barycentrentric mesh — and we shall detail how
the discussion can be adapted to this case.

Of course, the three meshes cover the computational domain:

a=Jr= |J K= |J Do

Kem K*€M=Udm= Dy ov€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 9t included in 0, considered as degenerate cells.

Remark 2.1. The introduction of the three meshes 9, 9t* U 99* and D is needed to explain
the construction of the scheme and its analysis. However, at the end of the day, the obtained
formula which defines the scheme uses only geometrical quantities (e.g. the measure of the
diamond cells) and connectivities (e.g. the index number of control volume sharing a given edge)
that can be easily computed from basic descriptors of the primal mesh. When implementing
the scheme, these geometrical quantities are computed in a pre-processing step which is done
once and for all for a given mesh.

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,

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

o the Dirichlet boundaries where the variables are supposed to be known, equal to (ppir, Upir, €Dir)-

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

o We denote 0 = K|L = [+, 2] 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 dual mesh, we have o* = K*|L*, the edge separating the adjacent cells
K* and L* of the dual mesh.

» We denote s = Dy o+|D,, ,. the face separating two diamond cells Dy o+ and D/ ..

o For K € M, we denote D = {Dy o+ € D,0 € OK}. For K* € M* U IM*, we similarly
denote D+ = {Dy o+ € D, 0% € OK*}.

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

o We denote hp,_ . the diameter of the diamond cell D, ;.

o For a cell X of M, M* UIM* or © and for r € 90X, we define a unit vector nx , normal
to the face ¢ of the cell X and pointing outwards: ng , (with o € 9K for K € M), ng+ o+
(with o* € OK* for K* € M*), and np,_ . s (with s € 9D, ;- for D, o« € D). Note that,
for o = K|L, for 0* = K*|L* and for § = D, ;+|D we have

’
ol o*

Ng o= —Npg, N+ gx = —NLx g%, nD(,)a*,s = —np



e Given s € R, we denote [s]" = max(s,0) = 2 and [s]” = max(—s,0) = ==

5 5, its
positive and negative parts, respectively. Note they are both non negative [s]* > 0 and
that s = [s]T — [s] ™, |s| = [s]T + [s] .

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 91:

reg (%) = sup({

1

hp,
: — : Dy o € ZD}
sin(ap, .)

vV |D0,a"|7

|D<717*| |X|
u{i’,x T Dyoe €D }u{ X ET,Dyoe €D } ,
|Dg,g* ﬂX| S , cVx |Do—,a* S , cdx

Dy o+ € @} U {

where ap, . is the angle in (0, 7/2] between the two diagonals of the diamond cell Dy o
Given two internal cells K and L with a common interface ¢ = K|L, the diamond Dy ;-

. Dy e Dy o+NL
can be cast as the reunion (Dy o+ N K) U (Dy o+ N L) and ﬁ =1+ W,
|Do.ox | ’ '

that sup (m, X e {K, L}) > 2 and accordingly reg (T) > 2. The quantity reg (%)
measures the regularity of the mesh, the higher reg (%), the flatter the cells. It is known

that we can find a constant C' which depends only on reg (%) such that, for any diamond
cell D, - and for any edge s of Dy -,

SO

hp, hp, ,« . hp,
- <lo| < Chp, ., C <|o*| < Chp, ., — <|s| < Chp, .,
and
h%
P2 < Dy | < Ch, ..
Unknowns.

o Density, internal energy and pressure are piecewise constants over the diamond cells; al-
ternatively, we can think of quantities stored on the edges of the initial mesh: p, - and
€s,0+ are constant on the diamond cell D, o+ € © and we set po o+ = (7 — 1) P 0% €00+ -

e The numerical velocity fields are piecewise constants over the primal and dual cells, stored
at both the centers and the vertices of the cell of the primal mesh: ug is constant on the
primal cell K € 9 and ug~ is constant on the dual cell K* € 99t* U 090",

Observe that, in contrast to the Cartesian framework studied in [25], we store all the components
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 further quantities, related to the internal energy and the
velocity, that are stored at the edges of the diamond mesh and at the boundary edges of the
primal mesh.

Definition 2.2. For s = D, 5+|D we denote

7
ol,o*

. /
oo T €51 =

2

ey 1=
For s = [zk,xk+]| an edge of D, ,+, we denote

Ug + U=
UDy g .5 *= f "D, x5

6



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,
€r = e ..
7 epir if o is a Dirichlet boundary,

0 if o is a zero-flux boundary,
Upc+ + Ur«

u, = % if o is an outflow boundary,
upir if o is a Dirichlet boundary,

and
Us = Us ' NK -

Similarly, we denote upi; := upi, - ng  when o is a Dirichlet boundary.

Note that

’U’Dg,a*,ﬁ = —Up if s = Do"o'* ‘Da/,a*"

1,5
ol o*'

Remark 2.3. This discretisation technique differs from the staggered approach developed in [30,
33]: dealing with grids made of quadrilaterals in dimension 2, in [30, 33] 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 [30, 33]. 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 [30, 33].

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

Lemma 2.4. 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. 2. The
following equality holds: |ajna + |blng + |¢/nc = 0.

Figure 2: Triangle ABC

3 Definition of the scheme

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

cle) = 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,
du+ (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
AUV = |p ' BV u- v pT VY
0 p 1pV- uw-V

Let £ € R? with ||€]| = 1. Then, denoting u = u-&, A\_(u,c¢) = u—c, u and Ay (u,c) = u+ c are
the eigenvalues of the matrix A(U, ) and they will play a central role in the construction of the
scheme.

It is well-known that the conservative and non-conservative formulations of the Euler system
are equivalent only for smooth solutions. As far as the solutions are smooth, we can indeed
substract the kinetic energy balance from the equation for the total energy, which leads to the
evolution equation for the internal energy

O(pe) + V - (peu) + pV -u = 0. (2)

This equality does not hold for discontinuous solutions, in which case, additionally, the product
of the pressure p with V - u can be misleading.

This is the reason why Eulerian numerical methods are often based on discretized versions
of (1). However, working with Eulerian staggered discretizations raises the issue of the definition

2
of the total energy: the kinetic energy M, the density ps o+, and internal energy e, o+ are

defined on different grids. In this perspective, it would be natural to make use of (2) to update
the internal energy [30, 33].

Note that Lagrangian approaches are also inspired by the non-conservative form, with grid
displacements based on the material velocity and a projection step to go back to a fixed Eulerian
grid, see [17, Chap. 5] for an introduction. Inspired by the seminal work [52], there exists
staggered versions of Lagrangian methods, including high order schemes: see [1, 12, 41] and the
references therein for recent developments.

Let us explain the basis of our approach. We have at hand discrete density p, o+, internal
energy e, o« and velocities ug,ux-. We denote by z the update of the quantity z over a time
step. We start with the discrete mass conservation, which takes the form

Z |s|FD, .5 =0,

S€I0D, o+

pa,a* — Po,o* 1
5t Dy

where 0t stands for the time step and F, D, g« .5 aT€ the discrete mass fluxes that will be defined in
Section 3.1. From this, we can define a discrete density px on the primal mesh, and we update
the momentum on primal mesh with a formula which looks like

PrUK — PKUK 1 Z

_’_7

5 K] N 10|GK,0 + (Vap)x = 0.

o,0* €Dk

The momentum fluxes Gg , correspond to the discretization of V- (pu®u); they will be defined
from suitable average of the mass fluxes Fp_ . s, according to the conservation principles of the



equations. The discrete pressure gradient (V gp)x stands for a discrete version of Vp. We also
construct a similar formula for updating px-ug~. Finally, we update the internal energy with
the following discrete version of (2)

ﬁo,a*éd,tf* — Po,o*€o,0* 1

& * o,0* Vgq-u *:RUU*‘
St |D0',<7*| Z ‘5‘ D, ’5+p~, ( d u)a,a s

5€0D, 5+

In this formula, we need to define the energy fluxes £p_ . s, the discrete divergence V4 -u and
the correction term R, ,« which should keep track of possible discontinuities. The construction
of the latter is inspired from [30, 33]. Similar ideas are applied in the context of Lagrangian
methods in [12]. We shall pay attention to the design of the former, in order to preserve the
consistency with the local conservation of the total energy. It relies on suitable definitions of
the fluxes and duality relation between the discrete operators Vg4 -u and Vgp. Note that these
formula also need to be adapted to handle boundaries of the computational domain.

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 [6] involves the following function, parametrized by p > 0, ¢ > 0, u € R,

p
§ER— My cu() = il\fﬂqgc,

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 [37], and
the support property plays a crucial role in the stability analysis of such schemes [47, 48]. 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 .
Frpew) = [ eMpea©de = Lreo? iful<e 3)
£>0 .
pu ifu>e,
and
ou if u < —c,
_ 1Y .
Folpen) = [ Myou©ds =3 —FA-(wef il <e 4)
£<0 C .
0 ifu>ec

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 [5, 6, 7, 25].

Lemma 3.2. The functions F* satisfy the following properties

e symmetry :
fﬁ(pv & U) = 7‘F+(p7 ¢, 7“’)7 (5)

e consistency :

Fi(p,cou) +F (p,c,u) = pu, (6)
o foranyu R, p>=0 and c >0, we have

0< F(peu) < ps(e,u)]t and  —pA_(c,u)]” < F - (peu) <0 (7)



The scheme is next based on the upwinding principles applied to the expression
FE= / EMdE.
£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 [30, 32, 33] which is based instead on the material velocity u only (and not
on the characteristic speeds), in the spirit of AUSM schemes [43, 42]. Tt induces naturally some
numerical diffusion which prevents the formation of oscillations when the material u velocity
becomes small, see [6, Appendix BJ.
We thus define the mass flux F, Dy o s from the diamond cell D, ,~ through the interface
§ = Dy o \Dg/ﬁ*/ as follows
Fp, s =Fp

o,0% 8 o,0% 15 + ‘FDU,G* 5

with

‘FB 5 ‘7:+(pf7,0* sc(es), UDU,U*75) and ‘FBG,U*,s =F (pa’,o—*' scles), uDg,o*yﬁ)' (8)

o,0%

It uses the velocity up, . s and the sound speed c(es) naturally given on the interface by
Definition 2.2, and upwinds the density. The symmetry property (5) implies that

]:DUY‘,*,E = _fD ) w5

and thus Fp_ . s is a conservative flux. Moreover we have the following two equalities:

+ _ — - _ +
fDﬂ)a*,s =—'p and ]:DM*,S = _]:Dd, s

The discrete mass equation on a cell Dy 5+ € Dy is given by

po‘ o* = Po,o* 1
: + > IslFp, .5 =0.
51 Dol , 5 .

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

e Fif=0and F, =0 for zero-flux conditions,
o Ff =Ft (poor,cles),uy) and F; =0 for outflow conditions,
o Ff =F(pooscles),us) and F, = F~ (ppir, ¢(€s), uy) for Dirichlet conditions.

The boundary quantities u, and c(e,) are given in Definition 2.2.

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

ﬁao* ~ Po,o* 1 |U‘
’ AR > slFp, .t Fs=0.
ot Do S€ID,, 5+ \0R |Do.o

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 [23].

10




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 X . There exists a function we, which lies in Hgiy, such
that

1
Vi wg = %] Z |s|Xee s (11)
SEQE
and
/w(g ‘N s = |5|Xeg s (12)
5

The question of designing fluxes in order to maintain consistency between different meshes
has been addressed in [4]. Lemma 3.3 appeared in [4] where solutions were proposed in the
framework of Crouzeix-Raviart and Rannacher-Turek discretizations. It also appeared in [21],
in the specific case of quadrilateral and convex cells, as a key ingredient for designing con-
vection fluxes for the incompressible Navier-Stokes equation with variable density; it has been
generalized in [23], which, furthermore, provides practical procedures 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, o« € ©. We remind the
reader that the edges s of the diamond cell D, - are of the form sxz« = [rx,zz+] with
(X,2*) e {(K,K*),(L,K*), (L, L*), (K, L*)}, see Fig. 3, and at each edge is associated a mass
flux Fp, . s. Thus, Lemma 3.3 gives the existence of a function wp,_ . € Haiv such that

1
Viowp,. = 3 b,

| U’U*l 5€0D, =

and
/wDM* ‘np, _..s=5Fp, .-

5

TK

Figure 3: Diamond cell Dy +.

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

‘0"-7:}(,0 = /wDa,a* ‘NK - (13)

11



This quantity has actually a simple expression by means of the original mass fluxes Fp_ . s.
Indeed, we have

‘0—']:1(,0 = / v *WD, _/ WD, ox " Mg pex _/ WD, o " Mspepx
D, o«NK S K* S L*

D, NK
= |05| > 18l Fp, es — sk Fo
a,0" S€0D, o*

]:a,sKK* _|5KL* SSKL* "

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

|Doox N K| Is| |Dg,o N L |s|
F — J ) E = r e — —2 E —F 5 14
K,o |Doa*| . |0‘ Dy %8 |Doa*| |O’| Dy %18 ( )
’ $€IOD, o+ ’ 5€0D, 5+
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+ Frog  +tFic, >0,
since we wish to apply upwinding principles. A naive attempt would consist in performing the
same construction starting from the original decomposition Fp_ . s = ]-"Bo s T5D, but

there is no reason that the corresponding fluxes (13) on the interfaces of K and K* preserve the
sign property. Instead, we simply rearrange terms in (14)

ARER

|Dy o+ N K| |s] |Dy o N L ls| __
Frp = Lol 5 by | Weettl 5 gy
o |D070*| seOD o o] Dy oxss |Dg.o i . o] Dy o%,5
sCL sCK
>0
4 Door N K| 3 sl .- [Doo- NI T I8l -+
| Do+ | weisr . o] Dy g% 5 Dy.oe | i o] Dy g% ,5
sCL sCK
<0
This is the definition we are going to use for ‘7:—50,0*,5 and ]:!50,5*75’ namely
[Doo- N K| ls| -+ |Doo- N L| 5]
Fio = Th T Z i - T Z —Fph . 15
K,o |-D0' 0*| |U‘ o, 0% S |D00_*| | | Dy o*,5 ( )
’ s€0D, ,* s 5€3Dg,g*
sCL sCK

Owing to the convexity assumption on the diamond cells, 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*vo'* :]:+*,0'* + Frw

o
with
+ _ [Do,ox N K*| ls| L+ [Do,ox N LY |s| ==
F *o* T \D *‘ Z |U*|]:DM,*,5_ |D *| Z | *‘}-Da,a*yﬁ' (16)
9,9 5€0D, o+ i 5€0D, o+
sCL* sCK*

What is crucial is the fact the fluxes are conservative: with o = K|L and ¢* = K*|L*,

fKﬁ = *-FL,U and f'.K*_’g* = 7‘7:L*70*.

12



More specifically we have

Fio=-Ff, and Fi. ,.=-FL .. (17)

o*

For interfaces ¢ and o* such that D, ,+ € D¢, since F, was previously defined as the flux
outgoing through o, we naturally set

Fro=Fs and Fg«q = Fq.

with K the unique cell in 9 such that D, .~ C K and o* = K*|L*. Moreover, denoting
0 =|xg+,xr+], Wwe set Fgx or = }"I'("*’U* + Fie o With

+ | Do+ N K| + |Do,ox N LY
|0 | Fe e = L;TIsKL* FDooersrene — ]};THKK* F Do e sreree
|Dy g N K*| |Dy. o N L¥|
g T olFE - e ol 7T (18)
o,0* o,0*

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 NK
PK = Z ng,a* for K e I

D, ,+€EDK |K|
and on a cell K* of the dual mesh, we set
DO'G'* NnK* * * *
PK* = Z |’|K*|pg’g* for K* € 9" U oM™

D, o+ €D =

With this definition at hand, considering either the primal or the dual mesh, the averaged
densities px and pg+ satisfy conservative equations, as observed in [21].

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

PK — PK _
K=+ Y lolFke =0,

1)
ngg* ED K
P+ — PK* o
|K*|PK &P T Z |0%| Frce ov + Z %]?U:()_
Dy ox €D g D, ox €D gxNDegt

Proof. This is a consequence of the construction of the fluxes. Indeed, when considering
|K|25=PE | we are led to compute

| Do+ N K|
3 il DRI
Dy ox €D KNDins 9 5€0D, o
Dyo- NK
D SR e D DR L
o,0*

D, ox €D KND eyt $€0D, o+ \OQ

By definition and going back to Lemma 3.3, we get

Daa* K
IO e DL

Dy or €DK NDiny 5€OD, o

= > |Dgo- NK|V -wp, . = > V-wp, ..

Dy ot €D KNDint Dy gr €D kD iy ! Do NK

13



By virtue of the divergence theorem, this becomes

E E WD, .« " Ns

Dy o+ €DKNDint \s€I(DNK)"*

E /wDM* "Ny + E WD,
[ed

D, ox €EDKNDint S€EOD, o+, sSCK“*

> ol Fko+ D>, |slFp, ..

D, o+ €D KNDint 5€0D, 5, sSCK

> 0| Fr.o + 0.
Da,n* EDKNDint

.1’15

A similar computation holds for the external cells and the dual cells. The result can be equally

be checked by using the explicit formula (15) and (16), see [45].

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+ ,~ for
the dual cells. We first consider the case of interfaces o ¢ 0€2. In this case, for the primal cells

we set
_ o+ -
k.o =Fg,ux +Fg ur.

(19)

Namely, for defining the momentum fluxes we use the mass fluxes ]:Ii()a given by (15). For the

dual cells, a similar formula based on (16)

_ —
QK*,U* = fK*,a*uK* + F  gxULx.

(20)

applies directly: the convexity assumption of the diamond cells implies that ¢* is an edge for
the dual cell and is included in D, ,-. Note that the momentum fluxes are conservative as a

consequence of (17). For the boundary conditions, that is for o C 92, we define:

Oko = Firug + F;u, and Ok+o = Flug- + F,u,.

Remark 3.6. For the fluxes Gk ,, the formula (19) is valid also for o C 09 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

/sz/ pn.
X X

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

1
(Vdp)K = T Z |U|pa,a*nK,z77

|K‘ D, o+€Dk
1
(Vdp)K* = |K*| Z |J|pU,U*HK*,U*7
D, o+ €D =
1 . |o|
(Vdp)K* = |K*| Z |U |pa,o*nK*,a* + Z 7pa,a*nK,o’a
Dg o+ €D gxNDint Dy o €D gxNDing

14
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The discrete momentum equation is given for K € ¥ by

PrxUK — PRUK 1
PRI _PRUK L~y o+ (Vap)x =0,
5 + T lo|GKk,o + (Vap)k
D, ,+€DK
Pr+Uk+ — PKUK~ 1 .
5t TR 2. oGk (21)
Dy or €D
1 o]
S DGk +(Vap)i =0,
+|K*| QQK, + (Vap)x

DU‘U* EDr*MNDent

with px and pg+ given by Definition 3.4, fluxes defined in (19), (20) and pressure gradients in
Definition 3.7.

3.4 Internal energy balance on the diamond mesh

As explained in Section 3, at the continuous level, considering smooth enough functions, the
internal energy equation (2) 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 [30, 33]. To this
end, let us introduce kinetic fluxes Kx , from primal cells and Kg+ o+, K+ » from dual cells.
For o ¢ 0N, we set

2 2 2 2
Ug _ uy, U~ _ ur, =
Kio=Fi, H 5 | + Fry ” 2” . and Kgoor = Ff . ” e+ P lue-I° - g9
These fluxes are conservative (Kx , = —Kpr -, and so on...) as a consequence of (17). For the
boundary conditions, that is o C 99, we set
uwll? w12 e l2 w112
SRR P R LY P

Remark 3.8. Note that, as for momentum fluxes (see Remark 3.6), formula (22) 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 € 9t we set

PK | s, 1 _ (ux —ukl? |k —ug?
Ric = PE jay — — S el _ ,
1= o e sl i Kv“( 2 2
D, ox€Dk

with the convention that uy = u, when o C 99.

For K* € 9" U 99* we set

Prc+ o 2, 1 N [tk —ug-|]> [[ag- —ug|]?
Ric = 252 g — ug- Fro .. -
K- = Gy Wk —uk =+ i< Z 0% | Fice o ( 5 5
D, o+ €D =
1 lof . (I0x- —ug-]*  [8x- —uy|?
TR 2. 2 f’( 2 P

Do €D g ND ot

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

[axl®  flu]®

K 1
2 24— Z lo|Kk,c + (Vap)k -0k = —Rk. (23)
5t |K| D, ,+E€EDK
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2

T O > ” (|- )
T2 2 .
Kice oe
5t iR, 2 iR
Dy o+ €D g (24)
+ ! Z M/CK* +(Vap) k- g+ = R~
| K| 2 7 '

D, o+ €D gxNDext
Proof. For X € T, we multiply by Ty the momentum equation (21) 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 (22) are valid for o C 99 too (see Remarks 3.6 and 3.8). We
start by remarking that

Pk —prug 1 [  |uglf? lul? | Pr 2
- Ui =— — —=|lug —u
3t K 5t(K g kgt e k]
px —rx [ ukl? —
ot < D) Ug - ug | .
Thus using the average mass balance stated in Proposition (3.5) we get
Pk —prurx 1 Jugl®  Jukl® | Pre e
3t R ( K kg T Ik~ |
1 [ukll? =
+m Z O'|.7:K70( 9 — Uk - ug | .
D,,‘O.xE@K

Next, using the notation FI'l = F+ — F~ and bearing in mind that F = F* 4+ F~, we get

}-l'|[,+-7:1<a ]:Ko'_]:"lg- ug +u ug —u
gK,O': LE : ug + , LE uL:fK,UuJ’_‘F}(‘au'
2 2 2 ' 2
Hence, the momentum equation multiplied by ux becomes
’KHHKHZ B KHUKH2 - X
2 2 PK = 2 _
— — v : — Bk, =0,
5 + 55 M —ukll” + (Vap)r -0k + K] > lolBx,

DU’U* ED K
where

ugl®* ug —u ug —u
BK,a:fK,U<” ;<H - K2 L'UK>+]:k,aK2 Lowag

uxl|? uy|? uxl|? uz|?
(el W) e (sl Bl ).

With definition (22) we are left with

¥ 2 ¥ 2
BK,U:ICK7U+~FI;7J (HUK 2UKH - HUK QUL” )7

and thus we obtain (23).
b) For K* € 9t* U 99t*, as previously, we first remark that

Pr-Uk* — PK+Uk+ L/ Jug|? ur: [ | Pre - 2
U+ =— * - * Ui — U=
5t K st ( K79 Koy ke Uk
- 2
» = Pr+ [ ||uk- —
e <|| d uK*.uK*)
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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 (24) by remarking that, as in the first part of the proof, we have for all Dy ;« € 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

(Vd : u)o,o’* - m Z |5|uDo,o* )59
0,0

? 5€0D, ,*

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

1

(Vd : 11)0,0* =

g Ui+ + Ur=
Z lslup, .5+ ol (ua+ K L )‘nK,a~

Do | S€AD,, 4+ \0Q 2 Do o 2
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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 Dy o« € D recasts as

1

(Va-u), .= Dy (lol(ur —ug) nge+ 0" (U —uk+) Dk« o), YDgor € Dint.
1

(Va-u),,. = 2Dy o+ | (lo] (us —ug) g+ 0" (Up —Uk+) Dge o), VDoor € Deat.

Proof. Let us first assume that Dy ,« € Dipe. Using the definition of up . s and of
(Vag-u) we have

o,0%)?

U
A (5K Nosy e + 50K+ sy 00

u
> lslup, s = - (JSKK+ 05y + 552 Mosy,. ) +

2 2
5€0D, =
ur, ur-

+ 3 (IsLi*Nos, o + 1500+ Mo s, . ) + - (Iskrp*Mospw + 1500+ Mos, ,.) -

By using Lemma 2.4, it follows that
Ug Up~ * ur, ur = *
> lslup, .5 =—— oIk o — —— 07 0Ke o — - |onL o — = - [oF L o
' 2 2 2 2
$€0D, 5+
We conclude by using —nr, , = ng s and —np=- g+ = N o=.
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« € Dt and § = Dy o+ |D 1 € 0Dy o+,

o ,o*

— + —
EDU,U* s 6070*]:Dc,,0* 5 + ea’,a*"FDm”* ,5° (25)

We observe that the fluxes gDa,aMg are conservative by definition. For D, s+ € D¢qe, we have
to define the outgoing flux &£, through the primal egde o C 0D, ,« N Q2. We take

Ey = oo Ff +eoF,

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

R |Do.ox N K|RKk + |Doo+ NLIRL + |Doo» N K*| R+ + |Dg g+ N L*| R+
o,0% — 2|Da,a*

with the convention that Ry = 0 if Dy 5+ € D¢y¢. 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.

, - (206)

The discrete internal energy equation is given by

ﬁa a*éo o* = Po,o*€o,0* 1
: : : — + s|Ep .
L 3 e
+pa7a* (Vd . ﬁ)a"o'* = RO’,O’*7 VDO',O'* € gint (27)
Po.o% €0 — Po,o*€o,0* 1 ‘0-|
g ) s ) & i £
5t |D070*| Z |5| Dy 5% .8 + |D4010* o

SEOD, 4 \0Q
+ Do+ (Vd : ﬁ)a,a* = RU,U*7 VD(LU* € Deat

where the flux £p_ . s is defined by (25), V4 - W is given by Definition 3.11, and Ry by (26).
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3.5 Stability analysis

We now turn to the stability analysis of the scheme. We exhibit a CFL-condition of the following
form for interior diamonds (see (38) and (39))

ot
- ( Y. lsllup, ..o+ (lo] + o*l)c(ew*)) <C VDo € Dins,
Door \scaD,

(with C € (0,1) depending only on reg () and ) which ensures that the numerical density and
the internal energy remain non-negative. It also guarantees that the remainder terms Ry and
R+, and thus R, o+, are kept positive. To this end, we shall use Lemma 3.2 and specifically
property (7) of the numerical flux.

We do not claim, though, that the obtained condition is optimal. The value of the constant
C (made explicit with (38) and (39)) is not used in practice to choose the time step. This result
is however reassuring since it proves that the condition linking the time step and the mesh size
involves the chararacteristic speeds in a classical way. Note it also involves the geometry of the
cells, through the regularity parameter reg (). As reg (%) increases, which means dealing with
a less regular mesh, containing elongated cells, the constant C tends to 0.

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

ot
|D<T,U*|

> lslA(eles), up, . )T <1, VD40 € Dint

5€0D, o*

|D§t*|[ Yo lsl(eles)sup, Lo o)+ lolhi(cleo), uo)]T| <1, VDo on € Dy
77 L seaD, .+ \0Q
(28)
Then, the non negativity of the density py o~ is preserved: p, ,. = 0.

Proof. Let D, ,+ € D;p. We go back to the mass conservation equation (9) and we make use
of Lemma 3.2 and we are thus led to

_ ot _
Po,o* = Po,o* — W Z |5| (FJr(pa,a* > UDU7U*,5) +F (pg’,g*’ ) uD,,d*75)>
o, S€EOD, o
3t .
2 pa,a* T Z |5|f (p050*7uDU,0*75)
|D0’0* | S€EOD, ,*
5t .
> poa = | D Islpoor A (eles), up, . 0)]
o, 5€0D, ,*

With pg o+ = 0, the right hand side of this inequality remains non negative under the CFL-like
condition (28). 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 [6, 25], we remind the reader that up = —up , s 5o that the

ﬂ"(T*)s

characteristic speeds of the system satisfy:

[A(eles),up, . o) = [As(cles), —up , ., .o)I"

= [_Af(C(GS)»uDU,YU*I,s)]_‘_ = [)\,(c(eﬁ),uDa/YU*,’g)]_.
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It allows us to rewrite the conditions (28) in a form similar to what has been obtained on
Cartesian grids. For instance, the first one can be recast as

ot _
Do Do Isl(eles) up, )T+ D IslA-(e(es),up,, L8)]T | < 1.
0,0 S€0D, o= SEAD, o+
sCK scL

We now turn to the remainder term Rg. The fact that R remains non-negative depends
on the mesh-regularity coefficient reg (%), and the obtained condition is stronger than (28).

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

5t ) 1
Z |s|[A+(c(es), up, ,«.s)] gl—&—Tg(‘E)’ VDo,o+ € Dint, (29)

| 0,0 | 5€0D, o

ot ( Z ‘5‘[)\+(c(eﬁ),qu*,s)]+

|Do',a* | sEt‘?Da’,,* \80 (30)
1
+ o) — .
+lolhsleea)suo)]* +1olhgnn) < (=g VDo € Deat
with A;’Dir = %p”D‘: [A—(c(epir), upir)]~ if o is a Dirichlet boudary and 0 otherwise. Then,

Rr Z20VK €M, Rr-20VEK* e M UM and Reox 2 0VDs 0 €D.

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

a) Let K € 9. By using the averaged mass equation in Proposition 3.5, the remainder term
Rk in Definition 3.9 can be rewritten as

||ﬁK—uK||2 ot + 1 _ HHK_UL||2
Ry = Kl - Frol -5 D Fro——,
K 25¢ PK |K| ‘O—| K,o |K| ‘O’| K,o 9
D, ,+€DK D, ,«€DKk

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

R > M.A here Ax — pr — ot Ft 31
K= 557 K where A = pic = 7 > 0| F K - (31)
D, o+€EDK

Having Agx > 0 is thus enough to ensure R > 0. Going back to Definition 3.4 for px and to
(15) for the expression of .7-}*(,0, we modify the expression of Ak, and we arrive at

Do NK 5t
Ax= > ("p - |K|a|f:>

D EDgND |K|
o,0* K ext

3 1Dyo- N K| 5t | Do NK| N
+ —_— gt — s|F )
Dy o+ €D ND; ( K[ " T IK| Do 56; 817D, . s
o,0% int o

sCL
0t |Dgy o+ N L B
te Ty 2. 8 FD, )
(Kl |Dool 557 . *
ECK'
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|Do.o+ N K|

Adding and substracting o s |]-'$a . leads to:

|DG,U* S€OD, 5+
sCK
IDO' o* N K| 5t
A = % 1 o — — ]:+
o,0* ext
Dy« NK ot
+ 3 |MK|| prr = Boo] > IslFS,
Dg ox EDRNDint P9 5€0D, o
ot 1 _
o= Y 2 sl (IDees NKIFS o+ Deor N LT L)
K] Dy o# €D K D | Do.o+ | 5€dD, " ’
sCK
Let us start by rewriting the third sum. By using the equality | Dy o+« NL| = | Dy o+ | — | Do o+ NK],
we have
1 —
> Dyor] >l (\Dw* NKIFp, .5+ [Doo- N L|]:Da,a*,s)
Dy ox €D KNDint a,0" 5€0D, o+
sCK
1 . _
- > D] > sl (\Dw* NKIFL o+ \DU,U*|FDUYU*75) :
Do ox€DKMDiny | 7 | 6€0D 4 o=
sCK
(32)

Since the flux Fp_, ; is conservative, we get
o0

Z Z |5|~7'-D{,7,,*,5 = - Z Z |5|]:DU’(,*,57

D, o+ €D KNDint 5€3D010* Dy ox€EDRNDext s€0D, ,* \oQ
sCK
and thus
— _ +
2 > Wb, e = = > 1slFD, e
D, o+ €D KNDint 5€8Dc,,c,* D, o+ €EDRKNDint ﬁéaDgﬂ*
sCK sCK

- Z Z |5|]:Dc,,a* 5.

Dy ox €D KNDegt s€EAD,, o+ \OQ

This equality can be used to rewrite the last term in (32). Finally, plugging this result in the
definition of Ag yields

|Dg.o+ N K| ot ot
A= S (Pt S e G S i
Dy ox €D NDeut 771 5€8D,, ,+\0Q

D, .«NK ot
vy Pt oS
Dy €D xND; K| | ""’*|seaD . ’
o,0 int o,0

é Dy NK .
+ﬁ y  [Pee 0k el DI D Y S FL .

Dy ox €D KNDint S€E0D, 5* Dy ox€EDKkNDint SEID; 5%
sCK sCK

We are now going to establish a bound from below for Ax. To this end, we proceed as follows.
Since FI'l > 0 and F < Ft, we get

A > B?gct + B?t,
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with

|Do.ox N K]| ot ot
B?t = Z (Ur-mpv,a* - m|0—|f; - |D *| Z |5|-7'—50,a*,5 9
Dy.o* €D MD eyt P71 5€0D, ,\ON

and
B}?t = Z | U’TK| | po',a'* - |D Z |5|fgo,a*,5
Do €D K NDiine 79" 5€oD,,
ot
_ s|Ft .
Ky, iy s
o,0% int o,0*
sCK
Substracting the non negative term > > Js|FS L. to Bt we get
Dy ot €D rNDint SEID 5 ox 77
sCL
B}?t 2 Z M Po,o* — Z |5|f5 S5
|K| ' |th‘a*| 7t
Du‘,o‘* EDKNDint ’ 5€8Do-,o*

0
XY EE.

Da,rr* EDKNDint 5€8D<7,U*

+
|D0' o* ﬂK| ot |D0'0'* FDo o*,5
P Z : Poor | 1— 1+ 7 Z |5| ’
D, o+ €EDKNDint |K| |DU’J* | |DJ7U* M K‘ S€0D, o* P,

By using the definition of mass flux (8) and Lemma 3.2 we end up with

. Dyo- NK]| 5t Do, |

Bmt > ‘ 0,0 Jd1 = 1 0,0 )\ i +

" e%;m, K P\ Dt U Beeni) | 2 PP un, )
o,0* int o,0*

(33)
Therefore B2 > 0 holds when

5t 1Dy o+ |
1> 14+ ——27 1 A , L)t
ot (1 D) 3 bt o)

Da o*
This inequality holds when (29) is fulfilled since reg (%) > |D|ﬂK

We now turn to the study of B**. Since, for all Dy o+« € D g N Deyty Do or N K| = | Dy o
we have

)

+
Dy o | ot Fif 5t |K| FDy s
Bext: | g,0 . 1— o _ o077
K Z |K| Pa, < |Daa* IU'pva* |Da'¢7* DO‘G‘*‘ Z ‘5‘ Po,o*
DU)U*EQKQQ&N, ’ ’ ’ ’ EGBDUY(,*\(?Q ’
| D o] ( ot
> ——Poor |1 — o[ [\ (e(eq), uo)]+
Z |K| |D0,0*

DU,(r* EDKNDent

ot
(@ (e up, )]
g,0" s€D, ,\OQ
(34)
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Therefore B¢** > 0 holds when

o (lolreelen)u) T +rea(®) Y llhe(eles)up, - o))

1> —
s€dD, ,+\Q

| Do o+

This inequality holds when (30) is fulfilled since reg (%) > 1. Thus, Rx > 0, for any K € 9.

b) We now turn to the study of Ry« for K* € 9* U 99*. The proof follows the same
lines. By using the averaged mass equation in Proposition 3.5, the remainder term Rg+ in
Definition 3.9 can be rewritten as

||ﬁK* — U~ 2 ot I ot ‘0’| +
7% * = * . o
K 557 PE = T S ot F R, " > 5T

DU,U*GQK* o,0* ED g NDeyt
1 o g —upe?
- Fre e
Dy ox €D g
1 P
Y s
K~ 27" 2 ’

Dy o+ €D gxMDent

where the two last contribution are non negative since F. 7*,0* < 0and F; < 0. Hence, we get

[T — ug-|?

Ry = Agc, 35
K 26t K (35)
where 5t 5t o]
o
AK* = PK* — T |U*|]:+* ox ]:;_.
K Ze@ R, e@z o 2
o,0* K* o,0* K* ext

Having A~ > 0 is thus enough to ensure Ri~ > 0. Going back to Definition 3.4 for px+ and
to (16) and (18) for }—;(*70*, we modify the expression of A+, and we arrive at

_ |Dg o N K*| 5t |o| .
D VI G e A
Da,o"‘ EQK*QDea)t
ot |DUU*QK*| St |Doa*ﬂL*‘ B
_ B . JT_‘+ s <F
‘K*‘ |D0,U*‘ |5KL | DooxSxcr + |K*‘ |Da,a'*| |5KK Dy o 5K K*
0t |Dgo- N K*| 6t |Dgge N L*| B
— > Fr ’ F,
|[K*| 2|Dg,o+ o175 + |K*| 2Dy o] o175
|-D0',a* ﬂK*' ot |Do',a* ﬂK*l
+ Z <|[(*|p0,a* - |K*| |D *| Z ‘5‘.736’0*’5
Dy ox €D gx NDint 79 S€EID, o+

sCL*

0t |Dg o+ N L¥| _
+ : Is|lFp .. ).
LS P DL
SCK*
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|Do.ox N K*|

Adding and substracting > |s|FS L, leads to:
|D0-,a* S€EOD, ,* S
sCK*
| Dy ox N K*| ( 5t o] | Dy o+ | Do NL*| __
AK*: —_— po,o*fii( 1+ ’ JT'.;»* - ‘Fa)
R < Dool 2 \U T B, ke D, A i
ot |Dy.ox N K| |Dg o N L*| _
rm X (-2 e+ P a7
| ‘ Dy ox €D g*NDeawt | 9,9 | g,0 |
|Dg,ox N K*| ot n
—_—t —_— s|F,
+ Z |K*| po,o ‘Do'o'*‘ Z | | DU7U*,5
Dy ox €D g*NDint ’ SEOD, .+
ot 1 « -
g 2 o 2 (Do NECES Do 0LV, ).
Dy o €D s NDing - 07 | 5€0D, o=
SCK*

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

we have

>

Dcr,rr* ED e+ NDint | U,O’*|

Z |s| <|Dm0* nEK*|Fp

5€0D, o+
sCK*

Z 1

D
Dy oe €0 g ND iy [ Dao+]

o,0%

5€0D, o+
sCK*

Since the flux Fp_ . s is conservative, we get
0% s

Z Z |5|]:D(,YU*,5 = -

Dy gx €D pxNDint S€EOD, o+

sCK*
and thus

> S blFp,

Dy ox €D g*xNDint S€EOD, 5x
> b e -

sCK*
DU,U* EDpxNDint SGQDG,U*

sCK*
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>

Da,o* e@K* ngemt 5€6D(,,(,* \89

- |Da,a* N K*|a

+ |DU’0’* mL*l}—BU‘U*,s)

S sl (IDoor VK NF, o+ 1Dooe|Fp, ) -

>

|| FD, 55

sCK*

2 2.

DGYU* EDpxMNDent 5€8Da,n* \BQ
sCK*

|s|Fp

o,a* 8"



Plugging this result in the definition of Ag~ yields

Dy (K| ( 5t |o| Dy o Dy o N L*]
Ag- = 2 2 (g — s T (1 2 FF 7))
IR S G o e e o ey Ko ey <
5t Dyo- NE| Dy 1 K| )
TS CTJB T SKEATS, T KK P, SR FS,
Dy o €D gx ND eyt 59 79
Dy K| 5t
D SR LSl (RN S VP,
Dy o €D g+ ND; |5 Do |
0% K* int S€0D, 5+
+|K*‘ Z Dyo-| Z [l Do o VK| Fp s
Da,a*E@K*ngint 77 566D<7,a*
sCK*
ot

+
7|K*‘ Z Z |5|]:Da,g*,5'
Dy ox €D gxNDint SEID, o

sCK*

Since FI'l > 0 and ‘FBU,U*,EKK* < 0, we have
Ag > BSE + B}?f,

Dy oy N K*| 5t o Dy o
Bew*t: |M< *— 7(14— 0,0
KDa a* Eg;* ﬂ©e$t| *| . |Do,a* 2 (

with

+ |Door N L7

7.)
|DO',O'*HK*|) o |DU,U*HK*| o’)
5t |Dy.ge N K| . .
- |K*| Z ( |Dcr a’*| |5KL* JT:Da,rr*:sKL* + |5KK* fDa,a*75KK*
DL.,:U* EDpxNDent ’
and
) D, ,» NK* ot
B}?f = Z | J’TK*| | (po’,g* — 7‘
Dg o+ €D gxNDint

S SR
o,0%* !

$€0D, 5+
ot

_\K*| Z Z |5|~7:$',,0*,5'

Dy ox €D gxNDint S€EOD, 5x

sCK*
Substracting the non negative term ot

TR+ 2. >

|s|Fh ., to Bt we get
o,0"
Dy o+ €D g NDint SEOD, o

sCL*

. D, «NK* ot

D S (T e I I
Dy g €D g NDiint ‘ | | o,0* | ’

S€EOD, o

ot

- ‘K*| Z Z |5|]:gma*,5

D(,,U* ED*xNDint 568D010_x

+
Dy o NK* ot Dy o+ D, -
> Z Do _ |pg,g* 1-— <1+ [ Doo| . ) Z H Do,oxys
Dy s €D g+ MDint K| Do+ | Do+ N K| S€OD, o+ Poa=
By using Lemma 3.2 we end up with

) Dy« NK* ot Dy o
stz Y e (gt (g e

> IslA g (eles), up, . )T
DUG*GQK*fT@im,l "] | Do |D”"’*HK*|)563D”* . o

(36)
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Therefore B}?f > 0 holds when

ot DUU*
12 o (1 e ) S elletea)un, I

[Do.o- | |Doo 1 K| SEOD, 4+

DO’ a*
This inequality holds when (29) is fulfilled since reg (%) > M

We now turn to the study of BS¥!. We have

Dy N K| 5t o] 1Dy | |Dy.o+ N L*|

Bt =) Doo DK 7<1 $J’+—L}"‘)

K |]<*| (p, |Doa* 2 ( +|Daa*mK*|) 7 |DUU*QK*‘ e
Dy ox €D gxNDext ’ ) )

ot |-Dcr o*
——— (|sgr-|F5 70N g | FE )
|D0',a* <‘ KL ‘ Do,oxssrr + ‘Da,a* ﬂK*|| KK ‘ D, 0% SKK*
Dy o NK* ot o Ft —F-
> 3 e T (e B (4 rep (0) 2+ (e () - 1272
Dy ox €D g NDegt 0,0% o,0* Po,o
+ +
ot FD, e . F Dy e srcren
_7|D reg (%) <|5KL* _ Do SKL |5 K ¢+ ﬂ) ]
o,0%* o,0* pa,a*

(37)

Therefore, since reg (T) > 2, B > 0 holds when (30) is fulfilled. Thus, R~ > 0.
That Rp, . is non negative follows from the fact that Ry, Rp, 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 and py o+ = 0, VD, o« € . Let assume that the following
CFL-like conditions are satisfied

|Di* (regm?wfi'ﬂc(ea,aw > 5|([UDM,5]++c<es>)>

5€8DUTU* (38)
< mi <1 ! > VD €D
s\ = == | o,0* mn
v’ 1 +reg (%) ' ¢
ot |o*| + |o|
Dy (reg (5)2 Tc(ea,o*) + Z |5| ([qud*,sr— + C(€5)>
57 5€OD,, .+ \0Q (39)
_ . 1 1
+ lol[A (cleq), uo)]t + 0|Aa,Dir> < min <77 1—1—1‘0@(5))’ VDo o+ € Deat

with A;Dir — %piD:* [A_(c(epir), upir)|™ if o is a Dirichlet boudary and 0 otherwise. Then, the

non negativity of the internal energy is preserved: we have €5 o+« = 0, VD, o« €D.
Proof. We start by observing that (38), (39) implies (28) and (29), (30). In particular, thanks
to Proposition 3.13, we have p, ,« = 0, VD, .+« € ©. Next, we turn to the non negativity of
€,.0+; we follow the arguments in [25].

Let us write (Vg4 -1), . as in Lemma 3.12 and then apply the Young inequality for each
four terms. For X € 9 and i € {0, 1} we write

(71)ipo,a*ﬁX ‘Ng o = (71)2("}/ - 1) [pa,o* €o,0* (ﬁX - IIX) ‘NKg o + Po,o*€o,oxUX * nK,U]

(egor) 2 c(eq,0v) ' )]
Z —Po,o* ’ ux —ux|*+(y—Degor | —=— — (—D'ux ‘ng, ||,
|z s =l (= D (4227 = (1)
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so that

otlo]| ot|o] c(eoor) 9 9
- «(Or —Udg) -n > — - : U —u +||uar —u
Dy P (Up — k) Nk, MDoo """ 22y (Ix — ugl* + [faz — url?)
ot|lo 2¢(eq o+
_2|D<|7,n|*(7 — 1)/)070*60,0*((\;5) + (ur —ug) 'HK,c;)-
Exactly the same computation for K* and L* leads to
5t|o*| 5t|o*| c(eg,on)

(k- —ug-|* + [[az- —ug-|*)

(U —Up*) - . g = — *
Do,o (uL uK) Ng= gx =2 Q‘Dma*‘po,a 2\/57

(St|0'*| 26(600*)
] AR DS (ot LA U ) Ngee gt ).
2|Dg,g*|(7 )P0+ €a, ( NG + (up- —ug-) -ng-,

We now split the proof into two steps, depending on the localisation of Dy 5+ in Dy or
Qemt-

a) Suppose that D o+ € Dipe with 0 = K|L and 0 = K*|L*. Owing to (27), we get
Poo+Coor 2 Lo+ Tk + T + T+ + T~

" 2|Dy o+ |

with
5t|0" 20(60 a'*)
T = 00* 00_* -_ o.a* 00*7 - 1 7’ - N g
0 Po,o*€o, Po,o*Co, 2|D0'70'* (’Y )< \/§ +(uL uK) Nk,
St|o* 2¢(ep ov)
— Po,c*€o,0* -1 — = T ) o
pratn o) (2 o - e
ot
a |Do'o'* Z |5|SDU'0*,5’
’ 5€0D, ,*
and
7 = s (1Dn 0 X1Rx = 517 pooecler i —uxl?) . x € (1)
= o — ——pooCles o )|[Ux —u ) y Loy,
be 2|D(m* , X 2\/%!), ; X X
T ot (D N X Ry — 47 (come || 2) X* e (K, 1"}
* = o,0% * — ———=Po,0*C\€q,o* Ux+ — Uux= 9 9 .
X 2|D0-70-*‘ . X 2\/§’yp7 » X X

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

o ' +1o )
To = po.o oo | 1 — — 1| ———c(eg.o= )+ slup .,
= ot ( B0 (T e e 5 el

5€8DG’U*
ot
ﬁ Z IS|1€D, 5
0,0 s€0D, 5

Owing to Lemma 3.2, we have

;.5 < ea,cr*f;)r .5 < Po,oc*€o,0* [)Ur(c(es)quuya*,s)]—i_

) o,0

— + —
gDU‘U*,E = ea,a*ng,U*’s + ea’,o*/fD

oo *

and this allows us to bound Tj from below as

ot lo*| + o] )
To = poooor| 1 — vy—1)| ——=—cles.or) + E slu .
0 ) ) ( |Do-,g-* ( )< \/? ( ) ) | ‘ Da,cr i

$€0D, ,*

S |§|[A+<C(es>,UDM*,s)]*)~

‘ O'ao'*‘ 5€3Da,o*
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IT + c(es), the fact

*
T

Finally, since up, ,..s < [up, . s|* and [A(c(es),up, .s)]" < [up
that Ty > 0 follows from

o 7" +1o] )
1> Y i sl A oliup .
‘DUHO'* (7 )< \/§ ( ' ) Z | H Do o s ]

$€OD, 5+
St N

] > sl([up, ..ol + cles)).
o,0%*

SEOD, o

This inequality is ensured by the assumption (38). Next, we turn to the term Tx. We use the
bound for Rk given in the proof of Proposition 3.15. Using the same notation, owing to (31),

we can write 5tlo]
tlo

|D0',J* N K|AK - pa,a*c(ea,a*)> .
( V2y

Moreover, we proved that Ax > B + B¢ with B¢ > 0 since (30) holds. Thus, going back
K K K

[ag — ugl?

Tk >
K 4Dy o

. D ey ﬂK
to (33), we have Ax > B > Z %pa/ﬁ*/ﬂ,,ya*/ where
DU,,U*/ EDKNDint | |
6t |Do./ o*!
P, o=1- 1+ : ls|[A4(cles),up , &))" (40)
’ |Do'/’g'*, ( |Do'l’g'*, m K| 566DZU, U*/ 7

However, since (29) holds, we also proved that P,, ,.. > 0 for each D, ;.- € Djn so that
A > meg* .o+ and we obtain

|Dy.o N K|?

Tk >
4| Dy o+ || K|

pa,a* ||ﬁK - uK”Qpa,cr*v

where
ot lo|| K|

V27| Do NK*
To ensure that Tk is non negative, it is sufficient to prove that pg,[,* > 0. We first observe that

|KHDU,G*‘ _ |K| ><< |Da,d*

po,a'* = PU,O'* - C(eﬂ'ya*)

)2 < reg (T)°.

|Doox NK[?  |Doo- Do o+ N K|
It leads to
3
pa,o’* 2 Po,a* - |D6t re;g/>(25)|0'|0(€070*)
o,0* Y
ot reg (%)*

>1

((+res®) 3 ol (eleaun, )" +

s€0D, 5=

lo|c(eq,o )) :

|D17,a'*

V2y

Thus, Tk is non negative as soon as

5 (“*feg(@) S sl (clea), up, . )+ FEE)

T —=lolc(es, *)) <1,
‘Da’a* ‘ 5€0D, o+ \/ify o

and this inequality holds thanks to assumption (38). Obviously, exactly the same result holds
for Ty,. Concerning T+ (and Tp«), owing to (36), we first observe that, as for Ag, the following

bound holds
|Do.o+ N K]|

K]

(with the same definition of P, ,«, i.e. given by (40)). Therefore, following the same lines, we

AK* 2 BZ}?*E 2 po',U*PU,O'*7
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obtain that Tk« and T« are non negative provided

L (ree®) X flbeletenun, ) +

reg (T)°
|Da',a'* EeaDg,a*

|a*|c(e(,7g*)) < 1.
V2y

This inequality is implied by assumption (38).
b) Suppose now that Dy o« € Deat, We get p, €50+ = To + Tk + T + Tk + Tp- with

dt|o] 2¢(€q.o+)
Ty = o,0€o,0* — Po,o*Co,0* 37T~ | —1 _— — o
0 = Po,o*€o, Po,o*€o, 2Dy (v )< /2 + (up —ug)ng,
ot|o*

*

(-1 (2o 4 s - e e

ot ot
1Dy > lslép, e |I)7|U|507
7" seoD, .« \00 o,

— Po,o*€o,0*
’ 2|De.»

and
T -t <|D CNX|Rx — ol Po.o+C(€qon)|Ux — uX||2> X e {K,L}
2|D0',o'* 0,0 2\/57 0,0 0,0 ) )
Tx* = 75]5 <D(7 o* ﬁX*|Rx* — 7|0*| Po U*c(ea a*)HuX* — Ux+* 2) . )(”< S {K* L*}
2|Dg, o+ | ' 22~ ’ ’

As previously, in order to guaranty €, ,« > 0 it is sufficient to ensure that these five terms are
non negative. We first note that the expression of Ty is the same than in the case a) (that is
Dy o+ € Dint) up to the additional boundary term |o|E,. Thus, following the same lines and
using the inequalities &, < €y o+ F) < po.o+€oor[As(c(€r), us)]T we arrive at the conclusion
that Ty is non negative as soon as

ot |o*| + |o|
— ¢

ot

ot
D Yo Islfup, -]t +eles) + |D7*‘U|[)\+(c(eg),ug)]+
T 50D, \0Q 0,0

1>
- |D0',U*

(€qo+) + Z |5|[UDU,G*,5]+

$€0D, 5+

This is ensured by assumption (39).
Next, we turn to the term Tk. As in the case a), we use the notation of the proof of
Proposition 3.15. We have
[k — ug|? 5t|o|
——————— | |Dsox N K|Axg — . w)—— | .
4|Dg,g* | 0,0 | K Po,o C(ea,a )\/i’y

Moreover, we proved that Ax > Bi?t + B2t with Bi?* > 0 since (29) holds. Thus, going back

|D e
to (34), we have Ax > Bt > Z ﬁ
D TEDKNDeqrt

ol o*

Qurr = 1= =2 oA (cleo) o) — —reg (D) 3" [l (ele), up, . o))

Tk >

Por o+ @y g+ Where

[Doo-] |Do.o- 5€0D, ,-\0Q
(41)
Since (30) holds, the terms @, .. are non negative for all D, ./ € Dcqy and consequently
Dy o+
AK 2 | ‘;5 Po,o* Qo’,a*-
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Thus, Tk is non negative as soon as

ot |ol|K
QU,J* - C(ecf,o‘*) | || |

- > 0
V27 |Do,o|?

or equivalently, using the expression of Qs o+,

ot reg (%
1>t <|om<c<eg>, wl g (D) Y lelha(elea), uDo,a*ysﬂuﬁ()wc(ea,a*)).
s€0D, ,\0Q v
This inequality holds when assumption (39) is fulfilled. The same result obviously holds for T7..
Concerning T+ (and Tp~), we obtain a slightly different condition. Indeed, owing to (35), we
can write

HﬁK* — Ug=* 2 ( 5t|0*|>
T *2— Do‘g* ﬂK*A * — Po,o*Cl€g,o* .
K 4|Do-)o-* | > ‘ K p ) ( ) ) \/i"’/
Going back to (37) and since (30) holds, we have Ag~ > %pg,g*Q;ﬁ where
5t o] Fr Fr
Qv 21— —(1+reg(T —7— —reg (%) —2 )
’ \D670*| 2 ( ))pg_’g* ) Po.o*

+

5t I Dy
- Wreg (%) Z \5\7'*-
i 5€0D,, 5+ \ON Po,o

Thus, we obtain that Tk~ is non negative as soon as

1> ot <|02|<(1+reg(5))pf; —reg (%) ]:"_)

- |D0',0* o,0* Po,o*
‘7:—5 *,5 O'*
treg(T) Y Js—== 4 c(ea,a*)greg (T)°
SEOD, 4+ \0Q Po,o v

We conclude that Tk« and T~ are non negative if the following condition holds

1> IDZ* ('g'((l +reg (T) ) [ (c(en), us)] T + reg (T) :fa [A*(C(GD“)’“D“”_)

c(eq,0+ )|0™|reg ( )
+reg (T) Is|[Ay(c(es), up, ,.0)] T + =2 )
© seapg*\ag o P V2y

This last inequality is implied by assumption (39). This concludes the proof. [ ]

4 Conservation of total energy

Definition 4.1. We define a kinetic energy E§127 stored on the cell Dy o« € Djpnt, by the
formula

Pl 2

2

prc- [uk-|?

D, -~NL*
2 HDooM

2 2
D, a*ﬂK|m-HDa a*ﬂL|m+|Da o NK*|
Ekin — ! 2 ’ 2 ’
0,0 2|Do',a'*

pa',a'*

and a total energy I, o=, stored on the cell Dy o« € Dy, by setting

kin
Ema* = €g,0% + EU,O'*'

30



We wish to write a local conservation equation for the total energy py o+ Es o+. This property
is in fact related to the duality relations between discrete operators, as discussed in [23], and
based on Lemma 3.3.

Proposition 4.2. The discrete total energy py,o+ Eq o+ satisfies the following conservative equa-
tion on Dins:

ﬁ *E Neaa P s *E o 1 1
0,0 0,0 5 o,0 ,0 + ‘D | Z |5|TD,,1(,*,5 + W Z |5|qDa,a*,5 = 0)
99"l 5€aD, ,» 00" sedbn. v

where

e Tp. .. 15 a conservative total energy flux through the interface s of the diamond cell

o,0% %

Do‘,a*;

. ﬁ > Islap, ,..s 5 a conservative discrete version of V - (pu) on the diamond cell
o,0 ’
5

DU,U* . ’
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 zx, Tx~, x, xr+ as depicted in Fig. 3.
Let X € {K,L,K* L*} and multiply the kinetic energy balance equation on the cell X by
%. Next, add the four relations to the equation for the internal energy (27) on the cell
Da,o*y-

*) The first task is to identify some conservative fluxes K Dy g 15 such that

Dyoe N K D, L
S sl e = Por OEL S e g P OB e

2|K‘ 2‘L|
s€dD, . o' COK o' €L
‘Dag*ﬂKﬂ , |DUU*QL*| ,
_ E Kgso + ——— E Kr«gr. (42
+ 2|K*| |U| K*,o T Q‘L*‘ |0" L*, ( )
o/€cOK* o/ €OL*

Applying Lemma 3.3, on each primal cell ¥ = K with Xk , = Kk, provides a function wg
which satisfies (11) and (12). For the dual mesh, we proceed as for the primal mesh to define
wg~ from the fluxes X+ 5« = Kk« o+ on the interfaces of K*. We next define a conservative
flux of kinetic energy for each s = [vx,xx~] € 0Dy o~ as follows

1
K:D”,U*’g = ﬂ /(wK —|—(.AJK*)1’1D016*75 where § = s +.
5

5|ICDU,U*,5 as

(/ WKND w65 pcn +/ wKnDo‘,a*75KL*)

SKK* SKL*

</ WLND, L« .57 xcx +/ wLnD{,,a*,sLL*>
S K* SpL*

(/ WK*ND, _u 6p e +/ WK*nDU#,*,sLK*>
SKK* SLK*

(/ WLATAD, L 5pc +/ wL*an*,sLL*> .
SKL* Srp*

Since the kinetic energy fluxes K , and K+« o~ are conservative, we have
; ,

/CK,a + ICLJ =0 and ]CK*J* + ICL*J* =0. (43)

With a convenient reorganization of the terms, we write ) Dy -

N | =

+

+

+

N = N= N =
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Applying again (12) in Lemma 3.3, these two equalities recast as

1
3 (/ WKNK o +/wLnL,a> =0
1
3 (/ WRN R+ o +/ wL*nL*,U*) = 0. (44)

§|ICD

and

s and we get

o,0%)

1
> IslKp, .5 = 5 | [ wrknko + WKND, . sppe T WKND, .« 5y p s
(o4 SKK* SKL*

5€0D, 5+
1
+ 3 wrng s + WIND_ w5y ex T WLND, v 577
o Sy K* SLL*
1
+ B} WE*NK* o* + WK*ND, o sy T WK*ND_ o 5p
o* SKK* SLK*
1
+ 5 WrNp* o+ + WLND, L spep= T WrsNp, v sppx | -
o* SK* Sr*

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

We add these expressions in the sum .,

*

Dy o NK Dy NL
Z |5|’CD”*,527| =2 |V'WK+7| =2 |V'wL
s€0D ’ 2 2
Dy o N K* Dy o« NL*
1 Do DR = v e 4 B 0L =5 |y

Applying (11) in Lemma 3.3 shows that (42) is satisfied. Finally, we define a conservative flux
of total energy 7p, . s through the interface s of the diamond cell Dy o« by

Ty oes = Kb, uis +ED, o s

o,0%)

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

Do’a*ﬂKi Daa*mLi
%UK . (Vdp)K + %UL . (Vdp)L
Dy o NK*|_ Dy o NL*|_
+ |772|UK* . (VdP)K* + |772|UL* . (Vdp)L*
+ |Da,0* pa,a* (Vd : u)UJ* . (45)

We wish to rewrite this sum as > . op . [slap, ,.,s With gp, . s verifying the conservation
property gp, ,..s = —4n_, s where s = D o+|D
To this end, we apply Lemma 3.3 again on each primal (resp. dual) cell € = K (resp. K*)
with, now, Xk o = pPo.o+Uxk - Ni,s (r€8p. XK+ o+ = Do+ UK+ - N+ o+. 1t provides functions wx
(resp. wk+) that satisfy (11) and (12).
We next define, for each s = [vx,2x~] € 0Dy o~,

’
o’,o*'

1
AD, o5 = 5 | (WK +wK~) np, . s where § = s+
’ 2|5| s '

By construction, this quantity is conservative.

We are now going to check that the sum } . 5p  [slgp, ,. s coincides with (45). With a
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convenient reorganization of the terms, we write > o, [s|gp, . s as
o0 ’ ’

1 1
2 WK *Ng s T WK "Moo | + 5 WL " No sy, T WL Mo 5y«
SKK* SKL* SLK* Sp o
1 1
+ 5 WK* " Ng gy pen T WK* *Ng s, v | T 5 Wr* *Ng sy . T Wr* " Ngsppx | -
SKK* SLK* SKL* Spo*

We make use again of Lemma 3.3 to write

/wK N = ‘O’|pg,0*ﬁ]{ ‘NK o and / WEK=* *NR* g = |O’*|pa7a*ﬁK* TRk g (46)
g

o
For X € {K, L} we add %fa wx +Nx e+ % fg* wx~+ - Nx+ o+ and substract %pg,a*ﬁx ‘ny s+

lo”]

5 Po,o*Ux» - Dx~ o in the above expression and we get

1
> lsla, - s =5 | wk Ko+ WK M- + WK Mg s
s€0D, ,* g SKK* Spp*

1
= wr -nr s+ WL Nogppex T WL Ng5p
2
o S1K* SpL*
1
+ B W NE* gx + WK* " Ng sy T WK* " Ng 5, s
o* S K * S K*
1
+ 2 wrx Nps e+ WL Ngspp. + WL Mo sy
o* SK* S *

bl o - ol .
5 Po,o (UK - MK +Ur N o) — 5 Do,ox(Uks - Nfgs gv +Upx - e o+ ).

Thus, using equation (11) of Lemma 3.3 together with Definition 3.11 of the discrete divergence
operator yields

Dcr o* N K Do’,a‘* N L
Z |5|QDUYU*,5 :QV'WK—’—QV'UJL

2 2
$€0D, 5+
Dy o NK* Dy o+ NL*
QV CWEr + QV S W
2 2
+ Do o [P (Va - W g -

Applying (12) in Lemma 3.3 shows that

_ |DU7U" ﬂK‘ ’ |DU,U* ﬂL' /
e, e TR g e T 2 e

o |D07¢7*QK*‘ *! |DU,U*QL*| *!
T 2IK¥| Z |07 g o + 2[L*| Z 0" |qp o
o €K~ o' €dL*
Po,o* (Vd : ﬁ)a,a* :
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 — —
m Z l0'lgx,00 = m Z |0/|pggg*/ux Ny, =Ux - (Vap)x.
o'€dX o’'€0X

+ |Da',a*
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We can conclude that

Dgg*me DUJ*HL*
S felan, o = 2 e (a4 P D (T
5€0D, 5+
Dy NK*|_ Doo- N L7
+ |772|UK* (Vap)k- + |’72|UL* (Vap)r~

+ |DJ,U*

Do,o (Vd . ﬁ)ma* .
[ |

While the numerical strategy is based on staggered discretization and makes use of the
internal energy equation, obtaining a discrete conservative equation on a quantity which is
consistent with the total energy is a remarkable fact. It opens doors to check the convergence
of the scheme in the spirit of Lax-Wendroff’s analysis [40] — which is far from obvious since the
standard notion of flux-consistency does not make sense on staggered grids; we refer the reader
to [2] and [19, 31] for developments in this direction. The derivation of entropy inequalities is a
much more delicate issue, which requires further efforts.

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 [25]. The unstructured primal meshes used
in this Section are tessellations made of triangles, provided by GMSH, which leads to a dual mesh
the cells of which are polygons of any type.

For these meshes, the coefficient reg (T) takes values around 10. We define the characteristic
length & of the different meshes as follows

h = max(|o|, |o*]).

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

O (pu) + V- (pu@u) + Vp = f(t,x),
O¢(pe) + V - (peu) + pV -u =0,

where the force field (¢,x) — f(¢,x) is tailored so that the smooth solution reads

pox(t,x) = exp ( —2¢/(z cos(t) + ysin(t) + 1)2 4 (—zsin(t) + ycos(t) — 0.1)2)7
uex(t7x) =Y,

v (t,x) = =z,

exp ( — 3/ (zcos(t) + ysin(t) + 1)2 + (—zsin(t) + ycos(t) + 0.1)2>
p(t,x)

with x = (z,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.

b

e (t,x) =
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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:

(SIS

XK * +XL* 2
ex
€2p = < § ‘DO',U* PD,,Y‘,* —p ( 2 )‘ )
D, ,-€D
oF =[x pen ,xp ]
9 1
XK* +XL* 2
€
€2 = ( § ’DO',O'* €D, .« — € X(f)‘ > 3
DG,U*EQ

o* =[x e kg k]

1
2\ 2
|K\‘uK —Uex(XK)‘ ) ,  Cay = ( Z

2\ 2
o = v (x| )
Kem

D

€2 g = ( ‘K*|
Kem=uom=*

1 1
2\ = 2\ 2
) ’ ez’v* B ( Z ) -
Kem+uam*
We also report the characteristic length h of the different meshes. The results are almost the
same for the second component of the velocities. For this test case, we have set 6t = 10™%: the
small value of the time step ensures that the stability condition is satisfied for all the considered

grids. It appears that it corresponds to the following condition at the initial time:

D

s€O0D, ,*

U _uex (XK*) |K*| VE _vex (XK*)

1

|s|[A+<c<eg>,uDg,c,*,w) -1

max

ot
D, 5% €Dint |Da,a* |

We use Dirichlet boundary conditions. We observe as expected a first order convergence. In
Fig. 4 we show the numerical solutions (density and the internal energy) obtained on the finest
mesh at time ¢t =0 and ¢t = 0.2.

e (| losley/e, ) 0 log(ee/ ¢ )
. log(h(’) JXC 1)) € log(h(l)/h(’ 1))

1 262x107! || 407 x 1072 - 1.71 x 1071 —

2 || 1.43 x 107" || 2.49 x 102 0.82 9.28 x 102 1.02

3| 710 x 1072 || 1.40 x 1072 0.82 4.87 x 1072 0.92

4 || 3.74x 1072 || 8.04 x 1073 0.87 2.54 x 1072 1.01

51 1.96 x 1072 || 4.45 x 1073 0.91 1.31 x 1072 1.02

6 || 1.01 x 1072 || 2.36 x 1073 0.96 6.74 x 1073 1.01

energy on several meshes.
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Table 1: Error in L?-norm between approximate and exact solutions for the density and the internal




. o @ log(e5, /eft, ") @ log(ef1, /¢5,")

1 h 62 w ﬁ €2 u* W
log(h'" /hU~1)) log(h") /h )

1] 262%x1071 | 1.12x 107! — 3.01 x 1071 —

21 1.43x 107! | 6.19 x 1072 0.98 1.67 x 107! 0.97

3| 7.10 x 1072 | 3.36 x 102 0.87 9.40 x 1072 0.82

4| 3.74x 1072 | 1.80 x 102 0.97 5.27 x 1072 0.90

5| 1.96 x 1072 | 9.56 x 1073 0.98 2.89 x 1072 0.93

6| 1.01x1072 | 4.94 x 1073 1.00 1.57 x 1072 0.92

a) Density, t =0

(max = 1.01, min = 2.43e-3)

P

(c) Internal energy, t =0
(max = 1.49, min = 4.52e-2)

Table 2: Error in L?-norm between approximate and exact solutions for the first component of the
velocity on several meshes.

(b) Density, t = 0.2

(max = 0.96, min = 2.47e-3)

(d) Internal energy, t = 0.2
(max = 1.46, min = 4.67e-2)
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Figure 4: Density and internal energy, numerical solution on a mesh with 921772 primal cells.




5.2 Simulations of 1d Riemann problems

We now check the ability of the scheme in finding non smooth solutions. To this end, we
run the 2D code, on a 2D unstructured grid, but with Riemann data constant in the second
direction y. We thus expect to preserve the 1D geometry of the solution, given by solving the
1D Riemann problem. The mesh size is h = 6.9 x 107%. The mesh contains about 5 cells
in the y direction and 21305 cells in total. The time step is 6t = 2 x 107%. Beyond the
geometric robustness, dealing with such discontinuous solutions it is also important to check
whether or not the scheme is able to capture the expected solution, without developing non
entropic singularities. In the staggered framework where the equations are treated “separately”,
the order in which the unknowns are updated might matter. The difficulty is illustrated in
[34] on standard Sod’s problems [50], showing differences between the updates “density/internal
energy /velocity” and “density/velocity/internal energy”, the latter (which is the order used
here) producing non entropic shocks, see [34, Fig. 23]. The 1D simulations performed in [25]
on the same test case shows that working with the numerical fluxes introduced in Definition 3.1
restores the expected entropic solution, see [34, Fig. 19]. This is confirmed by the experiments
performed with the 2D unstructured code: Fig. 5 compares the exact solution of the Riemann
problem and the numerical solution for the initial data p; = p, = 1, w; = u,, = 0 p; = 1000,
pr = 0.001, T = 0.012, with the adiabatic exponent v = 1.4. Contrarily to the results of [34],
the rarefaction wave does not contain non admissible shocks and the results are similar to those
obtained in the purely 1D simulations of [25].

184
64
16
WA
54 14 4

124

104

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
(a) Density p (b) Velocity (horizontal component)
1000
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800 000 ]
700 4 |
600 500 + |
500 |
400 000 I
300 |
200 A 500
100 A
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
(c) Pressure p (d) Internal energy e

Figure 5: Riemann problem, horizontal cutlines (y = 0) at time 7' = 0.012. Exact solution (black
dotted line) and numerical solutions (blue solid line), h = 6.9 x 1074, 6t = 2 x 1076.

37



5.3 Simulations of 2d singular solutions

(a) Density (b) Pressure
(min=0.0023, max=>5.44) (min=0.00, max=0.50)

Figure 6: Sedov blast wave problem, density and pressure at time 7" = 0.4 on an unstructured
triangular grid with 341136 primal cells (h = 3.02 x 1073) and 6t = 1076.

1. Sedov blast wave problem. This test case [49] gives rise to a diverging radially sym-
metric shock wave [12, 26, 46]. Initially the gas has constant state p = 1, u = 0, and the
pressure is 0, except at the origin where the total energy is concentrated. The analytical
solution is explicitly known [36]. To approximate this solution, we start from a constant
pressure in the set C of the diamond cells that contain the origin, with an initial energy
FEy = 1. Since, initially, the velocity is zero and p = 1, it means that we set

pD:('y—l)%, vDeC and pp=0, VD¢EC,

at the initial time. Thanks to the symmetry of the solution, it is possible to only perform
the simulations on the quarter plane. In this case, to take into account the symmetry, |C|
is replaced by 4|C| in the initialisation of the pressure. We perform three computations
with three different triangular meshes respectively with 21502, 85376 and 341136 primal
cells. The corresponding mesh sizes and the time steps we used are the following: (h =
117 x 1072, §t = 2 x 107°), (h = 5.93 x 1073, §t = 2 x 107%) and (h = 3.02 x 1073,
ot = 1075). Fig. 6 shows the discrete density and pressure at time 7 = 0.4 on the finest
mesh. It shows the expansion of the blast wave: the symmetry of the solution is well
preserved. We see in Fig. 7 radial cutlines of the exact and the numerical solutions at
T =0.2 and T = 0.4 for the three different meshes. The solution is well captured with an
improved accuracy as the mesh is refined and the expansion speed is correct.

We also check on this test case the conservation properties of the scheme. The total mass
> Dy e e® |Dy.o |po.o is preserved up to machine precision. The discrete integral of the

averaged total energy (see definition 4.1)

Z |DU,U*|:00,U*EU,U*
D, ,+€D
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is also preserved up to machine precision. The discrete total momentum ( computed on
both primal and dual meshes)

Z |K|pkug and Z |K*|pr-ug-
Kex K*eT

are also preserved up to the machine precision when the simulation is perfomed on the
full domain. On the quarter plane, the pressure term in the momentum equation brings a
non-vanishing contribution on the boundary.

7 A 1.2
— — exact solution — — exact solution
— h=117x10" — h=117x1072
6'—h:5.93x10“ " 14— h=593x10" ‘I
— h=302x10"° | — h=302x10" |
5 | I |
| I
4
34
I
|
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} / "
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|
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Figure 7: Sedov blast wave problem, radial cutlines at time 7' = 0.2 and T' = 0.4. Exact solution
and numerical solutions on three different meshes.

2. Mach 3 Wind Tunnel. 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

0= Q() \ Qstep7 QO = [0,3] X [0, 1], Qstep = [06,3] X [0,02]

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
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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. 8 (at the top), we present the result obtained at 7' = 4 with an unstructured primal
mesh made of 204 254 triangles and 307 081 edges. We compare this result to the one
obtained in [25] on a 960 x 320 cartesian grid which is reported in Fig. 8 (at the bottom).

0.8
0.6
0.4
6.840
0.2
— 5205
0.5IIIIII-IIIUIIIIIIII-\I.lsl\IIIIIII2.|0IIIIIIII\2.|5I\II\IIIII
3,570
0.8 1.935
0.6 0.3000

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 8: Simulation of the 2D Mach 3 wind tunnel with a step, density with 50 contour lines
on a MAC mesh at bottom (min=0.30, max=6.53) and on an unstructured triangular grid at top
(min=0.33, max=6.84) at T' = 4.

3. Falling water columns. The next test case is inspired from [3]: 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
~ = 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

with x = (z,y). In Fig. 9 and 10, we show the density and the internal energy at time
T = 1.035 with 6¢ = 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 [25].
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—3.728

3415

3.103

2,790

Figure 9: Simulation of the 2D three falling columns into a rectangular basin: Density with 50
contour lines on an unstructured grid at left (min=2.83, max=4.01) and a 255 x 255 Cartesian
mesh at right (min=2.79, max=4.04) at 7" = 1.035.

1.120

—1.042

Figure 10: Simulation of the 2D three falling columns into a rectangular basin: Internal energy
with 50 contour lines on an unstructured grid at left (min=0.81, max=1.11) and on a 255 x 255
Cartesian mesh at right (min=0.81, max=1.12) at 7' = 1.035.

4. Flow past a circular bump. 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 [25] 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 T = 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. 11, we show the Mach Number with 50 contour lines.
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Figure 12: Structured triangular mesh

The simulation 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 [51].
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Figure 11: Simulation of the 2D supersonic flow in a channel with a circular arc bump flows from
left to right: Mach number (min=1.28, max=1.96) at time 7' = 5 with 50 contour lines on an
unstructured mesh.

A Barycentric mesh

An alternative construction of the dual mesh is obtained by joining the centers zx to the
midpoints of the edges of the primal mesh: this is the barycentric mesh [13, 14]. Fig. 12 provides
an example of the direct and the barycentric approaches, starting from the same structured
triangular primal mesh. Clearly, the barycentric dual mesh can have a much more complicated
structure than the direct dual mesh, requiring more involved descriptors in the code, but in
practice it can be more robust with respect to mesh orientation effects and stability issues, see
for instance [10, 11].

It might happen that the direct dual mesh produces non convex diamonds cells, in which
case the edges of the dual mesh are not included in the diamond. This is illustrated in Fig. 13.
For such complicated geometries, it is preferable to work with the barycentric dual mesh. In
this situation, considering a diamond cell D, ;+, 0 = [x+, x1+] is still included in the diamond,
and there are two edges of the dual mesh, hereafter denoted o} and o7}, which belong to this
diamond, while possibly 0* = [zx,21] ¢ Dy o+, see Fig. 13. For the barycentric mesh, the
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definition of D g+ should be adapted: it becomes D+ = {Dy o+ € D,0K* N Dy o« # 0}. All
statements of the paper apply to this framework; we are going to discuss the slight adaptations
of the arguments, which still relies on the construction derived in [23].

TK

Figure 13: 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*

Let us detail how the construction of the mass fluxes Fg , and Fk+ »~ made in Section 3.2
generalizes for the barycentric dual mesh. We refer the reader to Fig. 13 again. As in Section 3.2,
Lemma 3.3 gives the existence of a function wp, - € Hg;, such that

1
Veun. =L Y b

| U’U*l $€0D,

and
/WDM* ‘np, .5 = [8FD, .5
5

There is no restriction at all on the geometry of the cells, in defining a mass flux on an edge ¢
(of X = K or X = K*) contained in D, ,~, with the unit outward normal nx . by the formula

|t|]:X,t = /wDa,o* CILX e (47)
v

This is still a conservative quantity: if v = X|Y C D, »+, then Fx . = —Fy,, and we adopt this
definition from now on. The domain D, ,«NL* is delimited by o}, o7 (which are not necessarily
on the same direction), sx .+, and s+ ;,. The mass fluxes are already known on s+, and s« 1,
which are boundaries of the diamond D, ,+, and we wish to clarify their expression on o}, o7,
the boundaries of L*. Therefore, by definition of wp, . and the divergence theorem, we obtain

Dy o« N L*
[ Ve, = PO S m,
D, o NL* ’ |Da70* €D, ‘

= |ox|Frror + 1001 FL 02
+lskr«|Fp

sgpe T ‘5L*L|‘FD6,U*75L*L'

o,0%

We write
B |Do.g+ NL*|  |Dgox NEK*|

1=
|Dg o+ |Do.o+
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so that

D, .« NL*
lok|Freor + 00| FLeor = Doo N 17| ng - | > JslFp, .
7,9 568D,”,*
£5KL* @”’“*75;(“ - |5L*L|]:Da o*ASLELL
« N
- LS .
o,0%*

5€8Da,o* NK*

D, s« NK*
—|T’5*|| Z Is| 7D, - s-
79 €D, ,«NL*

We recover the same expression as for the direct mesh, and it makes sense to still denote this
sum by Fg=- o+ It is worth pointing out that computing Fg+« ,« does not need to determine
explicitly |05 |Fr« oz and |07 |FL+ o+: 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
FK* .« = ]:K* « + Fg o« as we did for the primal mesh or the direct dual mesh, which leads

(16) It is Worth detalhng further this decomposition and explaining its consistency. Indeed,
the auxilliary function wp,_ . depends on the fluxes Fp_ . s = }-JJDFU .stFp, . s and, it turns
out that Fx ., defined by (47) appears as a linear combination of these ﬂuxeé; we get

]:X,t = § 775]:Dc,0 5
EEBDU o*y Do ox€Dx

The expression of the coefficients is fully detailed in [23], but we dot not need this here: we
point out that the n; are real, without definite sign; this explains why a construction applying
directly Lemma 3.3 to the .7-"2;“ _. s would fail: it is not guaranteed that the combination of the

.7-%0 s keeps the sign. Nevertheless, we can write

Z nﬁ‘FJDr(,YU*,s + Z nﬁ]:BmU*,s

7520 7 <0
>0
+ Z 775}—55,0*,5 + Z 775}—1;0,0*,5'
N5 <0 N5 20
<0

This defines the splitting Fx . = }'j( ¢ + Fx - We apply this construction to define Frr o1 =
.7:+*’U;( +.7:7*,U;( and Fi- or = * ot + Fx+ o+ - By summing these contributions, we go back
to
0" | Fe v = IU}}\fK*,o; + 0L FK+ 0y
and then we obtain
* + * + * +
|U |f * 0% = |0'K‘f *,0';{ + |0'L|f *’o.z. (49)

The proof of Proposition 3.5 can now be reproduced: the same formula holds for both the direct
and the barycentric dual meshes, by merging contributions as in (48).

Next, we turn to the momentum equation, as in Section 3.3. 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 (47). Then, on these interfaces, say o}, we split as described above the flux into
positive and negative parts Fr« ox = Fre o + Fr. oL and we apply the upwinding

x ;

,0

44



principles accordingly by setting QK*J;{ = It or UK* + Fr. o3 UL As in (48), we can

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

*
70.K

(\0}‘(|}'+*,0;( + |02\}‘+*)02)uK* + (lok [ Fge or + |Uz|]:+*7az)uL*.

**) or, we use directly the averaged formula (48), which defines ]-"?5*70* by (16) too, and then
we make use of (20).

The two viewpoints coincide, owing to (49).

Definition 3.7 of the pressure gradient can be readily adapted: the formula for (V gp) g+ still
makes sense, by setting

0" ks o+ = |0k K o + 0L 0K o7, (50)

remarking that this vector is indeed orthogonal to ¢*, by virtue of Lemma 2.4.
For obtaining the kinetic energy fluxes, as in Section 3.4, we can define the “intermediate”
kinetic energy fluxes Kr+ o+ , K+ ox by going back to (49). It yields

2 2
_(r+ [ug- - ur-
Foacoie = (f i g TR ) (51)
_(rt flug 12 - flug®
ICK*,az = (]: *or 2 +]:K*,crz 2 )
|0 |Kkcx o = |05 |KKceor + |0 KKc o2
Proof of Lemma 3.12 still follows by using —np , = ng, and —np« ,« = ng« .+ owing to

definition (50) for ng« o+.

It remains to discuss the conservation of total energy and to extend Proposition 4.2. When
working with the barycentric mesh, we still apply Lemma 3.3, but in order to define wg~, we
should use the two quantities X+ or = ICK*,U;( and X+ or = ’CK*,027 see (51), associated to

the two interfaces o} and o} of K* that belong to D, ,-. We next define a conservative flux of
kinetic energy for each s = [xx, T x+] € 0Dy - as follows

1
,CDG,U*& = m /(wK +wK*)l’ng’a*75 where § = s gc+.
5

«,5 S

o,0%

With a convenient reorganization of the terms, we write Y .55 . [s|/Kp

1
9 WKND, x5k 5* + WKND, x5k
S K* SKL*
1
+ 5 wLnDo,a*vsLK* + wLnDa,a*vsLL*
SLE* Spp*
1
+ 5 WK*DD, .65 k= + WK*ND, w57 5%
S r* SpK*
1
+ 5 WL*ND, o« spp» + WL*ND w5 | -
Sy SpL*

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

K:K*)o-;( +K:L*,o’}‘( =0 and ’CK*,O'Z +ICL*70'2 =0.
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Accordingly, (44) becomes

DN | =

and

\
S
3
=
?

+
Q\
S
S
=
5
~
I
o

(/ WK*NK* % +/ WL*nL*,a;‘(> =0,
We are thus led to

1
2 L
Y. IslKp, .

s€0D, 5% (

T

I\DM—\

WKNEK s + / WKND, w55 pcn +/ wKnDa,a*,sKL*)
SKK*

SKL*
wLﬂL o / WLND, w5y cx +/ wLnDM*,sLm>
SLK* SLL*

(/ WD o* —|—/ WK*nK*,az
o

L

/ WE*ND,, x5k + / WK*ND, 75LK*>
SKK*

S K*

/ OJL*IIL*’(,;{ —|—/ UJL*IIL*)U}«:
ok o

L

+/ WLND, x5 +/ WL*nDU‘(,*,sLL*) .
S L* SLL*

From this, we can apply the divergence theorem and conclude as for the direct mesh. The
treatment of the pressure term follows similar arguments, up to the definition Xx~ o= =
Po,o+ U+ * DK+ g% X+ .o 2 = PoorUK+ DK+ gt and replacing (46) by the sum over the in-
terfaces o}, and o7.

DN | =

T~

+

L1
2

+

N | =
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