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KINETIC SCHEMES ON STAGGERED GRIDS
FOR BAROTROPIC EULER MODELS:
ENTROPY-STABILITY ANALYSIS

FLORENT BERTHELIN, THIERRY GOUDON, AND SEBASTIAN MINJEAUD

ABSTRACT. We introduce, in the one-dimensional framework, a new scheme of
finite volume type for barotropic Euler equations. The numerical unknowns,
namely densities and velocities, are defined on staggered grids. The numer-
ical fluxes are defined by using the framework of kinetic schemes. We can
consider general (convex) pressure laws. We justify that the density remains
non-negative and the total physical entropy does not increase, under suitable
stability conditions. Performances of the scheme are illustrated through a set
of numerical experiments.

1. INTRODUCTION

This work is concerned with the numerical solution of the following system of
conservation laws:

(L.1) Dup+ 0ulpV) =0,
(1.2) 3 (pV) + 9 (pV? + p(p)) = 0.

This is the Euler model for compressible fluids (in the absence of external forces)
with a barotropic equation of state: the pressure p(p) is a function of the density
only. The unknowns are the density p and the velocity V of the fluid. We restrict
the discussion to the one-dimension framework, but the ideas can be extended to
higher dimensions. As a relevant specific case we can deal with isentropic flows for
polytropic ideal gases where p(p) = kp?, for some constants v > 1 and k > 0.

We set U = (p, # = pV) and the system can be recast as

OU + 8,F(U) = 0, with F(U) = (/, /%2 +p(p)).

Roughly speaking, given fixed time and (homogeneous) space steps d0t, dx respec-
tively, a numerical scheme for this system reads
U"“—U’“Jrﬁ(Fk —Ff ))=0
j i e a2 T He12) =
and the cornerstone of the method relies on a suitable definition of the numerical
flux F f_H 2 88 2 function of the numerical unknowns U} for certain values of ,
neighbouring the considered index j (say for a three points approximation flux

U;“_l, U j’“ ,U jk+1)' We wish to discuss numerical schemes based on the framework
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of the so—called Boltzmann schemes [9HITL28B0,32]. More precisely the system is
seen as the limit € — 0 of the following BGK-like system

0uf +€0,f = ~(MIf] - f)

in the spirit of hydrodynamic limits which allow us to derive the Euler equations
from the Boltzmann (or BGK) equation; see e.g. [31]. Here, (¢,z,&) — f(t,z,€) is
a vector-valued function, and the “Maxwellian” state £ € R — M[f](£) € R? is a
function of the auxiliary variable &, which is parametrized by the zeroth moments
of f in such a way that, denoting (p, pV) = [ f d¢, we have

/ M{f]dé = (p, pV), / EMLF]de = (oV, oV + p(0)).

Basically, the scheme works in two steps for solving the system of conservation laws:
knowing pk LV, approximation of density, velocity at the discrete time kdt:
e First, solve
1
S (= et =o.
This is a mere linear transport equation.
e Second, project the solution to the equilibrium state

fk+1 _ ]\4[f*]7
the Maxwellian having the same zeroth moments as f*.

In practice, we get rid of the extra velocity variable ¢ by integrating the formula with
respect to &: it provides a scheme of Finite Volume type for updating p*+!, V*+1,
Precisely, by using the basic upwind discretization in the convection step, the rea-
soning leads to the following definition of numerical fluxes,

by = / eMF de + / M, de,
£§20 ¢<0

where £ — M Jk(ﬁ) stands for the Maxwellian state associated to the moments

k k _ky/k k
Uj; :(pjapj‘/j):/Mj d¢.

It is convenient to set FF, ., = F*(UF)+ F~ (U}, ) with

Jjt+1/2

(1.3) FrU)= | eMEde, F(U)= [ eM(€)de
§20 £<0

We refer the reader to [OHIT28B0LB2] for the design of such kinetic schemes in the
context of gas dynamics. The analysis of such schemes is thoroughly detailed in
the textbooks [6l29]. In particular, the schemes can be reinterpreted by means of
approximate Riemann solvers; see [6, Section 2.5]. The consistency of the scheme
is simply embodied into the property F*(U) + F~(U) = F(U). The numerical
analysis aims at exhibiting stability conditions which, at least, preserves the natu-
ral positivity of the density p. Another crucial issue is related to the behaviour of
certain nonlinear functionals of the unknowns, the so—called entropies; admissible
solutions should dissipate these quantities. For kinetic schemes, these properties are
intimately connected to the design of the Maxwellian functions M. In particular,
preserving the positivity of the density makes appealing the choice of equilibrium
with compact support (with respect to the £ variable). Dealing with isentropic
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flows for a polytropic ideal gas (p(p) = kp?), it is possible to identify a convenient
Maxwellian in order to dissipate the natural “physical” entropy of the problem. It
leads to solving a minimization problem under constraints, but the effective com-
putation relies strongly on the homogeneity property of the pressure law [5]; and it
is not clear how to apply the method when dealing with intricate pressure laws, like
the laws described e.g. in [21I]. Furthermore, the resulting numerical fluxes do not
have in general an explicit expression by means of the numerical unknowns, which
might lead to practical difficulties (the case v = 2 being a remarkable exception).

Here, we revisit the design of kinetic schemes for (LI)-(T2). Our approach
differs from the standard one in the following three directions.

e First, we propose a non-classical definition of the Maxwellian M. The
motivation is to consider quite general pressure laws, for which it is not
obvious to find dissipative equilibrium states just by solving minimization
problems. However, our computation remains reminiscent of ideas in [23]
considering compactly supported equilibria, with a support driven by the
propagation speeds of (LI)—([T2).

e Second, our version of the kinetic scheme works on staggered grids where
the discrete density p and the material velocity V' are not stored on the
same location. While the approaches are completely different in spirit, the
idea dates back to [35] and [37]: it is used in industrial contexts in the
framework of Lagrangian methods; see e.g. [2I]. We also refer the reader
to [I] for the conception of such a scheme on staggered grids for the Shallow-
Water system, based on a Finite Difference reasoning and the preservation
of certain physical quantities. More recently, staggered strategies have been
developed for gas dynamics systems in [1920].

e Third, by contrast to the most common strategy adopted for hyperbolic
systems, our scheme upwinds with the material velocity as a privileged
speed, instead of using the full wave structure of the system. Although the
derivation of the scheme is based on different principles, this idea appears
in the so—called AUSM schemes [26L27]; see also [I5L16I8H20] for recent
analysis of schemes in the same vein.

Our motivation is two-fold. On the one hand staggered discretizations can be
expected to fulfill better stability properties in low-Mach regimes, because they
naturally avoid odd-even decoupling of the pressure, and the possible occurrence of
spurious modes. We refer the reader to [I6,[I8] and the references therein on this
aspect. On the other hand, the method is well adapted to treat coupled models
describing mixtures, which involve an intricate constraint on the material velocity.
The staggered framework allows us to design a scheme for such complex flows in
order to conserve exactly the total mass of the mixture. This issue is detailed in

[3].

This work is organized as follows. We start by recalling briefly a few basic facts
about (LI)-(L2) in Section 2] where we set up the notation. In Section Bl we
introduce the Maxwellian states on which the scheme is based. Then, we detail the
space discretization. We also identify the stability condition which preserves the
positivity of the density p. Section M is devoted to the analysis of the behaviour of
the discrete (physical) entropy. It turns out that working on staggered grids helps
in proving a dissipation property. We establish both local and global inequalities,
the latter not being direct consequences of the former. Finally, in Section Bl we
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discuss a few numerical simulations, dealing either with the simple equation of the
state p(p) = kp?, or with more intricate pressure laws. It shows that the method
is efficient and reliable.

2. BASIC FACTS ON THE SYSTEM OF CONSERVATION LAWS

In all what follows, we assume that the pressure function p satisfies

(2.1) peC*([0,00)), plp) >0, pp)>0, p"(p)>0,¥p>0.
Consequently, the sound speed

cipr— /P (p)

is well defined; furthermore ¢ : p — ¢(p) is strictly increasing. This property plays a
central role in the analysis of the proposed numerical fluxes (see Lemma B3 below).
Assumption (1)) also implies that the function 7 — p(1) is strictly convex. This
property enters into the analysis of the invariant regions of the system (CI)—(T2),
but it will not appear in the analysis of the scheme. Note that non-convex pressure
laws arise in real-life applications, and it leads to specific difficulties; see [21].

At least formally, the system (LI)—(L2) can be rewritten in the non-conservative
form

oU + A(U)0,U =0, A(U) =VyF(U),

where A is the jacobian matrix of the flux function F' : (p, # = pV) = U —

(7., 7%/p+p(p)), namely
0 1
AW) = (p%p>—-dﬂ2/p2 2d¢/p)'

The eigenvalues of this matrix define the characteristic speeds of the system (LI])—
(@2):

A(U)=V —clp),  A:(U)=V +clp).
Therefore for any p > 0, V € R, A(U) admits two distinct real eigenvalues, and the
system (LI)-(T2) is hyperbolic.

In view of its physical meaning the density p is expected to remain non-negative.

Next, let us set Wi (U) =V + G(p) where G'(p) = # = Lpp). As far as the so-

lution of (I)—([T2) is smooth, these quantities, the so—called Riemann invariants,

are simply advected at the speed Ay (U); we can check that (0; + A\19,)Wy = 0.
d

Owing to @), p — pG(p) is convex, which is equivalent to d—p(pQG’(p)) =

dip(p\/p’(p)) > 0. Then, for any x € R, the sets {U = (p,pV), V + G(p) < k}
and {U = (p,pV), V — G(p) > K} are convex and they are left invariant by the
dynamics; see for instance [33] Th. 8.3.8]. This observation provides uniform es-
timates on the solutions of (LI)-(T2). Accordingly, we can deduce L™ estimates
on the density p and the velocity V', by means of the initial data. We refer for
instance to [§] for the analysis of such invariant sets through viscous approxima-
tions. However, showing that a numerical scheme preserves these natural estimates
is far from obvious: it can be justified for Godunov’s scheme, which is based on the
exact resolution of Riemann problems, or Lax-Friedrichs’ schemes (see e.g. [25]),
and these estimates are then the first step towards the analysis of the existence of

solutions to (LI)—(L2); see [12L13].



KINETIC SCHEMES ON STAGGERED GRIDS 2225

We set
®:pr—0(p)  suchthat  pP'(p) — 2(p) = p(p).

Note that ®"(p) = &p’)), so that @ is convex. Smooth solutions of (LI)-([LC2) can
be shown to satisfy the local balance law
V2 V2
2 (p7 + ‘P(p)) + 0y ((p7 +®(p) +p(p))V) =0.
It motivates an admissibility criterion to select among weak solutions. In turn, they
satisfy the following global entropy inequality (for suitable boundary conditions)

(2.2) % (pv7 +0(p)) dz <0

indicating that entropy is dissipated in the admissible discontinuities of the solutions
of (LI)-(T2). It is therefore an issue to determine whether or not a numerical
scheme produces solutions that satisfy the entropy criterion. In order to proceed
with the analysis of the scheme we propose, it is worth having in mind how the
computation works at the continuous level. On the one hand, we check that

(2.3) 0 (p) + 02(2(p)V) = (®(p) — p@'(p)) 0.V = —p(p)D,V.
On the other hand, for the kinetic energy we get

V2 Vv?
24) 9o ) +0u(p5V) = (oY) +0u(pVE)V = =0up(p) V-
Adding the two relations yields the local relation

(2.5) o, (pV; +0(p)) + 0, ((pV; +®(p) +p(p) )V) =0

and the conclusion follows by integrating and using the boundary conditions. Of
course time and space discretizations break this structure and the challenge consists
in identifying discrete versions of the derivatives in (23] and 24)).

3. DEFINITION OF THE KINETIC SCHEME ON STAGGERED GRIDS

3.1. Maxwellian states. The kinetic scheme we shall study is based on the fol-
lowing definition,

(3.1) Mo(p,V,&) = #Ep)I\EfV\éc(p%
Mi(p,V,€) = VMy(p,V,€)+ M(p,V,€)
with

- 3 _
M(p,V,8); = EL(p, V) Lig|< |V 4c(p)» L(p,V) = 3 (IV]+c(p) " plp).

We recall that ¢(p) stands for the sound speed. In particular, the definition of
My is reminiscent of Kaniel’s strategy for gas dynamics [23] with a support of the
equilibrium that exactly contains all the velocities in the interval [V —c(p), V +¢(p)]
defined by the fundamental wave speeds of the system (LI)-(2). From now on we
adopt a slight abuse of notation for Ay compared to Section 2] denoting Ay (p, V) =
V £e(p). With U = (p, pV), we set

o= [ e (e) e
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Consistency of the corresponding flux—splitting method is a consequence of the
following claim.

Proposition 3.1. We have
[n e v = (o7
[ €0t 00)(p.V.)de = V.oV + (o).

The fluz decomposition is consistent since F+(U) + F~(U) = F(U) holds.

The definition of the Maxwellian (Mj, M7) is very specific. In the momentum
fluxes, the convection terms are dictated by the mass fluxes, while the pressure
term has a very simple expression. This remark, which is crucial in the analysis of
the scheme, is made clear through the following statement.

Lemma 3.2. For any p >0, V € R, we have
Y pip pip
eNtp.v.0ae =" wma [ eanov.ae=veE(pv)+ 12
£20 £20
For further purposes, it is convenient to introduce the following mappings:
F*t. [0,00)xR — R

€20

(3.2)

Next, we set

F.V) = FH V) + F(p.V) = [ Moo, Vo) d€ = pV.

(3.3)
FpV) = FHp.V) = F(0.V) = [ lelMolp. V. a6 > 0.

Figure [ provides the graphs of V + Z%(p,V) for a fixed p > 0. In particu-
lar, we observe the difference with the simple UpWind definition of the mass flux
FUPWE(p V) = £p[V]*. The analysis of the scheme relies on the properties of
the functions .Z*, that we collect in the following claim.

Lemma 3.3. Assume 1)). Then, the functions F+, F~, FV1 satisfy the follow-
ing properties:

(i) 0<F*(p, V) <p[A(p V)], VVER, Yp>0.

(i) —=p[A-(p, V)] <F (p,V) <0, YWER, ¥p=0.

(iii) (p,V) € (0,00) x R = FE(p,V) are C* functions and FT(p,—V) =
= (pa V) .

(iv) p€[0,00) — F1(p,V) is increasing for V € R, and strictly increasing for
V=0.

(v) pe0,00) = F (p,V) is decreasing for V € R, and strictly decreasing for
V <o.

(vi) p€[0,00) — FI(p, V) > 0 is strictly increasing for V € R,
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F*(p,V)

F~(p,V)

FIGURE 1. Graphs of V — Z1(p,V) and V — F(p,V) for a
fixed p > 0.

Proof. The conclusion follows by direct inspection of the following formula, where
the expression of .Z*(p, V) changes depending on the Mach number V/c(p):

0 if V+c(p) <0,
4 2 P 2 .
FH(p, V)= F(P)(V +c(p)” = m/ﬂ(m V) itV —c(p) <0<V +c(p),
= #p)wp, V2—A_(p,V)?) 0 <V —c(p).

The estimates can be obtained by comparing A (p, V) and 4¢(p) when we consider
separately each case. Similarly, we have

PV = ﬁép)(h(p, V)2=2_(p,V)?) if V +¢(p) <0,
B = p 2 _ 14 9 .
M ~4e(p) (V= clp) ——WA_(p, V) if V —c(p) <0< V4c(p),
0 if0<V —clp).

]

Remark 3.4. The explicit expression of the functions .#* are no longer used in the
sequel. We only use the properties stated in Lemma so that the result could
be directly applied to another flux splitting satifying all these properties. More
precisely, properties (i) and (ii) are used to derive CFL conditions ensuring the
positivity of the discrete density p (or more generally, guaranteeing non-uniform
bound from above and below for the density p). Properties (iii)—(vi) are used in
the analysis of the entropy-stability.
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3.2. Staggered grids. From now on, we consider that the problem (LCI)—(L2)
holds on the bounded domain (0, L). Tt is completed by the boundary condition

(3.4) V(t,0)=0=V(tL), Vt>o0.

Note that it belongs to the framework designed in [I4] for the analysis of initial
boundary value problems for systems of conservation laws. Roughly speaking, only
one field is incoming and we do not need further boundary data. Notice that with
this boundary condition the entropy balance (22 holds.

We now wish to discuss the adaptation of the kinetic scheme on staggered grids.
While we present the framework in the one-dimensional case, the method can be
adapted to higher dimensions. We consider a set of J+1 points of the computational
domain [0, L] such that 1 = 0 < z2 < --- < x; < xy41 = L. These points define
a subdivision of [0, L] which is called the primal mesh. The xz;’s are referred to
as the edges (or vertices) of the primal mesh. We set 6z, = 241 — x; and
Tjp12 = %(33] +xj41) for j € {1,...,J}. The J points z3/5 < --- < xj41/9 are
the centers of the primal cells and realize the dual mesh. We set dz1 = dx3/5/2,
dxy = 0T 541/2/2 and dx; = %(59@,1/2 +0xj41/2) for j € {2,...,J —1}. For the
numerical unknowns:

e Densities are evaluated at centers of the primal mesh: p;;/0, with j €

{17 et J}7
e Velocities are evaluated at edges of the primal mesh: V; with j € {1,...,J+
1}.
The density is updated with a Finite Volume approximation on the primal mesh,
which thus requires an approximation of the fluxes pV at the interfaces z = x;.
Namely, we have

ox i+1/2 , & .
(35) ](St (pjjrrll/z _p§+1/2)+y]k+1 _yjk :Oa vj € {137‘]}
We adopt the kinetic scheme. For internal edges, quite naturally, we use the value
of the velocity at the edge = z; and we upwind the density:

(3.6) Ff =T 01 V) + T (010 Vi), Yi€d{2,..., T}

For external edges, since we use homogeneous boundary conditions (34)), the fluxes
are set to zero:

(3.7) Fr=0, Fh,=o0.

We proceed similarly to define a Finite Volume approximation of the momentum
equation on the cells (z;_1/2,2;41/2) of the dual mesh. We introduce an approxi-
mation of p at the edges of the primal mesh

(3.8) b 0Ti41/2P] 10 +0T5-1/20] 1)
’ pj 25.13j ’

Vie{2,...,J}

Since at the kth time iteration, the approximate density is seen as the piecewise

constant function ijl pé? 1 /21[%,% il pé? is nothing but the mean value of the

density on the cell (z;_1/2,2;41/2). We update the velocity with

0x;

(3.9) ’

(PSHVIH = VY + o= Ff 1)y =0, Vied{2,.. T}
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Since we want to impose boundary conditions (3.4]), we set

(3.10) VT =V = 0.

The fluxes ﬁfﬂ /2 are also defined by the kinetic scheme. As remarked in Lemma

B2 M only contributes to the pressure. More precisely, it yields a centered differ-
ence of the pressure term since for any p, V, V'’ we have

ENI(p, V) dE+ [ EBT(, V) dg = (plp) +ple").
§>0 £<0

This term is evaluated at the center x = x4 9, it is thus natural to make use of the
available value of the density at this point: the corresponding contribution to the
flux ffﬂ /2 is therefore p(p? 1 /2). The convection flux is given by an approximation
of [EVMy(p,V)d at @ = xj41/5. We mimic the formula obtained with the mass
flux: we upwind the quantity pV', which is advected by the velocity V. The latter
is evaluated at the interface. We are thus led to

iz = /5 ogvjkMO(ﬁ?ijﬁl/%f) dg
>
+/§ 0§V]‘I€+1M0(ﬁ§+1>vjﬁ1/gu§) d§+p(p§+1/2)
<

where we need to make ﬁ?, ﬁ? 1 and VJ’fH /2 precise. Instead of using the basic
interpolation p;?, we bear in mind that f§>0 fMo(ﬁ;?, Vj’fﬂ/wﬁ) d¢ represents the
mass flux going from left to right through the interface located at x = ;5. We
evaluate it as the average of the (already known) mass fluxes from left to right at
the interfaces * = x; and = x;4;. Reasoning the same way with the mass flux,
going from right to left (£ < 0) yields for all j € {2,...,J — 1},

— VE
(3.11) 9?4—1/2 = TJ(?JF(Pf—l/zavjk) + y+(/’?+1/2avﬁrl))
. k
i+1 _ _
j2+ (3? (p§+1/2, ng) +F (P§+3/2’ Vﬁi—l)) +p(p?+1/2).

For j = 1, (resp. j = J) we note that VF = 0 (resp. VJ,, = 0) so that the

contribution associated to the positive (resp. negative) &’s vanishes. Hence only

the mass flux from right to left at the interface 3,5 (resp. the mass flux from left

to right at the interface z;_ ;) has to be considered. Since there is no mass flux at

x =0 (resp. x = L), we arrive at

Fa= o (0 Vo), Fhije = LF 0y VE 0y 0)
3/2 9 5/2) V2 5/2)> J+1/2 9 J—1/2>VJ J—1/2

Due to the very specific form of the Maxwellian M, the scheme treats differently
inertia and pressure, in the spirit of AUSM schemes [26,27]. As pointed out in
the Introduction, the definition of the numerical mass and momentum fluxes does
not involve the resolution of Riemann problems, nor the computation of intricate
integrals, that could be quite costly.

Remark 3.5. A simple variant of the scheme is obtained by replacing My(p, V, &)
by pd(§ = V) in the definition of the mass fluxes, in the spirit of [32]. With
such a definition of the equilibrium state, convection terms are UpWinded, and the
pressure is approached by a centered difference. For the sake of simplicity, let us
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assume that we are working with a uniform mesh with constant mesh size dx > 0.
With [V]* = (|[V]| £ V) = max(+V,0), the scheme reads

Al = P PR 2,
with yk = pj 1/2 [Vk]+ - p§+1/2 Vi
py VT = V- (gfffi’;v g - :;; (Plpje1/2) = Plpj-1/2)),
where p? = %(p?H/Q + pjfl/z) and
k,UpW Vk +
g = 5 (T Vi)

V _ _

J+1 k k k

9 ( PhiasolVE + 0 ae [V )
This scheme is very close to the ones proposed and analysed in [19}20] which
are also constructed on staggered grids with UpWinding strategies based on the
material velocity. It produces consistent results but with oscillations, that remain

of controlled amplitude, when the velocity vanishes. It will be further discussed in
Appendix Bl

Remark 3.6. Note that the numerical fluxes naturally incorporates the bound-
ary condition [34)). In particular, since the density is evaluated only on “interior
points”, we do not need any ghost cells to treat the pressure gradient.

We conclude this section with the following stability statement, which gives
conditions in order to produce non-negative densities.

Proposition 3.7. Assume that the initial data salisfies p?+1/2 > 0 for any j €
{1,...,J}. We assume the CFL-like condition

ot - .
(P Py VDT + ool VI T) <1 Wi=1,0d,

5Ij+1/2
at every time step. Then the scheme preserves the positivity of p.

(3.12)

Proof. We rewrite the evolution of the discrete density as follows:

ot
E+1 ok —(k k k k
Piti2 = Pirizt 525412 (7 (P541/2: Vi) — y+(ﬂj+1/2» Vj+1))
ot

5$j+1/2

5~+(p§_1/27 Vyk) - 97(;)?_5_3/2, Vﬁ;—l))

By assumption the components pif 41/ are non-negative for any ¢, and the contri-
bution of the last two terms is non-negative. Next, Lemma B3] tells us that

ot _

k41 k k k k

ijr_l/g 2 Pjit1/2 (1 - 75%“/2 ([)\+(Pj+1/27 V]-‘rl)] + [/\—(Pj+1/27 Vy )] )>
Hence pj T /2 > 0 when (B12) is fulfilled. O

Remark 3.8. Remark that the stability condition involves the characteristic speeds
V £ ¢(p), and not the material velocity V' only. This is by contrast to the schemes
which use UpWinding strategies based on the material velocity; see Remark
and Appendix [Bl for further comments.
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4. STABILITY ANALYSIS: ENTROPY DISSIPATION

In this section, we wish to establish a discrete analog of ([22)). Let us set up
some notation. We set (for j € {2,...,J}):

Eoo._ (K k k o k k
Pj,min ‘= MmN (pj—1/27 pj+1/2)7 PjMax -— Max (pj—1/27 Pj+1/2)

and

k o k P
Pmin ‘= je {Hl }p]+1/25 PMax *— {1 }pJ+1/2

In order to avoid technical difficulties due to the presence of vacuum, we shall
assume that pf. > 0. Note, however, that the scheme performs well in vacuum
formation; see Test 5 in Sectionl In fact, we are going to analyze a slightly modified
version of the scheme [BI)-@BII). According to ([B.II]), we split the momentum
flux as follows:

Py k+1/2 .
(4.1) Tl =Y+ J€{l,... 0}
with
k vy k
g3/2 = 7/ (P5/27V2 )
Vk
k k
gj+1/2 = TJ(jJr(pj—l/Qv‘/j )+ F (P3+1/2avj+1))
Vi,
— & k — k k .
+ 32 (j (pj+1/27vj )+ F (Pj+3/2vvj+1))v je{2,...,J -1},
k vy +( )k k
g]+1/2 = Ty (pJ—1/2aVJ)7
and
k+1/2 )
(42) ].:,.1//2 pg+1/2(P ( ]+1/2) (I)(p?+1/2)7 J € {17 R J}
The flux ¥* 172 Tepresents the contribution of the inertial terms whereas the term
k_tll //22 discretizes the pressure forces. The expression of the latter relies on the
relation p(p) = p®’(p) — @(p). We have thus replaced p(p§+1/2) in (BI1)) by ﬂfj_rll//;

It has the flavor of an implicit relation; however, we should bear in mind that the
density is updated by (B3] before computing the velocity and we thus have pfjrrll /2
at hand without the need of an intricate fixed point method. The motivation of this
modification will appear clearly in Section Il Throughout this section, for some
k € N, the state (p§+1/2)j€{1 VVVVV sy and (V )jef1,....J+1} is given and we suppose

that the following set of assumptions is fulfilled:
(hl) The pressure function p satisfy (2.1),

(h2) pmm
) VIV, o,
(h4) The updated state (p;?ill/Q)je{17...7J} and (ij'*'l)je{gw,‘]} is defined by
BIH)-B1) and BF9)-BI0) with the momentum fluxes modified as in ({1
2.
We shall prove the following discrete global entropy inequality, which can be seen
as a stability statement.
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Theorem 4.1. Assume (h1)-(h4). Then, there exists 7, > 0 such that for any
0 < 0t < 74, the updated state verifies

{ZM]( k1 () ) + ZMJ“/Q‘I)( JJr1/2)]

j=1
HZM]( (V) + 25%1/2‘1’(%“/2)}

The time step 7, depends only on the state p¥, V* on the parameters of the
space discretization, and on the properties of the pressure law; its identification
relies on the combination of quite intricate but explicit stability conditions (see
Corollary for a precise statement).

By contrast to standard proofs in hyperbolic theory, we consider separately, in
the two next sections, the evolution of the internal energy ®(p) (Section E]) and
of the kinetic energy pV?/2 (Section EE2)). Roughly speaking, the evolution of the
kinetic energy is obtained by multiplying the momentum equation by V. It can
be split into two contributions: the work of the pressure forces (see ([23)) and the
contribution of the inertial terms (see [24])). We shall adopt the same splitting
at the discrete level and the modification of the scheme will be useful in order
to compensate the work of the pressure forces with a similar contribution coming
from the evolution of the internal energy. We proceed into two steps. We start by
establishing local estimates, namely discrete versions of (Z3]) and (Z4]) in Sections
[Tl and respectively. The former holds on the primal mesh, the latter on the
dual cells. Unfortunately, neither a local nor a global entropy inequality (that is the
discrete analog of ([23) or (Z2) as stated in Theorem []) can be obtained directly
by summing the two local inequalities. It requires a further, quite intricate, analysis
presented in Section .3l Note that local estimates are interesting in itself, in view
of a full consistency analysis. Indeed, it is likely that we can adapt arguments from
[T9.20] in order to establish a Lax—Wendroff-like statement for this scheme, which
would prove that the limit of a converging sequence of stepwise constant functions
defined from the scheme is a weak solution of the system of conservation laws that
satisfies the entropy inequality. This question is, however, beyond the scope of the
present paper; see [4].

4.1. Evolution of the internal energy. This section is devoted to the proof of
the discrete analog of equality ([23]). The following notation will be useful:

FE(p1,V) — FE(pa, V)

(4.3) d:t(pl’p27 V) = p _ p lf pl # p27
0T (p1, V) i o= o

and

(4.4) d"V(p1,p2. V) = o1 — P2 it p1 # p2,
9,7 (p1, V) i p1 = po.

Owing to Lemma B3] d*(p1, p2, V) is non-negative for any V € R, positive when
V > 0, while d™ (p1, p2, V) is non-positive for any V' € R, negative when V' < 0.
Consequently, dI'l = dt — d~ is always positive.
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Let us also introduce the following two quantities:
(4.5)

1 k k
ij__l/g = Pjt1/2 — M(ﬁJr(pj-ﬁ-l/Z?‘/j ) — (Pj 1/2: Vj )) vi€el{2,...,J},

S 20t _

p;?jll/z = p§71/2 - F(ﬁ (p?+1/27 ng) -7 (Pg 1/2 V )) Vjiel{2,...,J}.
j—1/2

and, at the boundary, pf“,ill /2= pf} 120 p’;;r; = p§ /2 By combining the equality

F(p,V)+.F (p,V) = pV and the discrete mass balance (1), we readily obtain
the following equality:

k-’rl +pk+1 5
Pj+1/2 Fj+1/2 t .
(46) f 7pfi—11/2 6(E p]+1/2(‘/_7]:-1 _‘/jk)7 Vj € {175‘]}

We can now state the main result of this sectlon.

Proposition 4.2. Assume (h1)-(h4). Then, for any 6t > 0 such that
min  ®”

(Pf min Pfvax ) 10N (51‘]‘71/27 0z j41/2)
max O 4dll(p" VF)’

( P?,mmv P?,Max )

the following inequality holds for all j € {1,...,J}:

(4.7) ot <

Vie{2,...,J},
j 1/2° ]+1/27

0xjy1/2 i1/
L 0ot ) = ©Phy0)| + (G — G5 + 74115 [V - V] <0,

where GY¥ =0 and for all j € {2,...,J +1}:

ox; T
k k k —1/2 k k
GY = Dy V) = a2 [0 (7 ) — 0ok ).

Remark 4.3. The flux G? is defined as a function of p?_l/z, p?_l/Q and ij:

G? = G(P?71/27 pﬁfl/za V]k)

The flux is consistent in the sense that G(p, p,V) = ®(p)V. Suprisingly, the func-

tion G depends on the ratio P ot e It is harmless if this ratio remains bounded

away from zero but it could become an issue in the semi-discrete limit when the
time step 0t tends to zero (independently of the mesh size). Nevertheless, formally,

assuming that the density and the velocity converge, say p? 112 5:>0 pj+1/2 and

Vk 5—> V; , we obtain
t

Gy — ®(pj_12)Vi + (F(pj41/2: V) = F (pj-1/2, Vi) ¥ (pj-1/2);

7 5t—0
which is still a consistent discretization of the internal energy flux.

The proof of Proposition makes use of the following technical result.

Lemma 4.4. Let ® be a strictly convex function of class C*. Let p1,pz >0,V € R.
We denote p = min(p1, p2), p = max(p1, p2). Let A, u € R werify

2 max @
(p, p)

(48) )\,[L > d‘ |(p17p25V)'
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Let us set

1 1
pL=p1— ;(ﬁ_(ﬂbv) - Z (p1,V)), p2=p2— X(yﬂﬂz,v) - F (p1,V)).

Then, it holds that
[®(p2) = 2(o0)]V + M| (22) ~ 2(p2)] + [ (1) ~ 2(o1)]

(4.9) 1[V]+d
+d =
—rrr= : (I)N _ 2 < 0.
+4 2 ((IEI%I) )(Pl P2)
We postpone to Appengiixm the details of the proof; the arguments rely on the

convexity of the function ® and on the properties of the fluxes .# T and .% ~ stated
in Lemma 33

Remark 4.5. In the case of the variant of the scheme presented in Remark [3.5] we
have d/'l(py, p2, V) = |V| and inequality (@3) reduces to the following, very simple,
convexity inequality (with o = V/AifV >0and a = -V/pif V <0):

P(p2) — ®(p1) + é [‘i(ﬂz —alpy —p)) — ‘I’(PQ)} + i(lzl,i%l ") (p1 - p2)® <0.

It holds when 0 < a < min ®”/(2max ®").
(p.P) (p.P)

We now go back to the proof of Proposition

Proof of Proposition 2 For j € {2,...,J}, we apply Lemma 4] with p; =
p§—1/2’ P2 = p§+1/2, vV = ij, \ = Mé’%ﬂ, w= MQE;/Q. Note that assumption
(@20 on the time step ensures that (L) is satisfied. Hence, for all j € {2,...,J},

we have

[(I)(P?Jd/z) - (P(pétuz)] ng

OTj11/2 [0 ki1 k
(4.10) T o8t [‘I)(pjil/z) - q’(PjH/z)]

O0Tj1/2 [ o 7T k

T [q)(pj—l/z) - ‘I’(Pja/z)} +T1,; <0,
with
LIVEL+d 0k g0 080 00 V)
T ;== . N 3

v 4 2 ((p?,mirj’llpr},Max) )(pJ+l/2 ijl/g)

The term T3 ; is non-negative. Inequality (ZI0) ensures that, forall j € {2,..., J},

G§+1 - G;? - (I)(p?+1/2)(‘/}]fk1 - V]k)

ot 2

(4.11)

- ®(P§+1/2) < 0.

Moreover, it is easy to see that the left-hand side vanishes when j = 1. We now
end the proof by using the convexity of ® again and (6] which yields, for all
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je{l,....J},
©(pj11/2) + 2(Pi172)

2
412 S o ot g vk v
(4.12) Z Pj+1/2+—5xj+1/2ﬂj+1/2( e = Vi)

ot
k1 k k1 k k
> (I)(pjjrrl/2) + mpjﬂ/zq)/ (/’jL/z) (Vj+1 -V )-

We conclude by combining ([@IT]) (which holds for any j € {1,...,.J}) and [@I2]).
O

4.2. Evolution of the kinetic energy. We turn to the discrete analog of the
evolution equation (24]) of the kinetic energy. We start by observing that the mean
density p¥ (defined by ([B.)) still satisfies a discrete conservation law.

Lemma 4.6. Let us set

I+ Ff

41 .
yyk+1/2 = %, vye{l,...,J}.
Then, we have
(5.’13‘ k .
(4.13) 5—;(pj+1 )+ FE gy~ TR =0, Vied{2,... -1}
Furthermore, the relation
k _ k gk,+ k k,—
(4.14) gj+1/2 =V ijrl/Q + ‘/j+1ﬁj+1/2
= SVF+VEDT L+ 5V = VEDZS
holds for all j € {1,...,J} with
1 1
k, Ey— _
Fajs = 57 (05 Vi) 20, Fyjy = 5T (0, V) <0,
1
K, .
ﬂj+"1_/2 = §(§+(P?+1/27Vji1) + y+(ﬂ?—1/2a ij)) >0, Vje {27 N 1},
1
k,— _ — .
yj_ﬂ/z = §(§ (P§+3/2a Vﬁi—l) +F (P?+1/27ij)) <0, Vje {2a R 1}7
k, 1 k,— 1
9J++1/2 = §y+(0§—1/27V}€) =0, T e = iﬂ (p§+1/2,Vf) <0,
Bl gkt k,— .
yj+1/2 —fj 1/2—9}“/2 >0, Vje{l,...,J}.

Proof. We just use the definitions (3:8) and (B35 of pé‘? and pfjrrll /2 to obtain

0T  ji1 g L 0Zj1/2 g K OTj—1/2 , pi1 K
S5t (Pj - Pj) = E( 9 (Pj+1/2 - Pj+1/2) + D) (Pj_1/2 - pj—1/2))
1
= 5 (T = TP+ (FF = F10) = ~(F s = T o)

We split the expression of . f+1 /2 into positive and negative contributions:

gk _ gkt ak
Jj+1/2 = fj+1/2 + 7.

e Vie{l T
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Finally, the right-hand side in (£I4]) reads

k
Vk 6\34:/2 + V+1=/]+1/2 = 7]( Pj+1/27 Vﬁu) + 9+(P§—1/2a ij))
Vi, B
5 (7 (P§+3/2> Vﬁu) +F (P§+1/27 ij))

and we recognize the convection terms given by the momentum flux ¢* 12 a8

defined in (B]]) The statement makes a clear connection appear between the
mass fluxes .ZF i1/2 and the momentum fluxes 4" 12 and it brings out the role of

upwinding. (Il

With this lemma at hand, we can establish the evolution equation for the discrete
kinetic energy.

Proposition 4.7. Assume (h1)-(h4). Then, for any 6t > 0 such that

0T

(4.15) 5t 2 it T T e

the following inequality holds, for all j € {2,...,J},

0 ;

25; |:pk 1( k 1) pf( jk)2:| |: §+1/2 ?—1/2i| |: f+11//22 f+11//22i| k !
ox v 2
46j§péc 1( - jk)

where the quantities ‘gkji‘/w FE

P12 and F j+z/2 are defined in Lemma [L0 and

1 k, .
¥ 1= V’“V+1</J+1/2+ (VF—VED2ZS, vie 1, .., )

Proof. While the upwinding strategy is quite different (see Appendix[Bl), the proof
of Proposition [£.7] is inspired from [I5]. Let j € {2,...,J}. At the discrete level,
the inertial terms are defined as follows:

pk+1vk+1 _ pkvk @k @k

=t N (AFI j+1/26;j i=1/2
Multiplying the discrete momentum equation by Vk+1 we are led to
(4.16) [62;C; + 713 — ai ATV =0,
Let us split the convection term to estimate as follows:
(4.17) 5, C; VI =Ty + T
with

ox,
Tl _ 5; ( k?-‘rlvkt-‘rl péﬁ‘/jk)v;k-‘rl and T2 _ (%k+1/2 _ gk 1/2)Vk?+1

We begin our study with the flux term 75, rewritten as

T, = (gij/Q - gyk—l/z)vjk + (gjlzrl/? B gk 1/2) (VkH Vﬂk) '

To1 To 2
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In T5 1 we make use of (£I4]) and we obtain

1
(4.18) To = 5((V]k F VDT e — (VL VTS )V
1 k, k,
+ 5((‘/ VJ+1) 5\]+‘1|/2 - (ij Vk) 5\3 ‘1|/2)Vk'
e first term of the right-hand side o 18 equal to
The fi f the right-hand side of ([£I8) is equal
2((Vk+V )ﬁ?ﬁl/z (Vi +Vf )ﬁ? 1/2)1/’€
1
= 5('?;11/2 B y 1/2) (Vk) (Vkvylilggkﬂm Vk 1V 9 1/2)
similar reasoning allows us to rewrite the second term of the right hand side o
A simil i 11 h d f the right hand side of
[{I]) as follows:
Lok g k ky gkl ik
5((‘/ VJ+1) f]+1/2 B (VJ VJ )fg 1/2)V
1 k,
- 2(V VJ+1)2 6\]—&-|1‘/2
1 Pl k ky ghll 1k
+ 5((‘/ VJ+1) 6\3+1/2VJ+1 (VJ V )J\‘] 1/2V )

We conclude that

By = %(ygkﬂ/z ~Ff 1)) (v} + ;(V Vﬁ1)2yﬁi|/z + L4172 = Tj-1)2.
We turn to 75 5. To this end, we rewrite g C1)e and @F 1) @S follows:
g'k—1/2 = V 9 —1/2 (V Vk)fjk J{/zv
gj+1/2 = ka j+1/2 (Vg+1 ng) f]k+1/2

We obtain the following expression of 75 o

T2,2=(ij+1 Vk)Vk( Fii1y2 yff1/2)+T3

where T3 is defined by T3 = T371 + T372 with

k41 k k k,—
T371 = (‘/] - ij )(V]-{-l V )y]+1/27

and
k,
T30 = —(ijH - Vyk)(‘/jk—l - ‘/jk)ﬁj—JE/Q'
The Young inequality yields

1 k+1 k 2 k,— k 2 k,
T3,1 2 5(‘/_.] * V ) ¢J+1/2 (V]Jrl Vg ) 0\‘]41,»1/25

and

1 k+1 k 2 k,+ 1 k k 2 gk, +
T3,2 = _5(‘/] V ) 0\] 1/2 5(‘/7 V]Jrl) §j+1/2,

By summing these two inequalities, we find

1 (Vﬁ»l Vk:)2 gkl

| p—— kN2 ( grkot k,—
T3>_§(Vj _‘/J)(ﬁ -7, ) o \Vi J g+1/2

j—1/2 j+1/2
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The last two terms are non-negative. Finally, we obtain the following bound for T5

T, > (‘/jk+1 Vk)vk(y]k_i_l/z yk_1/2)

Lokt ky+ k,
3 = VEF e = T ) Fhive = i,
We can now use the mass balance on edges (£13) to find
0x;
T2 > 251 (2‘/}k+1 Vk)vk( k+1 p;c)

L k,+ k,—
_§(VJ - Vk) (G\g 1/2 yj+1/2) + 15012 — T 10

It remains to treat the term 77 which recasts as

0T

Tl _ 5; k+1(Vk+1 Vk)vk-‘rl 5 ( f-‘rl k)Vka+1
5951@1 k+1\2 k)2 k+1 k)2 0%j  jia kyy kv k+1
= S (V) = (V) + (v =) + S = vV

Gathering the last two estimates on 77 and T5, and using ([@I6) and (@IT) we
obtain

k+1/2 k+1/211 k41 O [ jg1 (yrht1 k(1/k)2
=i — TRV 25; [P v ) P5 (Vi) } T2 =Ly

ox; k+1 k,+
+(25th _E(y —1/2

To conclude the proof, it remains to prove that under the assumption ([@IH) we
have

yk

4 (V- V)

ox; k41 k+ k,—
ot z (‘? 12 yﬁl/z)
which holds since, by virtue of Lemma 8 we have
0T; 1iq k,+ ox; k.|| k||
A AT = i) = G = P e O

4.3. Global entropy inequality. We shall prove the decay of the discrete global
entropy which is defined, at time t* (k > 0), by the following formula:

Z 0x; Z
Ek? — 2-7 k(Vk + 6$]+1/2@(pj+1/2)
j=2 j=1

Roughly speaking, the decay of the discrete global entropy E* should be proved
by summing the pointwise inequalities for internal and kinetic energy obtained in
Proposition and Proposition 7 respectively. When summing these inequali-
ties, the flux terms vanish (thanks to boundary conditions) and we obtain the two
following inequalities:

J

1 k+1 k+1 k k+1/2 k+1/2 k+1
5tzéxﬂ|: V; ) p] V i| +Zz|: j+1/2 j 1/2:|V <0,
j=

1 J J
(4.19) 525%“/2[@@?111/2) Pg+1/2} Z 111//22 [VJ+1 Vk]
=1 =1
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Unfortunately, these two global inequalities are not sufficient to conclude to the
global entropy decay since the two terms

J J

k+1/2 k+1/2 k+1 k+1/2 k

S v ana YR Ve - V]
j=2 j=1

do not compensate when summing the two relations (even after a discrete inte-

gration by part, as they do in the continuous case). Indeed, the first one involves

the velocities (V;k‘L )jef1,....J+1} at time t*+1 whereas the second one involves the

velocities (‘/;*k)je{lp__”]*,l} at time t*. In other words, the difficulty relies on the
fact that Proposition and Proposition [£7] do not lead to a discrete version of
@3). To cope with this technical difficulty, we shall prove a global internal energy
inequality that differs from ([@I9). To this end, we need to introduce some technical
ingredients.

Two additional auxiliary quantities. We introduce the two following auxiliary
quantities:

=1 i 20t
k1 ] k k+1 k ,
pjirl/Q = pjf1/2 + 0212 03—1/2(‘/ * -V )a Vief{2,...,J+1},

(4.20)

20t
k+1 k41 k k+1 k .
Piy1/2 = pj:::l/Q —p]+1/2(v -V )7 vie{l,...,J},

which are defined so that

k+1 k+1
Piti/2 T Pii1)2

ot
k+1 k+1 k+1 :
:pjil/Q-i-éx pJH/Q(VJJ1 VMY, ded{l..J)

(4.21)
Note that this last relation is very smnlar to ([@G) but involves the velocities at
time t**1 instead of the velocities at time t*. The following estimates will be useful
in the sequel.

Lemma 4.8. Assume (h1)-(h4). Let (p 5111/2)]6{1 7

j+1/2)ge{1,..,,J}
k+1 Tt
defined by @X), and let (p 311/2)36{1 VVVVV 7 and (p 311/2)36{1 VVVVV 7 be defined by

@E20). Assume that the time step 6t > 0 satisfies @0). Then the following in-
equalities hold for allj e{2,...,J}:

and ( oL be

(422) |PJ 1/2| p] Max>
k+1 VN k
(4.23) |pg+1/2 —Pi—1)2 |pj+1/2 -
k+1 k+1 k k
(424) |pj+1/2 - p] 1/2 |pj+1/2 - pj—l/Q‘
40t k1 _ vk
Plraax| VI = V.

min(6z; 12, 5l’j+1/2)
Proof. We shall use the shorthand notation dk * = =d*(p"
tions (A1) imply

20t 1
0< 7d§ FT<Z and 0< - TS
5$j+1/2 2 5$j—1/2 2

;120 j+1/2, ) Condi-

20t - 1
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(i) The definition of p;“jll /o yields

i 26t
k+1  _ k k,—( k k
P = Pimae = gy (P Pi-1/2):

We are thus led to
1
PUESEN k
]p]+1/2 = pj 1/2 _‘pj+1/2 Pj 1/2’ P] Max:
(ii) Similarly, the definition of p* +1 Piti/2 and p i /2 yields

20t 20t
k+1 PVES k,+ k—1( & k
Pit1j2 = Pj—1/2 = {1 - —5Ij+1/2 dj + 5Ij_1/2 dj } (Pj+1/2 - Pj71/2)7

which lead to (IIZSI)

(iii) By definition of p* +1/2 and pj 1/2, we have
o e T Ry s w0 (VEHL _ k)
Piti/2 = Pj—1/2 = Pjrije = Pj—12 = 5 PilY; i )
_— J

where ﬁ? stands for the following mean of P§71 /2 and p? 120

& k k
v P P 1 1 1
LM VR ha VL RS N . + :
oz  O0rj_1js  0Tjt1/s oxj  0zjass  0Tjt1/s
We have ﬁ? < ijax and
25t 40t
0 < = < . ’
6$j mln(éxj_l/g, 6Ij+1/2)
and consequently, ([E24]). O

Non-uniform bound for the density. As mentioned in Section] when assuming
(1)), uniform a priori estimates can be established for the continuous problem from
the properties of the invariant regions; see [§]. In particular, the density remains
bounded when the initial density lies in L*° and is non-negative. It is not obvious
that a numerical scheme preserves such a strong property; see [13125] for discussions
on Lax-Friedrichs and Godunov schemes or [0, Section 2.2] for general conditions.

For this reason, we provide stepwise estimates on the updated solution. To this
end, we can adapt the proof of Proposition 3.7 which itself relies on Lemma B3]
to show that the discrete density at time ¢**! remains bounded from above and
below at the price of a slightly strengthened CFL condition compared to (B.12)
(which ensures only the positivity of the discrete density). Note that the bounds
for the density at time t**1 are defined from the bounds on the density at time
t* and, hence, they are not uniform in time. In particular, the strengthened CFL
conditions ensure that the discrete density is always positive but do not prevent
from small (near vacuum) or large densities.

Lemma 4.9. Assume (h1)-(h4). Then, we have for all j € {1,...,J},

k k
Pmi Pit1/2 k k k k k
0< —I;m < - B) < ijrrll/g < 2maX(Pj71/2,Pj+1/2,ﬂj+3/2) < 2PMax
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provided the following CFL-like conditions are satisfied:
(4.25)
20t

537j+1/2
ot

51‘]‘+1/2

ot _
——[A=(pk 0, V)] <11,
51,3/2 [ (P5/2 2 )]

+

(I:)\+(p?+1/27‘/jlj-1)] + [A—(p?+1/27‘/jk):|7) < 17 v.] € {1a R J}a

([AJr(p?—l/Qa vak)}Jr + [)‘*(p§+3/2,‘/jk+l)} 7) < 13 Vj € {2, ceey J— 1}3

ot

— MR L, VI <L
51’]_;’_1/2 [ +( J 1/2 J)}

A bluff extension of the internal energy. We shall work with auxiliary densities

p;‘fill/z, p?_tll/Q which might be out of the interval [pF. /2. 2p%  ]. For this reason,

we introduce a bluff extension of the internal energy, which is a mere quadratic
polynomial function for small and large values of p:

k k
Pmin : Prmin
Lo {T} (p) if p< 5
(°) @ (p) if p‘;—m < P < 2080

Lo 2080 () if 9 = 2081,

1 .
where La[po](p) = 5" (po)(p = po)* + ®'(po)(p — po) + ®(po) is the second or-

der Taylor expansion of ®. In particular, we will use in the sequel the following
properties:

(4.26) |®'(p)] < am +bup, Yp>0,

(4.27) @' (p1) = @' (p2)| < bar|pr —pa|, Vp1,p2 >0,

with

4.28 ay = max |+ 208 bar, b= max .
( ) | PMax )

(PEin /2 20810 (PErin/2: 208 10)

We point out that dealing with this extended function does not modify the scheme,
nor the definition of the discrete internal energy since by virtue of Lemma 9] both

p§+1/2 and p?illﬂ belong to [p}1,/2, 208 pax]-

Global internal energy and entropy inequalities. We can now state the main
result of this section.

Proposition 4.10. Assume (h1)-(h4). Let the time step 6t > 0 satisfy (@),
E29) and, for all j € {2,...,J},

(8t)? Ey2 P
4.29 : <
( ) (S.Z‘j min(éxj,l/g, (51‘j+1/2) (pJ,Max) 192 max P
(pﬁ.)in/27 2P§1ax)
and

ot . .
@30 g8 <p5( min @) (VA4 A0 ook V),

k :
ZLj i, min’ Pj, Max
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where apy is defined by [A28)). Then, for all j € {1,...,J}, the following inequality
holds:
—k

0xjy1/2 —k
(431) =R (k] )~ 0(0y10)] + G — G

k+1/2 (1 k1 k1 1 k1| ktl k|2
T 712 (Vi =vih) < 4_5135%'/03' |V] - Vi,

with é’f = éiﬂ =0 and
=k =k k1 OTj—1/2 [z Thga =k .
Gj = (b(pj—l/2)‘/j T T ost [‘b(ﬂj_l/g) - ‘I)(ijug)}a vie{2,....,J}
Remark 4.11. Both Propositions and [LI0 state a discrete version of (23],
with the identification of discrete energy fluxes. However, in Proposition .10, the
discrete analog of p(p)d,V involves V! whereas V¥ appears in Proposition
The price to be paid is a more stringent CFL-like condition (see (229) and (£30))
and a non-negative term that appears in the right-hand side of the inequality. It
can be compensated by the dissipation term in the kinetic energy balance stated
in Proposition @7l Note also that the stencil of the flux G is more extended than
k

for the flux G since it involves p§_3/2, p?_l/Q, p§+1/2’ p§+3/2, Vj’il, ij and V7.

We state now the local entropy inequality and the decay of the global entropy
which are the equivalents of the continuous inequality (23 and ([22)).

Corollary 4.12. Assume (h1)-(h4). The time step 6t > 0 is assumed to satisfy

the constraints (A1), @I3), @28), @29) and @30) which thus define the time

T in Theorem 1l Then, the updated state verifies
EM < B

Proof. The assumptions allow us to apply both Proposition [£77] and Proposition
4,10l The result is obtained by summing all the obtained inequalities. ]

Note that, by contrast to the scheme studied in [I9], we prove here the decay
of the global entropy, under suitable stability constraints: in [I9], the pointwise
entropy production does not have a definite sign, but it is shown to be the sum of
non-positive contributions and vanishing (as the discretization parameters tend to
0) ones.

Proof of Proposition I0. The assumption allows us to apply Proposition

Hence, we can (re)start from (£I0) applied to ®. Since ¢ is convex, we have,
forall j € {2,...,J},

_ _ 20t R
‘b(p;?j_i/Q) > (I)<p§j11/2) - mp§—1/2 (ij+1 o ij)q)/(p?j%ﬂ)v
_ _ 20t =
(Pl ) = (o)) + mf’ﬁw (VI = VR (o511 o)

Going back to ([£I0), we find, for all j € {2,...,J},

5.%'_;’_1/2 _ —
(432) [@(p}1170) = @Ay )]V + L2 B(ph1 ) = (o))

0T; 12 = T\ =
- ;Tt/ [q)(p?irllﬂ) - ‘I’(Pf—uz)} + Ty = Ty = Toay <O,
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with
1‘Vk|+d‘|( 1/20Pjt+1 27V‘k) =
TR — 2 Pj- J+ /27 73 min 3")(p" —oh ),
1,5 4 2 ((p?,min’pf,Max) )( j+1/2 J 1/2)
k _ k s k+1 T k+1 k+1 k
T21,j - _pj+1/2 (Cb/(ijrl/Q) Cb ( J 1/2)) (V V} )a
Tzkz,j = —(P§+1/2 - P§—1/2)‘I’ ( §+11/2)(Vk+1 V]k)

Inequality #32) readily leads to

k —k

aj+1 -Gy - ‘I’(P?Jrl/z)(vjliﬂl ij+1)

0Tj11/2 = -
+ ;(% {‘I)(/’?I%/Q) ""I’( 5111/2) 2<I>(p§+1/2)} "’le,j _T2kl,j _T2k27j _T?ﬁj <0

for j € {1,...,J}, if we set Tﬁj =T2k,j :T:ﬁj =0for j =1 and
T = (@ 112) = RP_1yo) ) (VI = V), Vi€ {2, T)
Using the convexity of ® again and ([@ZI)) yields, for any j € {1,...,J},

B(ok11) + (1)

+1/2 i+1/2

=

ot
k41
(Pj+1/2 + 525412

+1/

_ ot

2 P ]?+1 v
(p]+1/2) + 0511/

=l

k k+1 k+1
3 P (Vi = Vi ))

ko g k1 k+1 k+1
pj+1/2q’l(Pj+1/2) (Vg+1 Vi )-
Finally, we can conclude (using the definition (@2) of ﬂf:[ll //22

(1,....J},

) that, for any j €

—k —k 5$‘+12
(4.33) G —Gj+ j&/ [<I>(p§ﬂ/2)—¢>(p?+1/z)}

k+1/2 k+1 k+1 k k k k
iy (VAT Vi) + T = Toy y — Ty — T <O

Note that in some terms, we have moved ® into ®. This is legitimate since p;? +1/2
lie in the interval [pmin/2,2pMax] (see Lemma EJ), where ® and &

: k
coincide. It remains to estimate T217j7 T227j and T3 ;.

Estimate for Ty, ;. For T}, ;, we use [@Z1) to obtain

T2kl,] A bij Max‘pkill/Q pfi_}/2HVk+1 — Vk’

Owing to (£24)), we deduce the following inequality:

2

4 ot bM (p}IC )
k k k k k+1 k J,Max

T21,j < bij,Max|pj+1/2_pj71/2||ij' -V | min(éxj,l/g,(ijH/g)

2
Vi =Vl

By using the Young inequality, with condition ([E30), we arrive at

TF < 195t 2 (P | 4 k 2 1 111 el N IV S SRV
21,5 S 120t(byr) dwypk 112 =Pl + {@ T @} 570 V] il
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Estimate for Ty, ;. For T3, ;, we use [20) and the definition of karl to find

1/2
Tzkz,j < (aM + bM|P§+11/2 ‘p?+1/2 - P? 1/2”‘/}k+1 - V]k’
2baot g k Bl jy 2
e ol (V7 -V

Using ([{.22)), we find
3
% g S (ar + §bMp§,Max) ’p§+1/2 - p?—l/QHijH - Vak|

+5$j—1/2 (pj,Max) (VJ VJ ) :

Applying the Young inequality with condition (23] then leads to

3 2
3 (an + 5bmpf e 1 1} 1

k 2
Tpp5 < 50t b2 054172 = P51+ {§+4_8 5
J

|y k+1 k|2

owpy [V =V

Estimate for Tgﬁ ;- Using the Young inequality and since @’ is a non-decreasing
function, we find

126t 2/ & k 20Ty ke kN2
T3; < 5z, k"b JMax)} (Pj+1/2 —ijl/z) 48(;tpj(v - Vi)©

Conclusion. Finally, gathering together all these information, we deduce an
estimate from below of T} . ' Tzk1 i T2k27j — T?ﬁ ; with two terms containing either

the factor |ij+1 V[ or |ph 2. The former precisely reads

P51yl
j+1/2 " Pi-1/2
2

(4.34) 55xjpj|v’“+1 VE|

and the latter brings a non-negative contribution since 6t satisfy ([A30). We finally

remark that % p% pj < pf“ (as a consequence of Lemma [L9]) to obtain the conclusion

from (£33) and (£34]). O

With a slight and obvious modification of the proof, we can strengthen Corollary
[4.12] by including an estimate on Z}']=1 0z pé‘? ’ijH — V]k |2. This refinement can be
useful for the consistency analysis.

5. NUMERICAL SIMULATION

In this section, we present several numerical simulations to illustrate the be-
haviour of the scheme. We numerically solve Riemann problems: the initial data
is made of two constant states (p;, V;) and (p,, V) with a discontinuity located at
x = 0. For such initial data, the structure of the solution is well known: it is made
of three constant states (the two initial states (p;, V;) and (p,, V;.), and an additional
intermediate state (pm, Vin)); these constant states are linked by two propagating
waves, each being associated with an eigenvalue of the system. Each wave can be
either a rarefaction wave or a shock wave depending on the particular values of the
initial left and right states. For the simulation, the computational domain [a, ] is
fitted to the region of interest, depending on the considered case. In order to keep
the structure described above, we use Neumann like boundary conditions: as far
as the waves do not reach the boundary, the solution coincides with the solution



KINETIC SCHEMES ON STAGGERED GRIDS 2245

of the problem set on the whole line. The numerical parameters 6t and dz are
defined consistently with the stability assumption ([BI2]). For each test case, we
make precise the value of the following quantity:

ot 1
- dwmin (A (p1, Vi), At (pm, Vin), At (pr, Vi)
We should bear in mind that the entropy-stability analysis of the scheme requires

further restrictions which can be, in some circumstances, significantly more con-
strained than ([B.I2]). This is verified in the numerical experiments.

cfl

5.1. Polytropic ideal gases. We first present simulations using the state law of
polytropic ideal gases:
(5.1) p(p) = kp?,
where k > 0 and v > 1 are two real constants.
We begin with three test cases coming from [7]. The state law is given by (5.1))

with k = % and v = 1.6. The computational domain [a,b] and the initial data
are defined as follows:

Test 1 (shock-shock) Test 2 (rarefaction-rarefaction)
a=-0.2 b=0.8 a=-0.7 b=0.3
pr=11p =2 p=05 ip =1
Vi=1:V,=05 Vi=-05:V,=-02

Test 3 (rarefaction-shock)
a=-0.7 b=0.3
p=1 1p =05
V=05V, =-05

The corresponding Riemann solutions develop two shocks, two rarefaction waves
and a rarefaction wave followed by a shock wave, respectively. For the simulation,
we make the number J of cells within the grid vary; the time step is fixed according
to the relation Jét = 0.25 (that is c¢fl = 0.3 for Test 1, ¢l = 0.2 for Test 2 and
3). For each test case, we plot the approximate density and velocity obtained for
J = 100,400, 3200 compared to the exact solution at time 7" = 0.5. We also plot the
evolution of the discrete L' norm of the error e between the approximate solution
and the exact solution (pex, Vex) at the final time 7' = 0.5 = ndt,

J J+1
(5.2) Zéx‘p;-’+1/2 — pex(T, z;)| and Z 6I‘Vj” — Vex (T, z5)|,
j=1 j=1
as a function of the mesh size. It provides an evaluation of the convergence rate.
The results are given in Figures 2], Bl and [4] respectively. The exact solution is well
approximated: the intermediate constant state (pm,, Vi) and the propagation speed
of the waves are correctly computed. For each test case, we obtain a convergence
rate close to 1.

The next examples are more difficult. The state law is given by (&I with k£ =1
and v = 1.4. Test 4 is inspired from [I7]: the Riemann solution presents two strong
shocks. Test 5 is inspired from [34]: the Riemann solution is made of two symmetric
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rarefaction waves and the difficulty relies on the formation of near-vacuum in the
intermediate region. The computational domain and the initial data for these test
cases are given by

Test 4 (shock-shock) Test 5 (rarefaction-rarefaction)
a=-0.1 b=0.15 a=-0.5 b=0.5
pr =101 p, =20 p=1 1p =1
Vi=501V, =0 Vi= 51V, =5

The results are presented in Figures [ and [ respectively. For Test 4, as previously,
we plot the approximate density and velocity obtained for J = 400, 800, 3200 com-
pared to the exact solution at 7" = 0.005. For these runs, we impose dt.JJ = 0.0004
(that is cfl = 0.08). We also plot the evolution of the discrete L' norm of the
error ¢ between the approximate solution and the exact solution at the final time
T = 0.005 as a function of the mesh size and we provide the associated conver-
gence rates. We obtain a convergence rate close to 1. The exact solution is well
approximated, again. Nevertheless, near the first shock for the velocity, we observe
a small overshoot the amplitude of which decreases with the time step. For Test
5, we plot the approximate density and velocity but also the momentum obtained
for J = 200, 400, 3200 compared to the exact solution at T'= 0.07 (here we impose
otJ = 0.01, that is ¢fl = 0.06). The velocity is poorly approximated in the near
vacuum region but the evaluation of the momentum, which is the quantity of inter-
est, is fair. As previously, we also plot the evolution of the discrete L' norm of the
error e between the approximate solution and the exact solution at 7' = nédt = 0.07
as a function of the mesh size and we provide the associated convergence rates. The
L' error norm for the momentum is defined as follows:
J
(5.3) Z 51“/7?‘/]” = pex (T’ ;) Vex(to, x])’

j=1
We observe a convergence rate close to 1 for the density and the momentum.
5.2. Other examples. We complete the numerical illustration with examples that

depart from the standard polytropic ideal gas law. We start with the following state
law:

¥ 2
(5.4) p(p) =k < P ) with k= u, v=0.6, p* =3.
pr=p 4y

This constitutive law appears as a particular case of the Van der Waals state law,
it is used in the modeling of dusty gases; see [2l22] and the references therein. The
interaction forces between gas molecules are ignored here but the constant p* is
intended to introduce a correction accounting for the finite size of the molecules.
In particular, we note that p — p(p) is not a homogeneous function. (In particular,
it is not clear how to define a co-localized kinetic scheme that makes the physical
entropy decay.) Of course it is important for this problem to preserve the natural
bound p < ps. Such a discrete maximum principle can be incorporated in the
stability condition, as discussed in [3] for close-packing models in fluid-particle
flows.

The computational domain [a,b] and the initial data used in our simulation are
defined as follows:
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Test 6 (shock-shock)

a=-0.2 b=0.8
pr=1 i pr =2
Vi=1.V, =05

The corresponding Riemann solutions develop two shocks. We perform simulations
for several numbers J of cells in the grid; the time step being imposed by the
relation Jét = 0.25 (that is ¢l = 0.3). We plot the approximate density and
velocity obtained for J = 100,200, 1600 compared to the exact solution at T =
0.5. The results are given in Figure [l The exact solution is well approximated:
the intermediate constant state (p,,, Vi) and the propagation speed of shocks are
correctly computed. We also plot the evolution of the discrete L' norm of the error
e between the approximate solution and the exact solution at 7' = 0.5 as a function
of the mesh size. The convergence rate is close to 1.

Finally, we investigate the performances of the scheme with the following com-
plicated state law

(5.5) p(p) = —CyyTolopo + %(X +1)2x(2fo(x) + xfo (X)) +exp (FO(l - %))’

where

X = ﬁ - ]-7
Po
and the function fj is defined by:
S 2 3
fol) = 1+(§ - 2)X+‘1X e 15 g 12080805 727668333
o) = 1— sy ’ T T T a1154 T 149411540

The parameters Ko, po, 1o, Cy, and I'g are the following constants:
Ko = 10", py =10* Ty =300, C,, =10% Ty =1.5.

This example is an isentropic version of a model introduced in [21], referred to with
the nickname “Bizarrium”. The equation of state is non-convex. This toy-model
has been proposed to serve as a benchmark that reproduces the main features
of “real-life” applications, in order to evaluate how numerical schemes select the
solution when the convexity of the state law might vary. We refer the reader to [21]
for detailed motivations and comparisons of several numerical methods, and to [2]
for further details on the mathematical theory for such general equations of state.

For the simulation, the computational domain [a,b] and the initial data are
defined as follows:

Test 7 Test 8
a=-0.2 b=0.8 a=-0.2 b=0.8
pi = 11000 | p, = 10000 pi = 14285 | p, = 10000
Vi=0 LV, = 250 Vi=0 LV, = 250
Test 9

a=-0.2 b=0.8

pi = 13000 | p, = 12000

Vi=0 LV, = 250
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We plot the approximated density and velocity obtained for J = 1600, 6t = 10~8
at time 7" = 107°. The results for Test 7 are given in Figure Bl For this test, the
density remains bounded between p, = 10000 and p; = 11000; on this range the
pressure p — p(p) is a convex function so that the assumption [2I)) is satisfied.
The scheme behaves very well in this case. However, this is not the case for Tests
8 and 9. In the range [10000, 14285] (Test 8), the pressure p(p) has two convexity
changes and in the range [12000,13000] (Test 9) the pressure p(p) is concave. In
these cases where assumption (2]]) is not satisfied, the structure of the solutions of
the Riemann problems is more complex than the structure described above (see for
instance [36] and [2I]) and the numerical results exhibit oscillations. These results
illustrate the role of (Z1I).

Nevertheless, the scheme can be improved to treat such cases with loss of convex-
ity. Roughly speaking the idea consists in extending the support of the Maxwellian
M. Designing and analyzing a scheme for a general state law is beyond the scope
of this work but to illustrate the capability of the scheme we perform simulations
with a simple adaptation of My directly inspired from [24]. In order to replace My,
we define the function

(5.6)
Mo(p1,p2, V. €) = u+(php2,V)fp_‘;_(php%V)gIu_(mym,V)é&éw(m,pzyV)’
where
pe(prpa V) =+ max [+ H(o: Vit clp), Vi clpa). (o). m2(p2))]
with 1
7+(p) = 5—— (" (p) + 20 (p)),

2pc(p)
and H is the unique cubic polynomial function that satisfies the following interpo-
lation conditions:

H(0;a,b,a',b')=a, H(1;a,b,a’,b')=b, H'(0;a,b,a’,t/)=a’, H' (1;a,b,a’,b")=b.
For internal edges (for j € {2,...,J}), the discrete mass fluxes are then defined as
follows:

3&‘}“—/5 05M0<p§_1/g7p§,v;&5>d5+/§ EMolih b V)
> <

Recall that p? is defined by [B8)). The momentum fluxes are then deduced from
these mass fluxes as explained in Section[3:2l Figures@and[I0 present the results for
Test 8. The modification of the support of the Maxwellian allows us to reduce the
amplitude of the oscillations near the discontinuity: it becomes of the order of 2%
(resp. 8%) of the height discontinuity instead of 30% (resp. 20%) for the density
(resp. velocity). Figures [[1] and [[2 present the results for Test 9. Simulations
with the Maxwellian M, show very strong oscillations whereas there is only one
oscillation located near each discontinuity when the Maxwellian My is used. The
amplitude of this oscillation is less than 25% (resp. 15%) of the height of the
discontinuity for the density (resp. velocity).
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FIGURE 3. Results for Test 2 (p(p)
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(D) L'-error norm at T = 0.07 as a

function of 0z (with 6t = 0.010x).

In(ert1/e)

I ) In(Jy/Joi1)
Density | Velocity | Momentum

1 800 0.66 0.79 0.68
2| 1600 0.71 0.73 0.71
31 3200 0.72 0.50 0.74
4| 6400 0.77 0.57 0.76
5 | 12800 0.78 0.72 0.78
6 | 25600 - - -

(E) Corresponding convergence rates.

FIGURE 6. Result for Test 5 (p(p)

k(p)")-



FLORENT BERTHELIN, THIERRY GOUDON, AND SEBASTIAN MINJEAUD

2252
2.4
2.2 [/ B
il N
2.0
1.8
1.64
1.4
1 | —— - J=100
12 i S J=200
10 /7 [ R J = 1600
exact solution
082 61 00 01 02 03 04 05 06 07 08
(A) Density at T' = 0.5.
-1
10
, .+
103 e
-3
10
10 + +Density
O Ovelocity
""" slope = 0.98
s slope =1
10 4 -3 2
10 10 10 10

(C) L*-error norm at T = 0.5 as a func-

tion of dx (with dt = 0.250x).

FIGURE 7. Results Test 6 (p(p)
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1n(eg+1/eg)
01 Jy In(Jy/Jos1)
Density | Velocity

1| 100 0.97 0.98

2| 200 0.97 1.01

3| 400 0.93 0.98

4| 800 1.09 1.01

5| 1600 0.99 1.02

6 | 3200 0.88 0.99

7 | 6400 - -
(D) Corresponding convergence
rates.
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(B) Velocity at T = 1075,

FIGURE 8. Results for Test 7 (p defined by (&3], 6t = 1078, J = 1600).
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FIGURE 9. Results for Test 8 (p defined by ([B5), 0t = 1078, J =
1600). Density at 7' = 1075.
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FIGURE 10. Results for Test 8 (p defined by ([5.3)), 6t = 1078, J =
1600). Velocity at T = 107>.
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FIGURE 11. Results for Test 9 (p defined by ([5.3)), 6t = 1078, J =
1600). Density at 7' = 1075.
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FIGURE 12. Results for Test 9 (p defined by ([5.5), 6t = 1078, J =
1600). Velocity at T = 1075.

APPENDIX A. PROOF OF LEMMA (4]

~ We begin with some notation which are useful in the sequel. Let a,b € R and let
® : R — R be a function of class C'. We denote by Ps(a,b) the following fraction:

©(a) — 2(b)

Py(a,b) = T ab if a#b,

D' (a) if a=0.
We recall that d* and dl'l are defined by @3) and E4).

Lemma A.1. Let ® be a strictly convex function of class C>. Let p1 # pa be
positive reals, let V> 0 and \, i € R verifiying:

2 max P

(p,P)

(Al) )‘7/’('> %d‘l(pl7p2av)

We denote p = min(p1, p2) and p = max(p1, p2) and we set

1 1
pL=p1— ;(97(@,‘/) =7 (p1, V), p2=p2 = (F (02, V) = F T (p1, V).
Then, there exists pyj2 € (p, p) such that

_ 1/, . - _
‘I’(pQ)"‘Pé(p?’m) (91/2_92)"'1(@%‘1)”) (p1—p2)? = @(P1)+P<T>(P1,&) (p1/2—p1)

holds.
Proof. Let us introduce the following shorthand notation:
p1 = Pg(p1,p1) and py = Pg(p2,02).
We observe that
pr=p1— %d’(m,pz, V)(pz = p1), p2=p2— %cﬁ(m,pzv V)(pz — p1)-

Owing to Lemma B3] since V' > 0, we know that
d+(P17P27V) >0, d_(P17p27V) <0 and d‘l =dt —d” > 0.
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We assume that p; < po; the case p2 < p; can be treated in a similar way.
By @), A\, i > d'(p1, p2, V), and we obtain

_ d”(p1,p2,V)(p1 — p2) d*(p1, p2,V)(p1 — p2)
g + = —|— < .
n pl dH(PlaP%V) P2 dl‘(plvaaV) p_

Thus, we have
p1 < p1 < p2 < p2

Since @ is strictly convex, we deduce from the three chord lemma that

p1 < p2.

We can now define p; /o as the solution of the following linear equation:

_ 1/, . - _
@(p2) + p2(p1j2 — p2) + 1 ((I;ll%l)q)u) (p1 — p2)2 = ®(p1) +p1(p1j2 — p1)-

We are going to prove that p; < py/2 < p2. We start with the following equality:
(A.2)

(m—pﬂ@uz—m)Z@@ﬂ—@@ﬂ+pﬂm—pﬂ—EQ%%@OOH—WV.

Since @ is strictly convex and p; < p1 < p2, we arrive at

(P2 —=p1)(p1j2 —p2) < P(p1) — ©(p2) + pi(p2 — p1)

) ) ) — d(py
< (pr—p) (_ (p1) — ®(p2) n (p1) _(P1)> <o
P1 — P2 P1— P1
This proves py /2 < pz. Similarly, we have
(A.3)
_ _ 1 .=
@1—pﬁ@ux—m)=@0h%—¢@ﬂ+pﬂpr—m)+z(ggg@?Un—pﬂ?

Using the Taylor expansion of the function ®, we can prove that the right-hand
side is non-positive. Indeed, let h = A\=*d ™ (py, p2, V) (p2 — p1) > 0. We have

o= TR ) - 1 [ @)= -
while b
Blp) = Bp0) = ¥ (p2)(p2—pr) = [ B (w)lu—pr)
It yields "

®(p2)—P(p1) + p2(p1 — p2)

o r Y/} P2 — P1 r T/
=- Q" (u)(u— p1) du + h " (u)(u — (p2 — h)) du
pP1 p2—h
_ 2 _ _
< —M [(min <I>”) — h (maX @”)].
2 (p,7) P2 — P1 \(p.7p)

Bearing in mind the definition of h, we obtain

(p2) — @(p1) + p2(p1 — p2)

(pl - p2)2 |: . 1/ d+(P17P2>V) =7/ :|
< —1—2 | {min ®") - ——= “(max ®"})]|.
2 Qm ) A hm )
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However, owing to (A, we have:
_ + _ _
(min <I>”) - M(max <I>“) > 1<min <I>“).
(p.7) A (p:7) (p.7)

Going back to (AZ3), it proves that

(p1 = p2)(p1/2 — p1) <0,
and finally that p;/5 > p1. (]
Proof of Lemma [£4]. The result is trivial when p; = po. Hence, we assume p; # ps.
We first focus on the case V' > 0. We adopt the shorthand notations d* and

d'l instead of d*(py, pa, V) and d'l(p1, p2, V), respectively. We bear in mind the
equality V = d* + d~. The equality we wish to prove is equivalent to

- - 1 .=
[®(p2) = (1) |V +Apa[p2 — pa] +pup1 [p1— p1] + ZdJr ((mlp ") (p1—p2)? <0,
P
where
p1 = Ps(p1,p1), and py = Ps(p2,p1.)-
With the definition of pa, p1, we find that this is again equivalent to
[®(p2) — ®(p1)](dF +d7) = pad™(p2 — p1)

A4 3 1 o
. —p1d”(p2 = p1) + 7" (min 27)(p1 — p2)* <O.

However, both A and p satisfy the condition ([(AJ]). Thus, we can apply Lemma [AT}
there exist p;/o € (p, p) such that

[®(p2) — @(p1)] + p2(prj2 — p2) + i(rgiﬁr;@”)(m —p2)® =pipry2 — p1)-

We multiply this equality by d* + d~ and substract it to (Ad). It turns out that
the inequality we have to prove is equivalent to

—pa(p1j2 — p2)(d™ +d7) +pi(prj2 — pr)(d" +d7)

_ 1 /. -
— pad ™ (p2 — p1) — prd~ (p2 — p1) — Zd (g}%‘b”)(m — p2)? <0.

(A.5)

We can rearrange terms so that we are led to prove

_ 1, 7 .=
—(p2 — pl)((/’l/z - /71)dJr —(p2 — P1/2)d ) - Zd (Hll_Il(I)”) (p1 — P2)2 < 0.
(p:P)

Since p1/2 € (p, p) and sgn(pz — p1) = sgn(pz — p1) (see the proof of Lemma [AT),
we know that
—(p2 — p1)(p1y2 — p1)d* <0,
and since d~ < 0, it is sufficient to prove
(2= PPz~ p1j2) + § (mind”) (o1 — p2)?” <0
(p,P)

However, equality (A-2) shows that the left-hand side is exactly equal to

O(p1) — ©(p2) + pi(p2 — p1)s

which is non-positive since ® is a convex function.
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The result for V' < 0 is obtained by applying the obtained equality with —V/,

(A) Density.

FIGURE 13. Results for Test 10, T = 0.025, 5z = 10~2, 6t = 5. 10~* 5.

10 45
numerical solution numerical solution
9 exact solution 4.0 .
exact solution
81 35— = eo)
3.0
74
2.59
6
2.0
5
154 ]
4
1.0
3 0.5
2 0.0
1 T T T T T T T T T -0.5 T T T T T T T T T
0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 O. 0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30

(A) Density. Kinetic scheme.

(B) Velocity.

(B) Velocity. Kinetic Scheme.

10 4.5
numerical solution numerical solution
9 exact solution 4.0 exact solution
8 3.5
3.0
74
2.5
6
2.0
54
1.59
4
1.0
31 0.5
21 0.0

(C) Density. Upwind Scheme.

1
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30

-0.
i].ZO -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30

(D) Velocity. Upwind Scheme

FIGURE 14. Results for Test 11, T = 0.025, dz = 1073, §t = 0.15z.

inverting the role of p1, A and ps, p, and using Lemma B3|(iii). O
10 % 55 i
+ + + UpWind flux X [+ + +Upwind flux &
O > x Kinetic flux a 30k x xKinetic flux (X
s exact solution 4.54 exact solution JEE—
ol ) L
025 030 035 025 030
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APPENDIX B. COMMENTS ON NUMERICAL DIFFUSION
AND SCHEMES COMPARISON

It is worth discussing the expression of the numerical diffusion produced by our
scheme. For the sake of simplicity, we drop the superscript k. The mass flux is

given by
(B.1)
Fi = T (pyor2. Vi) + F (pyerya Vi), fﬂmvw§A Mo(p, V) de.
£20

We recall that pV = .71 (p, V) +.Z (p,V). It allows us to rewrite

Pj+1/2 T Pj—1/2 1 _
F; = Mvj_ﬁ(g-k(pjﬂ/%vj)_g (pj11/2, V)

2
T (pj1/2,V5) —9+(pj_1/g,w))
Pit+1/2 + Pj-1/2 1, . .
%Vj _ 5(g‘l ‘(pj+1/27‘/j) _ ‘(pj—1/2,‘/j)).

It makes the numerical mass diffusion appear, since

Pj+3/2 T Pj+1/2 Pi+1/2 T Pj—1/2 mass
g‘j+1_yj:(ﬁ/2—ﬂﬂ‘/j+l_ﬁ/2—ﬂ/vj)_Aj

with
mass Lo
Aj = §d (pj+3/2vpj+l/27Vj+1)(pj+3/2_pj+1/2)
1.
—§d| (pjs12:Pj—12, Vi) (Pis12 — Pi—1/2)
1. 1.
= gdl (pjss2s Pis1y2: Vier) pjaaje + gdl (pjs1/2:Pj—1/2: Vi) Pi—1/o

1, . .
—5(05' (pjsssas piiy2s Vier) + A pjaro, pjo1j2, Vi) pjgaye

Il _ gl
where we note that dl(p, o/, V) = Z (p"a_p‘g,) V) for p £ p'; see (7). Next,
let us evaluate the numerical diffusion for the momentum equation. We note that
the pressure gradient is already approximated by a centered difference. Then we

study

F+ 7t F+ T
(B.2) gj+1/2:‘/j<%)+‘/j+1( j 5 g+1)_
which recasts as
@. _ ZitFin Vit Vin
+1/2 5 5
Vj g+ ag— a+ a—
+Z(fj - I+ F - F)
Vit , - + _ n
+ 4 (ﬁj —F; + j+1_‘gj+1)

Fi+ T Vi+ Vi 1. .
= SRR () I - Vi),
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Thus, we identify the numerical diffusion for the momentum as

1 . . 1 . .
AL = 1 ZD W V) = 1(FL + N - Vi)
Il Il Il Il Il Il Il
v 2F v gL L gL
- 4 ‘/]+1 4 ‘/J + 4 ‘/J*l'

Indeed, we have
Fi+ Fim Vi+Vig B Fia+F; Vi +V; _ Al

2 2 2 2 j+i/2
As noticed above, both coefficients .Z!'l(p, V') and d!'l(p, p/, V) are always strictly
positive for any p, p’ > 0,V € R with our choice of Maxwellian state M.

i1 =Gy =

A tempting simplification of the scheme consists in replacing My(p, V)(§) by
pd (€ =V); see Remark Bl Then, the transport flux reduces to the UpWind flux:

(B.3) PN = piap Vil = e Vil
Note that the CFL condition guaranteeing the positivity of the density has to be
modified accordingly, and now it involves the material velocity V only instead of
the characteristic speeds V £ ¢(p). The stability analysis (see also Remark [£.5]) and
the computation of the numerical diffusion proceeds exactly the same way, now
with ZUPW:ll(p, V) = p|V| and d"PW:I'l(p, o/, V) = |V|. Therefore, the numerical
mass diffusion and momentum diffusion vanish when the material velocity vanishes.
Note also that the right-hand side in the CFL condition ([30) vanishes when V =0
for the flux (B3). It certainly explains the difficulties observed in the simulations.
We illustrate this discussion with two additional numerical tests (coming from
[20]). We use the state law (5] with & = 1 and v = 2, which corresponds to the
case where ([CI)-(T2]) is the so-called shallow water system. The computational
domain [a, b] and the initial data are defined as follows:

Test 10 (shock-rarefaction) Test 11 (shock-rarefaction)
a=-0.5 b=0.5 a=-0.5 b=0.5
p=1p =10 p=1 1p =10
Vi=3.V, =55 Vi=1.89 1V, = 4.39

For both test, we compare the numerical results obtained for our scheme (using mass
fluxes .#; defined by (B.I))) and the variant with the mass fluxes .7 jUpW defined by
(B3). The former is denoted by ‘Kinetic’ and the latter by ‘UpWind’ in the legend
of the pictures.

The results for Test 10 are plotted in Figure (approximate densities on the
left-hand side and approximate velocities on the right-hand side). We also plot the
sound speed (c; = max(c(pj_1/2),c(pj+1/2))jeq2,....73 obtained with our scheme
which allows to easily identify the subsonic regions (defined by |V;| < ¢;) where
the two fluxes .#; and ﬂjUpW differ. We observe that the two schemes perfectly
match out of the subsonic region but are slightly different inside. According to
the discussion above, the UpWind scheme seems to be less diffusive but the dis-
crepancies between the two schemes are small whereas the mesh size is quite large
(62 = 1072). Results for Test 11 are plotted in Figure[[d] (approximate densities on
the left-hand side and approximate velocities on the right-hand side, Kinetic scheme
at the top and UpWind scheme at the bottom). The values of initial right and left
velocities V. and V; are chosen so that the velocity V;, in the intermediate state
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nearly vanishes. We observe spurious oscillations on the solution for the Upwind

scheme
The

whereas the results obtained with the Kinetic scheme are satisfactory.

scheme proposed and analyzed in [I9/[20] has many similarities with the

method devised in this paper. Indeed, [T9/20] works with staggered discretization:

the mass flux is defined by the simple UpWinding (B.3)),

in the momentum equation, the pressure is still treated with the centered
approximation, as it is quite natural in the staggered framework,

and the convection term is discretized with the following “UpWind” flux

g UpW g UpW 1 + g UpW g UpW 1 —
(B 4) HLN __ V. JJ + Jj+1 /. J] + Jj+1
: j+1/2 — Vi 9 Jj+1 2
The convection flux can be cast as follows
o UpW o UpW o UpW o UpW
giy _Zi T Vit Vier 1 i T (V= Vin)
i+1/2 2 2 2 2 A
Hence the numerical momentum diffusion becomes
- UpW o UpW o UpW - UpW
AHLN,q _ 1 Jj + Jj-ﬁ-l (V _ V) _ l Jj—l + Jj (V V. )
j+1/2 2 9 Jj+1 J 2 9 j j—1)-
Again, the numerical diffusion might vanish, and spurious oscillations have been

reported in the simulations with this scheme. For this reason, in practice, the au-
thors of [19] introduce an artificial viscosity (proportional to pAz) in the momentum

equatio

1.

The differences between our scheme and the scheme in [T920] can be summarized
as follows:

The

Definition of the mass flux: the Kinetic flux (B) and the UpWind flux
(B3] differ only in subsonic regions, as it is clear from Figure [ Ac-
cordingly, stability conditions for our scheme involve the full characteristic
speeds, not only the material velocity. Furthermore, our scheme induces
naturally a numerical mass diffusion which is always positive.

Definition of the momentum flux: to define the UpWinding of the convec-
tion flux (B4) at x4 /2, [I920] uses the positive and negative parts of the
average of the mass fluxes at x; and x;41; instead, to define our convection
flux (B2), we upwind according to the average of the positive mass fluxes
Z* and the average of the negative mass fluxes .#~ at z; and xj11. Note
that we define the entire mass flux by .% = .+ +.Z~ but .Z* in general do
not coincide with its positive and negative parts [.#]*. Furthermore, the
two operations, averaging and taking positive/negative parts, do not com-
mute. Again, due to the definition of the mass fluxes, our scheme induces a
non-degenerate numerical diffusion in the momentum balance. Hence, we
do not need to introduce an artificial viscosity and the scheme naturally
performs well when the material velocity vanishes.
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