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Abstract

We introduce MUSCL reconstructions for schemes designed on staggered grids for the numer-
ical resolution of the Euler system. The proposed scheme uses principles based on the Discrete
Duality Finite Volume framework for which the structure of the unknowns makes the gradient
reconstruction naturally amenable. Dealing with general unstructured meshes, we develop a
multislope approach where gradients and limiters are constructed face-by-face of the control
volumes. Since the numerical unknowns are stored on different grids, several reconstruction
techniques have to be combined. We study the stability conditions induced by the preservation
of the positivity of the density and internal energy. The scheme is challenged against several
numerical test cases.
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1 Introduction
This work is concerned with the simulation of the Euler system of gas dynamics

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

The unknowns depend on the time and space variables (t,z) € [0,00) x  with Q C R?, a regular
and bounded domain. In (1), p, u, E and p stand for the mass density, the velocity field, the
total energy and the pressure respectively. The pressure is related to the independent unknowns
(p,u, E) through an equation of state; here we deal with the perfect gas law: given the adiabatic
exponent v > 1, we have

[[ulf?

E:T+eandp:(fyfl)pe,

where e is the internal energy.

Most of the numerical methods for the simulation of the Euler system (1) work with colo-
calized unknowns: in the finite volume framework, the numerical unknown represents the full
vector of conserved quantities (p, pu, pF) on the cells that realize the tessellation of 2 and the
definition of the scheme relies on a suitable definition of the numerical fluxes on the interfaces
of these cells; detailed presentations can be found in the classical treatises [8, 22, 24, 41, 49].
An alternative viewpoint uses staggered grids, storing densities/internal energies and velocities
in different locations, see [52, 54]. This approach has been developed also for dealing with the
Shallow-Water system [21, 32]. A strong motivation for developing the staggered framework
comes from models or regimes involving constraints [6, 23, 33, 34, 35]. This is the case in low
Mach regimes where prohibitive stability constraints or even a dramatic loss of accuracy have
been identified with standard colocalized methods [17, 18, 30, 31].

This contribution is part of a series of works initialized in [5], where an original method
on staggered grids has been introduced for the one-dimensional barotropic Euler equation. It
is further developed to handle complex systems for mixture flows [6], and then adapted to
deal with the multi-dimensional Euler system, when working on Cartesian grids [28], or on
unstructured grids in [29]. When dealing with the full Euler system, a specific difficulty arises
for schemes on staggered grids with the treatment of the energy equation. Since the total energy
mixes up quantities stored on different grids, it is more convenient to work on the evolution
equation for the internal energy. It is a well established fact, however, that the derivation from
(1) holds assuming the regularity of the solutions, and, since discontinuities appear in finite
time, correction terms should be incorporated. Suitable corrections in the design of numerical
schemes based on the internal energy equations come from the discrete kinetic energy balance
[23, 28, 29, 35]. Coming back to a discrete conservation law for the total energy is far from
obvious. In order to address this issue, we have found advantages in developing an approach



based on the Discrete Duality Finite Volume (DDFV) framework. It has been introduced in the
2000s [20, 36], for solving the Laplace equation on general 2D meshes, including non-conformal
ones. Since then, it has been successfully extended to general elliptic operators and for the
simulation of viscous flows [9, 16, 26, 27, 39]. While initially developed for elliptic operators,
these techniques can equally be fruitfully utilised for analysing the Euler system (1) discretized
on staggered grids: identifying the duality relation between the discrete gradient and divergence
operators, they allow us to make consistent transfer procedures appear between the different
grids [29]; in turn, it leads to a discrete version of the local conservation of the total energy.

So far, the scheme introduced in [29] is only first-order accurate. This paper is concerned with
the design of procedures to improve its accuracy. To this end, we shall make use of the MUSCL
formalism. The MUSCL approach has been introduced by B. Van Leer [51] for one dimensional
hyperbolic problems, see also [41, Chap. 16] or [49, Chapters 13 & 14]. The idea consists in using
piecewise linear reconstruction in order to define more precise evaluation on the interfaces of the
control volumes, that can be incorporated in the numerical fluxes. The polynomial interpolation
has to be coupled to suitable slope/flux limitations in order to prevent spurious oscillations in
presence of discontinuities of the solutions or near local extrema: in such situations the scheme
is degraded by coming back to the first order numerical fluxes. The 1D method can be readily
extended to multidimensional problems on Cartesian grids, just proceeding direction-wise [15].
However, quite surprisingly, the natural multidimensional extension fails in satisfying the TVD
property [25], and one restricts to the requirement of a local maximum principle [53]. Dealing
with unstructured meshes, which becomes necessary when the geometry of the computational
domain becomes complex, leads to the question of the definition of the slope in the interpolation
process, which cannot be deduced by a direct application of the mere 1D principle. Hence, the
MUSCL technique can be adapted by defining a gradient on each cell, together with an appropriate
limiter preventing the formation of spurious oscillations [2, 3, 4, 10, 19, 37, 38, 42]. A substantial
gain of accuracy can be expected by introducing instead gradient and limiters on each of the
interfaces of the control volumes. Indeed, the monoslope reconstruction is limited globally,
accounting for the worst situation [10, 11, 13, 14, 40], while the multislope approach might
relax the limitation in certain directions. In what follows, we adopt this mutislope approach
for constructing a MUSCL-like scheme on unstructured staggered grids for (1). However, since
we are working with different grids, we need to adopt different reconstructions, inspired by [11],
[40] and [7], the latter being in the DDFV-fashion.

The paper is organized as follows. In Section 2, we set up the definitions of the meshes.
Section 3 recaps the basis of the first-order scheme introduced in [29]. Section 4 details the re-
construction procedure: densities/internal energies and velocities being on different grids, with
different geometrical properties, they are defined by using different interpolation methods. Note
that all the geometrical quantities entering into the definition of the scheme can be computed
once for all before computing the time evolution of the fluid (as far as the mesh is not modified
by some refinement strategy). We pay a specific attention to the treatment of contact disconti-
nuities. We discuss the constraint on the time step that garanties the positivity of the density.
Finally, numerical simulations are presented in Section 5.

2 Notations, meshes, unknowns

From now on, we suppose that € is an open bounded polygonal domain of R? and its boundary
is denoted 0€2. We construct three meshes covering €: the primal mesh, the dual mesh and the
diamond mesh. The steps of the construction are illustrated in Fig. 1 and we adopt the same
notations as in [29].



1.

Figure 1: Meshes and associated notations.

The primal mesh 9 is composed of disjoint, non-degenerate, convex polygons K called
“primal cells”. The centers of these cells are labeled zx (as shown with the cells having
blue edges in Fig. 1).

The dual mesh 9t* U 09* consists of cells built “around the vertices xg+” of the primal
mesh, see the cells with red edges in Fig. 1. More precisely, the interior dual mesh 9t* is
made up of cells K* formed by joining the centers zx of all cells having K* as a vertex.
When zg« € 01, a dual cell is made by joining the centers of the cells that share the
vertex xx+ and the centers of the two boundary edges containing x .

The diamond mesh ® is composed of quadrilateral cells D, .« obtained by joining the
endpoints of the edges o = [x~,x+] of the primal mesh to the centers zx and zy, of the
primal mesh cells that share this edge — the latter defines an edge denoted o* = [xk, 2]
— see the cells with green edges in Fig. 1. We distinguish the diamonds of the boundary
Dext = {Doox € D such that o € 9N} and Djpy = D \ Deye. In the specific case where
Dy o+ € Degt, the diamond cell D, .- degenerates to a triangle.

Of course, the three meshes cover the computational domain:

o=Jkx= U E= {J Do

Kem K*eM*udm= Dy ov€D

A mesh is thus defined as a pair (%,D) where T = DU IM* U 99* combines the primal mesh
M and the dual mesh M* U 09* and © stands for the associated diamond mesh. Note that
contrarily to standard DDFV notation, we do not introduce here the notation 99t for the set of
edges of the primal mesh 91 included in 02, considered as degenerate cells.

We also refer the reader to Fig. 1 for the following notations:

1.
2.

We denote s = D, ,+| D, pp—

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

For a cell X of M, M* U OM* or © and for ¢ € X, 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

D, ;v the face separating two diamond cells Dy o+ and D



(with 0* € K™ for K* € M*), and np,_ . s (with § € Dy o+ for Dy o+ € D). Note that,
for o0 = K|L, for 0* = K*|L* and for § = Dy 5+|D,, ./, We have

Ngos= N, Ng+ g« = —NLx g, np, «s=—"Np ,

The unknowns of the scheme are defined as piecewise constants over the cells :

1. 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: ps o+ and
€s,0+ are constant on the diamond cell Dy o+ € © and we set py o« = (7 — 1) po.o* €00

2. 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 € 9t and ug~ is constant on the dual cell K* € 99t* U 09",

Observe that, in contrast to the Cartesian framework [28], we store all the components of the
velocity on the centers and vertices of the primal meshes.

Definition 2.1. For s = D, 5-|D_, _./, we denote
60-70-* + eo”,a*l
e 1= 5
For s = [zk,x k-] an edge of D, o+, we denote
Ug + U=
UD, gx,5 *= B) "ND, x5

It is worth observing that

=~UD_, s if 5= D(770'*‘D0',,0'*/'

oo

Up

o,0* )8

3 First order scheme

We remind the reader the construction of the scheme proposed in [29] and its main properties.

3.1 Definition of the scheme: numerical fluxes, discrete gradient and
divergence operators

We introduce the sound speed of (1): ¢(e) = \/y(y — 1)e and the functions
(u,¢) € R x (0,00) — Ap(u,c) =u=Le

(In 1D, together with w, they are the characteristic speeds of the system (1); in multi-D, we need
the characteristic speeds associated to a direction £ € S, u- € and Ay (u- &, ¢).) The definition
of the numerical fluxes uses the functions (p,u,c) € (0,00) x R x (0,00) — F*(p,u,c) given
by

0 if u < —e¢,
F*(p, c,u) = £A+(u,c)2 if u| < e, 2)
pu ifu>ec,
and
pu if u < —¢,
F(p,c,u) = fﬁ)\_(u,c)z if |u| < e, (3)
0 ifu>e.



The scheme is based on a splitting of the mass flux inspired from the framework of kinetic
schemes (see e. g. [46] for further details) applying upwinding principles to the first moment of
the “Maxwellian”

£ €ER— M[p,c,u] (5) = il\ﬁfﬂgca

leading to
FE= EME.
£s0

Given an interface, the mass flux associated with positive (or negative) kinetic velocities £ is
determined using the backward (or frontward) density. This definition significantly diverges
from the approach presented in [33, 34, 35], which relies exclusively on the material velocity
u and does not consider characteristic speeds, aligning instead with the principles of AUSM
schemes [44, 43]. Consequently, it inherently introduces some numerical diffusion, effectively
preventing the occurrence of oscillations as the material velocity u becomes small, as discussed
in [5, Appendix B]. The functions F* satisfy the following properties, which are crucial for the
analysis of the scheme:

e symmetry :

fﬁ(p’ <) u) = _‘F+(p7 () _u)7 (4)

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

e forany u € R, p > 0 and ¢ > 0, we have
0< ]:+(pv Cy U) < p[)‘-i-(ca U)]+ and - p[)\_(C, u)]_ < ]:_(pv ) u) < 0. (6)

We thus define the first order mass flux .7-"13030*75 from the diamond cell D, ,~ through the
interface s = Dy o+ |D_, .. using the upwind principle as follows

oo

_ Tt —
]:Da,a*ﬁ - ‘FDUJ* 5 + ‘]:DUJ* \5

with
-7:5 = ]:+(p<7,0*7657uD010*,5) and ‘/T-'Bg’g*,g = fﬁ(pg’,g*'7cﬁ7uDg,g*,5)7 (7)

o,0% 8

where ¢s = c¢(es), es and the interface velocity UD, .5 a8 in Definition 2.1.

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

ﬁo’ o* — Po,o* 1
: : E s|Fp, .5 = 0. 8
5t + ‘Do’g’*| | | Da,rr I ( )
’ 5€0D, =

Next, we introduce the averaged density on a cell K of the primal mesh, defined by

Dy o NK
PK = Z gpma* for K e M

D, ,+«€EDK |K|
and on a cell K* of the dual mesh, we set
D, o+« NK* . * *
PK* = Z |7|I<*|po-7o-* fOI' K (S gjt Uam .

Dy ox €D g



To these densities we associate averaged mass fluxes Fg ., outgoing from a primal cell K, and
Fr~+ o+, outgoing from a dual cell K*, given by the formula

Doo- N K] /5] |Doo+ N L 5|
FE :L Z Pl e+ _ oo 1T L] Z 15l . 9
K,o |DJU*| |0‘ Dy 5% 5 |Dgg*| |J| Dy o%,5 ()
’ 5€8DG’U* ) 5€8ngg*
sCL sCK
Dy N K| Sl Dew L) s
Py = Des 0 S Bl Des 0D s By
Dol ocipy,. 1] R N L N
SCL*Y 5CK’;

Remarkably, the averaged densities px, px+ satisfy the following conservative equations for any
K € 9 and any K* € 9t* U 09*:

KPS N (ol Frs =0, (1)
DUYU*GQK
P+ — PK* o
i+ | P 6tpK + Z |0* | Frce on + Z %}‘0:0, (12)
Dy o €D g Dy o €D g ND et

The proof is fully detailed in [29]; it can be seen as a consistency property of the fluxes
FK,aa‘FK*,U*-

Using the fluxes ]—';U, we can give the definition of the momentum fluxes Gx , for the primal
cells and Gg+« o+ for the dual cells. They are still based on upwinding principles. We consider
the case of interfaces o ¢ 0€2. In this case, for the primal cells we set

GK,U = .7:;;011[( + ./_‘.;(’UUL. (13)

We define similarly the momentum fluxes G+ o«. The momentum equation also requires to
introduce a discrete pressure gradient. It is obtained by mimicking the formula

/sz/ pn.
X X

Definition 3.1. The discrete pressure gradient Vgp is defined on ¥ by

1
(Vap)x = K] Z |0]Po,o K o, for K € 9,
D, o+€EDK
1 *
(Vap)ser = | K| Z |0|Po,o DK o0, for K* € M~
Dy g €D
1 o
(Vap)k+ = ] Z |0 |Po,o* N+ o+ + Z %pg’g*nKﬂ,, for K* € 09",
Dy o €D gox Dy Dy o# €0 gcx NDins

For further purposes, we will need a discrete divergence operator, naturally inspired from

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

Definition 3.2. The discrete divergence operator on a cell D, o« € ® is defined as

1
(Vd : u)a,cr* = |D *| Z |5|uDa,a* 5
P91 5€0D, 5



when D, 5« € Dipnt, while for Dy o« € Dy, we set

1 o Ug- + up~
(V)= S sl eatprio (g, + ) - nico
Dy o] 2Dy 0 2
77 s€dD,, .+ \0Q '

Finally, the discrete momentum equation is given for K € M and K* € M* by

D UK — u 1
PROK _PRUK o S |olGko + (Vap)x =0,

5t K|
D, .+€EDK
Pr+UK* — PK*UK~ 1 .
+ IU ‘gK*,a*
T, S =
1 ol
— G s +(Vap)k- = 0.
+|K*\ > 5 9K, +(Vap)x

Dy ox €D g*xND et

We turn to the equation for the internal energy. To this end, we need to define the correction
term R, o+ that comes from the kinetic energy balance [33]. We start by introducing the kinetic
energy fluxes Kk , from primal cells and Kg+« o~ from dual cells:

ug-|?

2

Jugl® | - o]
2 Koo g
Multiplying the discrete momentum equation by ug or ug-, we get the following discrete

balance of kinetic energy for K € 9t and K* € 9t* U 09t*, respectively:

_ r+ _ -
ICK,J—]:KJ R and KK*,O'*_‘FK*7O-* —|—.7:K*70*

Slmel el
L LS ol + (VW= Re, (10
Do,a*EQK
- [T ” [ug-[” .
2 2 + * Z ‘U*VCK*vU*
5t | K|
Dy, o €D (17)
L S i+ (Ve i = R
| K| 5 VKo dP) K+ UK+ = =R,

Doy €D g ND et

where, according to [29], the remainder terms Ry and R~ are given by

PK e o 1 ~ (luk —uk|?  [[Ux —ug|?
R = — — — F — ,
K 25tHuK uKH + |K‘ Z |U| K,o ( 2 2
DO’U*E’DK

Pr= 2, 1 - [k —ug-|*  [[Ux —ug|
R * = * * f . % —
K 251 Up+ — upi+||* + ] Z |o*| - ( 5 5
Dy g €D v
1 lof o (IO —ug-|* [k —ug|?
9l - .
TR 2. 57 ( 3 3

Dy o+ €D g MDegnt

The numerical fluxes for the internal energy (intended to approximate pu x e) are defined
as follows: for all Dy o+« € Djp and § = Dy 5= D, ;€ 0Dg o+, we set

&p (18)

*,5 N
o,0%) o,0% 8

— + —
- eUaU*J:D(, PPN + ea",o*/]:D



The discrete internal energy equation is given by

0 «€ * *€ * 1
pg’g e 5t Poorloo ‘ D ‘ E |5|gl)o,a*,s
o,0* 568D(jy(r* (19)

+po,cr* (Vd . ﬁ)o,a'* = Rcr,o*7 VDU,O'* € Dint

where

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

(20)

This correction term balances the kinetic energy contributions that appear when summing the
internal energy equation and the kinetic energy equations. This formulation leads to the deriva-
tion of the local conservation of the total energy.

3.2 Properties of the scheme

The first order scheme is proved to be positivity preserving scheme for the density and the
internal energy under some CFL-like conditions. We the reader to [29] for detailed proof of
these statements.

Proposition 3.3. Let p, .« > 0. We assume that the following CFL-like conditions are satisfied
ot

‘ U,U*|

> Islhe(eles),up, . 0T < 1, VDs,o+ € Dint
$€0D, =

D& 7 [ > lslhi(eles),up, . I +lolAs(cleo) uo)l | <1, VDoor € Dear.
77 1 LseaD, «\0Q
(21)
Then, the non negativity of the density ps o+ is preserved: p, ,« > 0.

A strenthened CFL condition is required to preserve the non negativity of the internal energy
€s,0+- The main step of the proof consists in checking that the remainder terms Ry and Rx-
are non-negative. The analysis makes the following quantity appear

hp

1 «
reg (%) = su {.771)00* Eg}u{é, Dy o 59}
g( ) p( SIH(OCDG’U*) ' |DJ,U* '
| Dy X
U{*’, X ‘I,Dga* ) }U{i, X T7Doa* D } )
|Dyox N X]| < o S X |Do,o* © S

where 0 < ap, . < 7/2 is the angle between the two diagonals of the diamond cell D, 5«. It
measures the regularity of the mesh: the higher reg (¥), the flatter the cells. It can be shown
that reg (%) > 2.

Proposition 3.4. Let e, o+ > 0 and po o = 0, VDs o« € ©. Let assume that the following
CFL-like conditions are satisfied

Dita* (reg (%)? |o—*|\/—;o—|0(€a’,g*)+ Z |5|<[UDU,U*,5]+ +C(e§))>

s€EOD, ,*

(22)

1 1
< min -y |, VDU o € :Dzn
(v 1+ reg <s>> ’ '



o (reg<s>2'°'“}(”c<ea,a*>+ S fal(fun, ool elea)
2 $€ID, o \OQ (23)

1 1
+ lol[Ay (eleq), uo)]* + |U|AG’Dir> < min (

7 oY VDO’O’* egem
gl 1+reg(f)> ’ '

with A by, = %ppD“* [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 €y o+ = 0, VDy o« €D.

We turn now to the conservation of the total energy. As shown in [29], a local conservation
equation is written for the total energy p, o+ Ey -, where the total energy E, - in the cell
Dy o+ € Dipy is defined by Eg o+ = €40+ + EI;‘;; with
pr-|ur- |
2

prc+ a2

2 HDa,a*mLﬂ

2 2
|Da,a*mK|%+|Da,o*ﬂL‘%+|Da,a*ﬂK*|
0'70'*: 2|D070.*

Po,o*

Proposition 3.5. The discrete total energy py o« Eq o+ satisfies the following conservative equa-
tion on Djny:
ﬁ(f U*EU o* — Po J*EU o* 1 1
T — + $|TD, o6 + T s -5 =0,
5t ‘D Z | | Dy ox,5 D . Z | |qu,a )8

U’U*| 5€0D, ,* ‘ 4 ‘ 5€0D, =

where
.5 18 a conservative total energy flux through the interface s of the diamond cell

* Tp, -,
Da,o*;
. 7‘D010*‘ >_lslgp, . s is a conservative discrete version of V - (pu) on the diamond cell
" s€0D
Do‘ o*-

s

o,0*

4 The muscl reconstruction on staggered grids

We discuss how we adapt the MUSCL principles to the staggered framework on unstructured
grids. There are two ingredients: firstly, the construction of (formally) second order accurate
quantities on the edges of the cells (primal, dual or diamond), the construction of which has
to be adapted to the different type of cells; secondly, the definition of numerical fluxes and
correction terms.

e For the mass flux, we keep unchanged the velocity which is already defined at the interface
s; we only have to replace the upwind value p, o~ by a MUSCL reconstruction p%[fg*y5 of

the density. We shall also use a reconstruction of the internal energy e OLG* s Which enters

in the definition of the numerical fluxes (see below). This defines the upgraded mass flux
ML

Dy % ,5°
e For the momentum flux, we define the convection flux G§/ by averaging the upgraded

ML . : .
mass fluxes Fp ==, combined to a MUSCL reconstructed velocity u}Z at the interfaces o.

e For the internal energy fluxes, we combine the upgraded mass fluxes F ]Igf L with a muscL

reconstructed internal energy e’/ g However, a direct reconstruction of the internal energy

by linear interpolation would produce a bad behaviour of the scheme for contact disconti-
nuities, where the pressure should be kept constant across discontinuities. For this reason,

we define a reconstruction (pe)]l\)/{fﬂ’5 of the product pe at the interface s and then we

10
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Soa

Figure 2: Forward and backward points H} and H_

=

ML

P .5
recover the internal energy through the ratio pMD%, see [48] for further comments on
Dy o*:5

this issue. For the internal energy equation, we should also redefine the remainder terms
RYL RME and RY L in terms of the new reconstructed variables and fluxes.

o,0%
Let us now explain the reconstruction of the numerical unknowns, and how the geometry of the
grids is taken into account.

4.1 Density and internal energy reconstruction, mass fluxes

For the density and the internal energy, we follow the multislope method introduced in [40]. As
explained in the introduction, defining different slopes on each interface leads to a more accurate
scheme than the monoslope method since it is subjected to less limitations. As in the original
MUSCL method, both a backward and a forward scalar slope, denoted s, ; and 3;,5 respectively,
are computed for each interface s of a given diamond cell D, ,~. Unphysical oscillations are
ruled out by means of a limiter function ¢(s ,,st,), see [47]. Therefore, the reconstructed

values, which are computed at the centers of the interfaces Mg, read as follows:

PDE s = Poor + B(554,504)  [ICp, . M|, (24)

o, 0%

where Cp_ _. is the center of the diamond cell D, .+, the intersection between the edges o, c*.

The cornerstone of the scheme thus lies in the definition of the slopes. Let us denote by Wy o+
the set of the diamond cells sharing at least a vertex with D, ,«. We need two points H} and
H_ both located on the axis (Cp, ,.Ms), respectively backward and forward the point Cp,_ .
(see Fig. 2). A priori, these points are neither vertices of the grid, nor centers. Nevertheless,
they can be used in a way to obtain second-order values of the variables, using a well chosen set
of neighboring elements. Having computed the associated densities Pr- and py+ at points H

and H , we obtain the backward and forward slopes as follows:

= = Po,o* — Pu; ot — Puat = Po,o*

>* llCp, . He | ”* |Cp, .HIIlI

We are left with the task of determining the points H and H; in a 2D domain. To this
end, we use the procedure described in [40]. Let D; € W, ,+« be the most backward neighboring

11



diamond cell of D, ,~ with respect to the direction (CDU,U* M,) and C - its center. They are
determined by
cos (CD; Cp, ...Cp, U*M5> = Imax cos (CpCp, ,.,Cp, . Ms). (25)
" " EWg o ' ‘

Now, let C D; be the center of the most backward diamond cell, located on the other side of
the axis (Cp, ,.Ms;); namely, we have

cos (CDfCDH -Cp, _. M5> = max cos(CpCp, .,Cp, .Ms), (26)
2 ' ' DEW,, ,* ’ ’
with
Woge = {D\D € Wy o, D # Dy ,sin (CpCp, .., Cp, .. M) - sin (ch_ Co, .., CDM*ME) < 0} .
Based on this construction, we define the point H as to be the intersection between the axis
(Cp,.,.Ms;) and the line (C - Cp; ). The point H lies in the segment (C - Cp; ). Therefore,
we introduce the barycentric coordinates of H; with respect of (C Dy C D;):

ICp, Hy | _le,-Hy |

C, C, ]~ “2 1t
1 2

oy =z
! 1Cp; Co, |l

In a symmetric way, we determine the points C D} and C D} for the forward direction (we con-

sider the minimum instead of the maximum in (25) and (26)). Then H will be the intersection
between (Cp_ .Ms;) and (C p+C D;), and we consider the barycentric coordinates

|Cpy HY ||
||CD+CD+|| -

ICp+ HY |
||CD+CD+H N

+

+
Qp =

oy = >0, of +af =1

We point out that the computation of the coefficients a1 and aét depends only on the mesh
and it is performed once for all as a preliminary step of the code. Finally, we compute the
densities at points H; and HJ according to simple weighted means:

Pu; = al_pr + az_pr, Pui = apr+ + a;pD+.
Being a convex combination, the reconstructed values satisfy the same estimates as the Pp* ’s.

We proceed similarly to reconstruct the values of the density of internal energy pe which will

be denoted by (pe)M L . The reconstructed internal energy by eM L . s Will be then the ratio
(Pe)BE . 6 )
p]g% The upgraded mass flux will be
Fbrtyes = Fbosta+ T s
with
ML,+ ML ML ML,— ML
F oa *,5 f+(pDa 0*7576(6Doa »S ) uDao S ) ‘FDU,U*,S :‘F (pD o, o/ 57C(€DUYU*.’5)’UDO',U*15).

(27)
For the diamond cell Dy o+ € Dy, the outgoing mass flux FML — FML+ 4 FML.= ig defined
as follows :

o FMLA+ = and FML~ = 0 for zero-flux conditions,
o FMLA = FF (pMLE cles), us) and FME~ =0 for outflow conditions,
o FMLA — .F*(pyf*,c(eg),ug) and FML:~ = F~(ppir, c(es ), uy) for Dirichlet conditions.
The internal energy flux is given by
ML ML ML+ ML ML,—
6Do‘ o* 8 = eDa o* )SfDa,a*vs + eD(,/ a*/’st”v”* 5" (28)

12



Contact discontinuity problem. We check the ability of the scheme in handling accu-
rately contact discontinuities. We display the comparison between the first order method and
the scheme obtained with the MUSCL reconstruction of the mass density and the density of in-
ternal energy. This can be compared to the method introduced in [23] which does not include
a MUSCL reconstruction on the velocity, The computational domain is the slab [0, 1] discretized
with 256 equidistant grid points. We take v = 1.4. The initial data p,u and p are piecewise
constant functions with a discontinuity located at zo = 0.5.

pi Pr Uy Ur Pi Pr T
Test1 1 0125 0 O 1 0.1 0.25
Test 2 1 1 0 O 1000 0.1 0.012

Table 1: Data for 1D contact discontinuities

\ — — — exact solution — — — exact solution
MUsCL MUsCL
order 1 284 order 1

Figure 3: Density and internal energy for Test 1

7 2600
exact solution
MuscL

64| —— — order1 22001

exact solution
MusCL
— — — orderl

2400 -

2000 -

1800 -

1600 -

1400 -

1200 -

1000 -

800 o

600

400 4

200

Figure 4: Density and internal energy for Test 2

We display the results of the two tests in Table 1 that both consist of a left rarefaction, a
contact discontinuity and a right shock, with Test 2 being more severe. These tests are clearly

13



Figure 5: Forward and backward points H}_J and H*Kt,

1D in nature; nevertheless we perform simulations with a 2D code. We see in both cases, Fig. 3
and 4 respectively, that the numerical diffusion in the density and internal energy profiles at
the contact discontinuity is drastically reduced by the MUSCL approximation (the velocity being
constant).

4.2 Primal and dual velocities, momentum fluxes

We turn to the reconstruction of velocities. We remind the reader that discrete velocities are
stored on both the centers and vertices of the primal mesh (the latter being the centers of the
dual mesh). Such a dual representation appeared in the work of C. Berthon, Y. Coudiére and
V. Desveaux [7], the increased degrees of freedom being used to define accurate gradients. In-
deed, we can naturally use unknowns located on a grid for defining the slopes of the interpolation
from the other grid. The reconstruction we adopt is inspired from [12].

Let us detail the MUSCL reconstruction for the primal velocities. The reconstructed value of
the velocity on the edge o of a cell K reads as follows

'l = ug + ¢(sg .o 5k.) - ICk Mk o, (29)

where Cg stands for the center of the primal cell K and Mg, the midpoint of the edge o.
The definition involves auxiliary velocities ugy+,~ and ugy«+, computed on two points H}_ and
K,o K,o )

H}‘;, so that the backward and forward slopes Sk.o and s;r(,a are given by

U — Ugy*,—
K H(7 +

uH;,+*UK
SKe = o i’ SKe = Toa mt
7 lICkHY | 7 lICkHE ||

The backward point H}_a is nothing but the intersection of the axis (CxMg ) with the

edge, different from o, of the cell K (see Fig. 5), The forward point H}t is the intersection
of (CkMg ) with the edge of the cell L that shares the edge o with the cell K. Next, as
mentioned above, we use the dual velocities defined on the vertices of these edges for defining
the interpolation of Ugs and Ug: ot as follows:

— o - — ot +
Upgs— = O Upee— + a5 Upems Uprt = 0 Ut + ay Upesots

14



where N
||C jo j:H*’ il

||C *:EC *:EH -

£
1C = HiZE |
|\CK*¢CK*¢|| -

+

ay = oy = >0, ozl +a2:1

Again, we point out that the points H} Ko ~ and H;, J; and the coefficients 0‘1 and a2 depends
on the mesh and can be computed once for all when starting the code.

Details for the dual mesh

ML+

The momentum fluxes are defined by averaging the upgraded mass fluxes F7p, and
ML,—
}—Dg,a*,ﬁ
Dy NK] ls| ;vr+ |[Door NL| ls| ~ar+
J—_vML,:I::| o,0 Ll ,* _ 0,0 il ,* ’ (30)
" oo 3%: o] Port = [Dor| a%: o] Dot
sCL sCK
Do NK”| Is| ;vrt [Door NLY ls| ar+
FMLE _ Do o+ [Hoo =, (31)
K*,0 | Do o | 563%;_0* |o*] Dg ox.s |Dg.o-| 568%;6* |o*| Dg g% .5
sCL*’ SCK*
so that
FE=Fiet+ Pl and PR = FREET 4 RN
Observe that the averaged densities px, px+ satisfy the discrete conservation law
K|PE —PK FML _ 39
IEEPE S ol FE =0, (32)
DG,U*EDK
w PR — PK* o] ~nr
R S ot FRE + > St =0 (33)
DU,O‘*GQK* Da,a*GQK*ngewt

These equalities can be obtained by reproducing the arguments for [29, Proposition 3.5]. Finally,
the momentum fluxes are defined as follows:

ML __ ML,+ ML ML,— ML ML _ ML+ ]WL ML
gKm. = fKO’ KU + ‘FK,G' 'l:lL(7 and gK*7U* = f *, K*,o* —+ .F *uL* *

a few words about the pressure gradient ?

4.3 Internal energy balance

We have already described the derivation of the numerical fluxes for the internal energy equation.
However, the update of the internal energy also involves correction terms coming form the kinetic
energy balance, which thus need to take into account the modification of the momentum fluxes.
a few words about the pdiv(u) term 7
Firs, let us introduce the new kinetic energy fluxes KM Z from primal cells and KCMF ‘o from
dual cells. For o ¢ 02, we set

mr _ pvr it ML~ [ug™ 2 ML M+ [u ML~ ||uL*L||2
ICK,U = ]-'K S 5 ]-‘ 5 , and ’CK*,U* = Frea 5 _|_]: 5
(34)
For the boundary terms, when o C 02, we set
ML2 2 ML|2 2
uy u u u
ICML fMLH’H 5 H +Fé\/fL,7 || g” and IC%*L 7fML+|| 1(2 H +fé\4L,7 || ;’H
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Next, we define the remainder terms. For K € 9T we set

Pr i 1 [T —ukl® [0k —uif"|?
RML _ PK _ 2, FML,+ _ K
K 25t||uK uKH + |K| Z ‘U| K,o 2 2
D, ,«€DK
o im0 = ugl? [ — )
Koo 2 2
with the convention that uy = u, when o C 9Q. For K* € 9" U 99, we set
Dres 1 1 ||ﬁK* — Ug~ 2 HﬁK* —ulll|?
RML _ PK L 12 x| FML+ _ K
K= T gy 1M UK +|K*|D Z;@ "1 Fic s 2 2
o0 K*
4 FML- [T — uge-|? ok — upth|?
o 2 2
4 1 Z M ‘/___]\/[L’+ ||ﬁK* — U~ 2 B ||ﬁK* — u%* H2
K, oo, 2 L7 2 2
o, 0% K* ext
4 opmr- (8 = ug-|? Ok —uo|?
7 2 2 '
With these definitions we obtain the following expression for the balance of kinetic energy.
Lemma 4.1. For K € M and K* € " U IM*, we have
_ |kl _pKHUKII2 .
2 5 24 & Z 0| KRS + (Vap)k -0k = Ry (35)
Day(,* ED K
B O Y
2 2 v Y oK.
ot |K |D A
o,ox €V K* (36)
1 o _ /
vl > %’C%*L,a + (Vap) i - Ug» = =R

K] oo
o,0* K* ext
For X € ¥, we multiply by tx the momentum equation (14) and use the averaged

Proof.

mass equation (32).
a) Let K € 9. In what follows, we use the convention that u;, = u, when the edge o C 9.

We start by remarking that
Pruk —pxux 1 Jugl®  Jugl® | Pre e
3t BT <pK y Pr 5+ ik —ukl
ek (w0
5t ( g UKIUK )
Thus, using the average mass balance (32) we get
Pl —prug 1 [  Jugl? Jurl® | Pr - 2
3t e _5t< 2 kg + o ok —uk]
1 wr (gl =
+m Z |O.“FK7O' T—UK-HK .
DUYU*GQK
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It is convenient to introduce the notation

FHl=Ft - F.
We bear in mind that F = FT + F~. Hence, the momentum fluxes can be recast as
ML,|.| ML ML ML,|.|
gML _ Fro  tTFRo uJVIL+fK7U _ Ko ML _ pML up "t 4+ up't +]_—ML,HuJ\KM —uy't
K,o — K L — Y K,o K,o
2 2 2 2
We also remind the reader the conservation equations:
KIPELE ST ol Fr =0,
D, ,«€DK
P+ — PK* o
K| PE §tp " Z |0* | Frce o + Z %JTH:()_
Dy o+ €D g Dg o €D gxNDext
We obtain
[ax|? . [V X
2 2 PK = 2 = ML _
St + Tét”uK - uKH + (Vdp)K ‘Ui + ﬁ Z |0|BK,U = 0, (37)
Dy o+ €D 5
where
2 ML ML ML ML
ug _ u +u _ MLl 1 —u _
B%ﬁ—f%ﬁ(” 2” —ug U 4 2K : L 'UK)+FK7£’|| K 5 L g
2 ML ML ML ML
ug _ upy —u _ Jugt —u _
_ }\(45(”2” b (M ug) g - oK . L. K>+]:IJ\(/{£,I K 5 L g

2
Uug — — —
= Fi'E (”2” + (it — ug) ~uK> — Frew (it — 'ty cug

_ ( pMr+ uzf e 2 FML,~ [Jug" |2 FML+ Jug > Jlugf™|?
- K,o + K,o + K,o
2 2 2 2
ML,— ||11K||2 ||11§\;4L||2 ML ML\ =— ML/, ML —
+Fko 5 5 —(ug” —up ") Uk | + Fg (ug” —ug) - Ug
uwll2 uML|2
i e (Ll D) )
2 ML||2
_ Ug u _
e (Lol DB gy )
_ ML FMLt [ur —ug|®  [[ugx —uif )P
- K,o K,o
’ 2 2
L+ ML~ [ur —ug|®  [[ug —up' |
Koo 2 2

Coming back to (37), we arrive at (35).

b) For K* € 9" U 99t*, we start by remarking that
1> Jukel? | Pk

— . L2

P — P+ [ |luk- 2
ot 2

ot N

-ua K*

— Uk~ 'llK*) .
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Thus, using the averaged mass balance (33) we get

ProUe —piuge 1/ A |* fuge P e 2
ot U ( kg ey e —upe
1 U= 2 —
+ |K*| Z |‘7*|}—A{‘L,a* (H R ” — Ug- 'UK*)
Dy or €D k=
1 ol arr (lug-]? =
+W Z 7.7 * o T—UK*'UK* .

Dg o €D gxNDext

The momentum equation multiplied by Tx+ becomes

B .7 R Y LR
) 2 P = 2 (v -
5 + 257 [t~ —ug-||" + (Vap)k- - Uk
1 o U= 2 —
po X e Y e (el )
DU,U*EQK* DU,U*GQK*QCDEIt
1 x| ML lo| e —
T D SRR U SR 7 )
D, o+ €D = Dy ox €D gxMNDext

We obtain (36) by remarking that, for any D, ,« € D,

FML (||11K* 2
L. 5

—Uug- - uK*) + GK+ e - UK~

— 2 — ML)||2
U+ — K= Ui+ — Upr«
= KME .+ FRbt ” _ b
) 3 2 2
4 FML- U —ug-|*  |[ug- — upth|?
Koo 2 2
and similarly, for any Dy o+ € D+« N Dy, there holds
e (uw]? _ — ML  —
Fr 9 U - U +QK*7(,~uK*
— 2 — ML||2
ML ML, [Uxc — g [Uxc+ — ug||
=Kk, + Fyt < 5 - 5
+ fML,* ||ﬁK* — Ui~ 2 B ||ﬁK* — ua-||2
7 2 2 ’

4.3.1 Stability: positivity of the density

We are going to prove that the MUSCL reconstruction preserves the non negativity of the density,
up to a strengthened constraint on the time step, compared to Proposition 4.2 for the first order
scheme. and the internal energy.
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Proposition 4.2. Let p, .« > 0. We assume that the following CFL-like conditions are satisfied

Y sl (eeBr . o) up, . 0] < VDo € Diny

S€EOD, ,x

ot
ID*I[ > lslalelen” . o, . )T + oA (cler), uo) T | <
77 1 LseaD, «\0Q

)

Wl =

| 0’0*|

’ VDU,J* € gexb

Wl =

(38)
Then, the non negativity of the density ps o+ is preserved: p, ,« = 0.

Proof. The proof uses properties that should be fulfilled by the flux limiter ¢, see [47]. It is
convenient to rewrite the limiter as a function of a single variable

~a ~ b
#a;b) = b o(3) = a d(-) = ¢(b,a) (39)
where it is understood that the function (iA) satisfies the symmetry property
A ~ (1
By = () Lo,

The limiter function ¢3 is required to lie in the Sweeby region, see [47], characterized by the
inequalities

~

dr)=0.¥r £0,  0< (&(m, “’(r)) <2.vr>0.

r

Let

ICp, - Ms]| ( Put — Poo ||CDU,U*H§||>
ap = )

=" ICp,,.Hi || \|ICp, . Hill poo — P

so that

ML
PD, o+.5 = (1+ aDo,ans)Po,o* —QD, ;x5 PH -

Since g?)(r) < 2, we deduce that p%fﬂ s < 3pg,0+. By construction of the point H.', we always
have ||Cp, ,. M;|| < [|Cp, ,. H ||
Consider D, o+ € ®;y. Going back to the mass conservation equation (8) and using the

properties of the flux function collected in (6), we are led to

_ ot
Pra- = oo — o O I8l (Fr ol wele: . Jup, ,.0)
|D00*| ’ ’

’ SEID, ,*
FF(pBE | welelE . 2 up, )
5t
> poor — 15— O |SIF (o). ecleBr . o)up, .8
|DU;0'*| s€dD . ’ ’
5t
P Po,o* — D Z ‘ﬂpgfﬂ \5 [)‘-i- (0(6%6%6*75), uDo,a*75)]+

| U’U*| S€EOD, o*

ot
Y 3bslpoor Milelen”,. o)up, . 5"

> Poo* — T 7
|DU,0*| 5€OD, o

With pg o+ > 0, the right hand side of this inequality remains non negative under the CFL-like
condition (38). The proof for D, o+ € Dyt follows exactly the same lines and is left to the
reader. [ ]
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5 Numerical results

5.1 Accuracy of the reconstruction

To check the accuracy of the method, we consider a simple advection equation for each variable.
Due to the limitation procedure, we do not expect to achieve the second order exactly.

We consider first an advection equation for the density, keeping the velocity and the internal
energy constant, u = (1,0) and e = 1. The domain is [0,1] x [0,0.02], which is a fake two
dimensional domain. The test is only intended to test the validity of the reconstruction. The

equation thus reads

Otp+0zp=0

with initial density po(z) = 1+ exp (—100(z — 0.4)%). The exact solution reads p(t,x) = 1 +
exp (—100(x — t — 0.4)?). Next, we check the convergence order for the internal energy. We

set po(z) = 1+ exp (—100(z — 0.4)?), eg(z) =

1+exp(—200(z—0.4))

Hence, pe satisfies the mere transport equation

with (pe)o = 1+exp (—200(x — 0.4)?). The exact solution for the energy is e(t, z) =

Oype + Ozpe =0

14+exp(—100(z—0.4)2) ’

and we impose u = (1,0).

1+exp(—200(z—t—0.4)%)

The slopes of the Ll-error of the density and the internal energy are displayed in Fig 6: we
observe the expected first and second order accuracy.

X X X First order scheme
O O OMUSCLscheme

pente 1.89
pente 1,03

5.0x10™ o

density L1-error

pente 1.92

pente 0.9

O O OFirst order scheme
X X XMUSCLscheme

energy L1-error

5.0x10°7

1.5%10° 5.0x107

Figure 6: Ll—error of the density (on the left) and the internal energy (on the right).

Finally, we also test the scheme for the velocity. We force the density and the internal
energy to be constant, and we set ug(z) = (exp (—100(z — 0.4)?) ,0) as the initial velocity. The
numerical mass fluxes boils down to correspond to a discrete transport equation for the velocity
on the primal and dual cells. In other words, we need the momentum flux outgoing from a

primal cell K to verify

/uK ‘N = |U|gK,07
o

which means that the averaged mass flux Fx , equals ng ,. The same idea is applied for the
dual cells. The slopes are illustrated in Fig. 7. Again, we observe the expected first and second

order accuracy.
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primal velocity L1-error

5.0x10™ 4

O O OFirst order scheme
X X XMUSCLscheme
pente 1.6
pente 1,02

dual velocity L1-error

5.0x107

O © OFirst order scheme
X X XMUSCLscheme
pente 1.7

pente 0.98

5.0x107

Figure 7: Ll—error of the primal (on the left) and dual (on the right) velocity.

5.2 2d Numerical simulations

5.2.1 2d falling water columns

This test case is inspired from [1]: we consider the 2D simulation of three falling columns into
a rectangular basin. The computational domain is the two-dimensional square [—1,1] x [—1,1].
We assume the initial temperature (equivalently the internal energy e) is constant in the basin
and we take v = 2. The PDE system is endowed with zero-flux boundary conditions and with

the following initial data

p(0,2,y) = 3+ L(2—0.5)24(y—0.5)2<(0.15)2 T L(240.5)2+(y+0.5)2<(0.15)2 + 2 - Lz2 12 (0.2)2

u(0,z,y) =0,
v(0,z,y) = 0.

Figure 8: Density for the first order scheme (left) and MUSCL scheme (right)
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Fig. 8 compares density contours obtained with the first order scheme (on the left) and the
MUSCL scheme (on the right) with 50 contour lines. The simulation is performed on a 512 x 512
unstructured mesh and we choose the MinMod limiter as the flux limiter. The final time is
T = 1.035 and the time step is 6¢ = 10~*. The MUSCL scheme shows a better resolution of the
complex structures of the flow.

5.2.2 2d Mach 3 wind tunnel with a step

Next, we challenge the scheme with the 2D Mach 3 wind tunnel with a step, introduced in [53].
We set v = 1.4. The computational domain € is the L-shaped domain

Q= QO \ Qstep; QO = [O, 3] X [0, 1], Qstep = [06, 3] X [O, 02]

We perform the simulation with a 960 x 320 unstructured grid and the time step is fixed to
ot = 1074, up to the final time T = 4. The flow entesr through the left boundary, so we use a
Dirichlet boundary condition: p = 1.4, u = (3,0) and p = 1. For the top and bottom walls, we
use zero flux boundary conditions. A free boundary condition is used for the right section.

We compare in Fig. 9 the results obtained with the first order scheme and the MUSCL scheme.
The discontinuity line appears more clearly with the MUSCL scheme and the solution is closer
to the one in [53]. A completer: plus de points ou methode d ordre plus elevee chez eux?

Figure 9: Density with 50 contour lines for the first order scheme (top) and MUSCL scheme (bottom)

5.2.3 2d Noh problem

We turn to the 2textscd Noh problem described in [45]. The main domain is a disk of radius 0.4
filled with a gas (y = 5/3) initiated with pg = 1, eg = 0, and ug(z,y) = (—:lc/\/:lc2 +y2, —y/\/ 22 + y2).

22



—— exact solution
—— h=51x10"? order 2
—— h=51x10"" order 1

—— h=238x10"7 order 2

— h=38x10"7 order1

0 0.05 0.1 0.15 0.2 0.25 03 0.35 0

Figure 10: Density at time 0.6 (on the left) and horizontal cutline from the origin (on the right)

A shock wave is generated at the origin and expands (Fig. 10-left shows the obtained solution
at time ¢ = 0.6). The exact solution at time ¢t = 0.6 is

(presu) = (p=16,e=3,u=0) ifr<02,
o (p:1+§—r,e:0,u:u0) if r > 0.2,

where r = /22 + 92 .

Fig.10-left shows the density of the solution obtained with the MUSCL scheme at ¢ = 0.6. On
Fig.10-right, we compare horizontal cutlines starting from the center of the disk till the boundary
of solutions obtained with the first order scheme and the MUSCL scheme for two different mesh
size h (h = 3.8 x 1072 and h = 5.1 x 1073). Commenter, comparer, parler du decrochage a
gauche... The simulations in [45] are done on the quarter of the disk with symmetry conditions
on the horizontal and vertical boundary, which reduces the computational effort. Moreover, the
mesh is refined near the origin to obtain a better resolution for the shock.

For the MuscL scheme, doing the simulation on the quarter disk might cause symmetry
issues near the boundary, as explaioned in [50]; otherwise it is still possible to must impose the
exact solution on the boundaries. Instead, here we have performed simulations on the full disk
and without mesh-refinement near the origin. We clearly see in Fig. 10 the amelioration of the
numerical solution for the MUSCL scheme for different meshes.

5.2.4 Triple point problem

The following simulation is inspired from [45, 55]. We consider a 2D Riemann problem with
three states, and two materials. The situation generates vorticity. The computational domain
is the square [0,7] x [0, 3]. Initially, the velocity is zero u = 0 and the domain splits into three
separate regions. Each region has an ideal gas equation of state. Initial conditions and material
properties are specified according to the following diagram:
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y r
(0.0, 3.0)®
p=0.125
Q, Q,
P=0.1
=1 & (7.0, 1.5)
Pl r=1
2 P=0.1
. >
(0.0, 0.0) (7.0,0.0) X

Figure 11: The triple point problem initial conditions

Fig. 12 displays the numerical density at time T = 5 for the first order scheme (top) and
the MUSCL scheme (bottom). We clearly see the amelioration provided by the MUSCL scheme,
especially in the vorticity zone.

[ |
1.2e01

Figure 12: Density with 50 contour lines for the first order scheme (top) and MUSCL scheme (bottom)
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Conclusion
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