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Abstract. We present a new scheme for the simulation of the barotropic Euler equation
in low Mach regimes. The method uses two main ingredients. First, the system is treated with
a suitable time splitting strategy, directly inspired from [J. Haack, S. Jin, J.-G. Liu, Comm.
Comput. Phys., 12 (2012) 955-980], that separates low and fast waves. Second, we adapt a
numerical scheme where the discrete densities and velocities are stored on staggered grids, in
the spirit of MAC methods, and with numerical fluxes derived form the kinetic approach. We
bring out the main properties of the scheme in terms of consistency, stability, and asymptotic
behavior, and we present a series of numerical experiments to validate the method.
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1 Introduction

1.1 Euler equations and low Mach regimes

This work is concerned with the numerical resolution of the barotropic Euler system, which
describes the evolution of a compressible fluid, in low Mach regimes. The unknowns p and u
stand respectively for the local density and velocity of the fluid. They both depend on the time
and space variables, t > 0 and z € Q C RY, where Q is a bounded domain. Working with
dimensionless quantities, the evolution of the fluid is governed by the PDE system

Op+ V- (pu) =0,

1 (1)
d¢(pu) + V- (pu®@u) + G—ZV(p(p)) =0.

Here and below, we suppose that the pressure law p — p(p) is the classical power-law p(p) = p?
with v > 1. In (1), € stands for the Mach number, that is the ratio of the typical velocity of

— |uref|2 — pref|uref|2 )
rof VPref

with initial and boundary conditions (periodic or vanishing flux for instance).

the fluid to the typical sound speed (€2 . The system has to be completed

1.2 Low Mach regimes

In order to understand the behavior for small €’s, let us expand the solution as a power series
Q=00+eQW+2Q? + ..., with Q = (p, p,u), and identify the terms that arise with the same
order of magnitude with respect to € in (1). At the leading order O (1/€2) in the momentum
equation, we obtain Vp(® = 0 from what we deduce p(© (z,t) = p© (t) and consequently
pO(z,t) = p(t). Similarly, at order O (1/¢) we get Vp(1) = 0, thus pM (x,t) = p™M(t) depends
only on the time variable too. Given this information, system (1) at order O (1) becomes

atp(o) —+ p(o)v . u(o) = 07
2 (pOu) + OV . (1 ©u®) 1+ 7@ — o (2)

Integrating the mass equation in (2) over the domain §2, yields
/ (8tp(0) + 0% . u(o)) dz = |Q]0,p ) + p(o)/ Vv -u®dz =o.
Q Q
Applying the Green theorem leads to

1
0 — _ (0) 0) .
Op |Q|p 8Qu ndo(x)

where n is the outward-pointing normal vector on 92 and do(z) is the Lebesgue measure. Let
us restrict to the case of zero-flux boundary conditions, u - n‘ aq = 0, or the case of periodic
boundary conditions, so that in both cases we have [,,ul® - ndo(z) = 0. It follows that
9ip(® = 0. Going back to the mass conservation equation in (2) we arrive at

V-u®@t)=0 and p@(z,t) =p®@ onQx[0,00).

The momentum equation in (2) can now be cast as

! vp? = 0.

o + v . (u® @u®) + O]
P



In this relation the pressure term p(® can be seen as the Lagrange multiplier associated to the
incompressibility constraint V - u(® = 0. Applying the divergence operator we are led to

AP = 0w . (V (@ u@))) )
Finally, the mass equation in (1) at order O (¢) reads
dpM + pOw . u® = .

With a similar reasoning, we deduce that p(!)(x,t) = p(!) is constant in time and space and
that V - ul® = 0.

Definition 1.1. The initial data (p,u)(x,t = 0) for (1) is said to be well-prepared when
p(z,t=0)=p@ + ¢ + 0 (e2> (z) with p(@, p!) real constants,
u(z,t = 0) = ul®(z) + O (e) (z) with V- ul® = 0.
Therefore, as € goes to 0, we expect that solutions (p,u) of (1) behave like

p(z,t) = p + oM + 0 (62) (x,t),
w0 (2) + O () (z,1)

u(z,t)

with u(® solution of the Incompressible Euler system

L

o + v - @u) +
P

vp? =0, v.u®=0. (3)
Further details on the low Mach asymptotics can be found in A. Majda’s book [28]. Rigorous
justification dates back to [23, 24]. When the initial data are not well-prepared, initial layer
might occur [33]. We refer the interested reader to [1] for an up-to-date review detailing further
results and indicating further relevant references on the analysis of the low Mach regimes.

1.3 Numerical issues of the low Mach regimes

There are several numerical issues that make the simulation of (1) challenging as € becomes
small:

e The stiffness of the pressure term induces severe stability conditions for standard time-
explicit schemes. Indeed, the characteristic speeds of the system behave like |u|+ %\/ P (p)
and thus become very large as ¢ — 0. It imposes to constrain the time step dt to be
proportional to edx with dx the mesh size, which leads to non affordable computational
costs.

e Moreover, the usual conservative finite-volume type schemes are also subject to a dramatic
loss of accuracy when € becomes small, so that it can be very difficult to capture the
correct solution. This phenomena has been brought out in the seminal papers [14, 15]
which explain how Godunov type schemes create spurious pressure waves that prevent
the discrete solutions to be close to a discrete incompressible flow. This has been further
analyzed in [7, 8, 9]. It turns out that the loss of accuracy in fact highly depends on
the geometry of the mesh. In particular UpWind schemes on Cartesian meshes (that we
shall consider here) is inaccurate at low Mach numbers. These analysis have led to design
suitable preconditioning techniques [14, 15, 32].



We are thus faced with the difficulty of designing numerical methods that preserve the
asymptotic limit, without inducing too high computational costs. A possible avenue to cope
with these difficulties is to try to develop “Asymptotic Preserving” methods, a term coined by
S. Jin [20, 21].

Definition 1.2. Asymptotic Preserving (AP) Method.

A method is said to be AP when it preserves at the discrete level the asymptotic passage from
a model to another. To be more specific, if the space and time steps dx ans &t are kept fixed,
the method automatically transforms to a stable discretization of the limiting model when the
small scale parameter tends to zero.

Such methods are intended to be robust in the sense that the asymptotic regimes can be
captured without resolving the small time and spatial scales. The efficiency of an AP scheme
relies on careful time and space discretizations. Since we expect to make use of time step much
larger than the one imposed by the standard CFL conditions, it is clear that a part of the
system should be treated implicitly to overcome the stiffness. However, the numerical cost of
the implicit solver should remain as reduced as possible. We can mention [6, 11, 16, 25, 30] for
attempts in that direction.

1.4 A new numerical strategy

In this work, we wish to develop an AP procedure by following the ideas introduced by J. Haack,
S. Jin and J.-G. Liu in [16]. The stiff Euler system is split into two parts: a nonlinear and hyper-
bolic system of conservation laws that involves only waves propagating with O(1) speeds, and a
linear system that contains the fast acoustic dynamics. The former equations are treated explic-
itly, the latter are treated implicitly. Next, in this framework, we propose a space discretization
that relies on strategies introduced in [2] and that present the following originalities:

e we work on staggered grids, with densities (and thus pressures) and velocities stored on
dual locations. This is not usual for hyperbolic conservation laws. However, this approach
is well suited to avoid spurious oscillations in regimes close to incompressible: on Cartesian
grids, we can expect to recover a final scheme based on the principles of MAC schemes
[17]. This approach is also developed, possibly with a different definition of numerical
fluxes though, in e. g. [3, 13, 18, 19, 35].

e the numerical fluxes are defined with an inspiration from kinetic schemes, see [5, 10]
and the references therein. It provides simple formulae, which permits us to justify the
positivity of the density and the entropy-stability [2]. We also refer the reader to [27] for
further developments of the method, in particular its extension to second order and to the
full Euler system.

Remark 1.3. We point out that the inspiration from the kinetic viewpoint has been recently
used to develop new methods for solving the Incompressible Navier-Stokes system [4], with in-
teresting theoretical properties, in particular with respect to energy/entropy dissipation. Note
however that, despite the derivation of this method relies on asymptotic analysis and the in-
troduction of vanishing Mach numbers, it is not designed for performing well in low Mach
regimes.

The paper is organized as follows. In Section 2.1 we describe the time splitting strategy
of [16]. In Section 2 we detail the construction of our scheme. Section 2.4 investigates the
properties of the method: we show how the scheme becomes a (simple) incompressible solver
as € — 0 and we check that well-prepared data do not produce spurious oscillations, according
to the analysis of [7, 8, 9]. Finally, we discuss a set of numerical experiments in Section 3.



2 Numerical resolution

2.1 Splitting of the compressible Euler system

The compressible system (1) is split with two scales: the fast acoustics wave scale and the
slow convection scale that contains the underlying incompressible dynamics. Following [16], we
rewrite the system in the following way

{am+aV-@w+wr—®V-mw:o,

a t 1
8t(pu)~l—V-(pu®u)+V(p(p)€2(t)p)+a€(2)Vp:0. 4

The parameter 0 < « < 1 is used in order to keep some momentum in the system for the fast
dynamics, see (FD) below, which is necessary to enforce incompressibility. The splitting of the
stiff pressure term also involves a new parameter a(t) > 0.

For the numerical resolution of (4) we adopt the following time-splitting strategy that make
the two distinct scales appear. We start with the Slow Dynamics system, the hyperbolic system
of conservation laws that reads

Op+ aV - (pu) =0,
{ d(pu) + V- (pu®u) +V (W) =0. (SD)

Then, we consider the following Fast Dynamics system

ohp+(1—a)V-(pu)=0 D
O¢(pu) + @Vp =0 (FD)

2

€
Let us focus on the two-dimensional framework. Denoting v and v the components of the
velocity field u = (u,v), the wave speeds of the (SD) in the horizontal (resp. vertical) direction
are given by u (resp. v) and AL (p,u) (resp. Ai(p,v)) where

A(p,v) =vEé(p,v) with é(p,v) = \/(1 —a)? + O}M

62 ( )
The wave speeds S\i(p, V) are real for all v € R and p > 0 as soon as

a(t) < min {p/ (p(z,1)) }.

The system is thus hyperbolic under this condition. It is tempting to simply set

. /
a(t) = min {p'(p(z.1)) . (©)
But, with this choice, spurious oscillations are observed in some test cases for large values of e.
It appears in regions where the density is nearly uniform and the material velocity vanishes.
Indeed, in these regions, the corresponding sound speed vanishes and the spurious oscillations
are probably due to a lack of numerical diffusion in the Slow Dynamic part of the splitting. To
overcome this difficulty, in these test cases (see Section 3.2), we set

a(t) = min {p'(p(z,1)) } — (1) > 0, 7)

where ((t) is a constant smaller than the minimum of p’. In the numerical tests of Section 3.2,
we simply choose ¢(t) = 0 or () = 1 when additional numerical diffusion is needed for large e.



The choice of the splitting parameter o might impact the stability of the scheme: [34] prove
that, for a linearized version of the system when 0 < € < 1, choosing « € (0, %) ensures the
stability (in a sense defined in [29], see also [31, 34]) of the above splitting when it is combined
with a Rusanov-type numerical fluxes. In [16], the numerical experiments are performed with

a = €2. As detailed below, we also find advantages in adopting this choice. It leads to

Ailpv) = vE/(1= 2 +p/(p) — alh).

and consequently since a(t) > 0, we have

Baton)] <2fv= o) ®

Whereas the wave speeds of the original system (1) behave like v+ 1/p/(p)/e€ (as recalled in the
introduction), we observe that the wave speeds of the system (SD) remain bounded when e goes
to 0 and thus ensures unconstrained CFL conditions with respect to € (see Proposition 2.4).

Remark 2.1. As emphasized in [16], the choice (6) ensures also that wave speeds of the system
(SD) remain bounded when € goes to 0 whatever the value of . Indeed, if the initial conditions
are well-prepared, we have

5 (¢~ min o (o)} ) =a (0¥ 2) — min {pt.)} ) " (6) + O (&)

We now turn to the numerical resolution of those two systems. The characteristic speeds
of the system (SD) are no longer stiff — in contrast to the wave speed of (1) — and it does not
induce bad stability conditions. We shall make use of the space discretization set up in [2] for
this system. The system (FD) is a simple linear hyperbolic system for the variable (p,q = pu).
However, it is not clear whether a direct resolution of the system can preserve the positivity of
the density, a property which is absolutely crucial for the stability of the whole procedure, and
for physical purposes. For this reason, we shall treat (FD) as a non linear system (for variables
p and u) to be solved implicitly.

2.2 Time discretization and stability

From now on we use the following notation: given a quantity () at the current time ¢ we denote
by @ its update at the next time t + §t. Let us detail the scheme by using the explicit Euler
scheme for (SD) and the implicit Euler scheme for (FD), which can be summarized in the
semi-discrete form:

*

pr—p B
5 +aV - (pu) =0,

Kok _ t

and
*

-V (pu =0,
pu—put a(t)__
Vp = 0.
ot + ez VP
Remark 2.2. In [16], see also [30], the time discretization is constructed to reach second order
accuracy: the two-level Adams-Bashforth scheme is used for the explicit slow system and the
Crank-Nicolson scheme is used for the fast implicit system. Of course, it is straightforward to

adapt such a time-discretization, but the analysis would be much more involved.




The construction proposed in [16] relies on the following stability statement for split systems,
see [16, Lemma 3.1].

Lemma 2.3. If both methods

n+1l _ yrn n+1l _ 1mn
%4_/1(]”:0 and ¥+BU”+1:O,

are L?-stable, then the following method is also L?-stable

Un—i—l _yn

AU™ Bn+1:
5 + AU" + BU 0

in the sense that
U™ g2 < e“™ U 2

holds for a certain positive constant C.

Note however that this is a rough notion of stability. It gives an intuition on the relevance
of the splitting. However, as said in introduction, it turns out that certain fast-slow splittings,
that might look physically relevant at first sight with formal stability conditions independent of
€, give rise in practice to numerical instabilities. This is where the interplay between time and
space discretizations arises: the origin of these instabilities is due to the checkerboard pressure
profiles, a well-known difficulty in incompressible computational fluid mechanics. Introduc-
ing stabilization terms in the scheme impacts the stability conditions and lead to restriction
depending on € again, see in particular [30, sp. Section 3.5, Theorem 4.1 and Remark 4.2].

2.3 Space discretization

We detail the scheme in 2D for a Cartesian grid. The computational domain is the square
Q = [az, by X [ay, b)) C R2.

The discretization strategy adopts the principles of the MAC schemes [17], which are precisely
suited to avoid the spurious modes in incompressible regimes. We proceed as follows:

e the primal mesh is given by subdividing each direction
Ay =1 < T2 < ... <X 1 <T < Tijgp1 < ... <KTN <INyl = ba;,

ay =yY1 <Y2 <...<Yj—1 <Y <Yj+1 < ... <ym < Ym+1 Iby.

e Then, we define the midpoints

Ti+ Tit1 . Yi tYit1
xi+1/2 = %7 Vi e {17 --~7N}7 and yj+1/2 = %7 v.? € {17 7M}

e We denote by 0z;,1 /2, 0yj41/2,07; and dy; the length of [z, xi41], [y5, yj+1], [Tiz1/2, Tig1/2]
and [y;_1/2,Yj+1/2) respectively. We also denote by h = max(max; 0z;,1/2, max; dy;11/2)
the size of the mesh.

The discrete densities, the horizontal and the vertical velocities are stored at different locations,
see Fig. 1:

e the density p is evaluated at the centers of the primal cells: the corresponding numerical
unknowns are denoted by p;y1/2,j11/2;



e the horizontal velocity u is evaluated at the centers of the cells [x;_1 /2, Z;i11 /2] X [yj, Yj+1]:
the numerical unknowns thus read w; ;44 /2

e the vertical velocity v is evaluated at the centers of the cells [z;, zi1] X [yj_1/2, Yjt1/2]:
the numerical unknowns thus read vz ;.

41 l“i+1/2,j+1
j+1/2 - 7>£§Jf1/? ____JP2g/2 eEﬁHJH/Q
j iviJrl/Q,]
i i +‘1 /2 i+1

Figure 1: Position of the unknowns on a MAC grid

The density can be naturally defined at the edges of the primal mesh by averaging as follows

. 5$i+1/2ﬂi+1/2,j+1/2 + 590i—1/2pi—1/2,j+1/2
Pij+1/2 = 257, )

. 5yj+1/2pi+1/2,j+1/2 + 5yj—1/2pi+1/2,j—1/2
Pi+1/2,5 = 25yj .

We solve (SD) in order to produce an intermediate solution (pZ‘H/2 j+1/27u;‘kj+1/2’ U;Lr]./Zj)
with the following scheme

* — . ) T _ Tz Y _]:Z/
Pivdj+t ~ Pitgijts ta Ty ~ Tl +]:i+%:j+1 it3d | _
- )
ot 5.%‘1-_’_% 5yj+%
* * u,T U, x
Ut — i N
per% ij+3 p“”% ijtg _i_g“r%,ﬁr% gl_%»ﬁré
ot (51’1
gy —gmy I a0 =T 10
?, +1 , 1+ 7]+ ? 7]+
+ = A2 =0, (SDd)
ijr% £y
PN =Pl U v, v,
i+35. i+3.J t+5,) itz n gi+1,j _gz‘,j
ot 0T, 1
v,y _ v,y _
gi-i—%,j-i—% gi—i—%,j—% Hi-i—%,j—i—% Hi-i—%,j—% —0
+ 5 + 5 =0,
Y5 Yj

where we are going to define the numerical fluxes in these formulae. The system (SD) differs
from the usual Euler system. Nevertheless, we can readily adapt the scheme proposed in [2, 27].
Bearing in mind that the sound speeds ¢(p, v) defined in (5) now depends on p and v a velocity
component u or v, we get the following definition for the fluxes. We introduce

0 if v < —¢(p,v),

o ) <o),

pv if v > ¢(p,v),

Frp,v) =



and

pv if v < —c(p,v),
_ P ~ 2 . ~
= = Ww- f v <clp,v),
F(o) = { =gy~ o) it <o)
0 if v > ¢(p,v).

Note that, with this convention, we have +F*(p, ) > 0. Then we set

Froa=Frr T and  FY ., =T 4+ FV
Z’-]Jr% 7.]+% + 7]+2 7’+27.7 l+2,j 7’+27.]

with

x7+ J— +
Forey =7 icgrpiigey) and T, =

f
fy+ _‘FJr(p 1. 1,0V.,1 ) and fyv f (p 1 .,1.0:, 1 )
Z+2’j l+§’]_§’ l+§7'7 7»+27-7 Z+§7]+§7 7'+§7]

(P¢+$,j+% J “z‘,j+%)’

The definition of the convection fluxes in the momentum equation is given by

u,r X, + uYy _ Y, + -
QHT+2 i,j+%]:l+27+1 —I—ul+1,]+2-7:1+2’+2 and G, =u;; 1 F; +u”+1}"
and a similar definition for g” T and g“ﬁ i1 . It uses the averaged mass fluxes
20T 3
N 1 N N N ox; ]:Z: 40w, .7-"y’ ;
L, — Z, X Y, 2’ 2’
]:i+§,j+% D) <]: I T +2) and Fi; = 261,
The discrete analog of the parameter a in (7) is the discrete quantity
. . / 2
6q = min {P (o1 e1)} =1, (9)
and thus the pressure term II,_ 1 FERTEE which differs from the usual Euler case dealt with in [2]
— is defined by
M, .1 = PPivhj+}) ~ % Piy i}
i+5.0+5 €2 :

We now turn to the resolution of the system (FD) to find (p,, 1 IEWTERLD .1 ), using
the solution of (SDd) we have just obtained as initial data. Worklng on staggered grids offers
us the possibility to use a centered scheme for the gradient of the pressure term, which is the

key to overcome the difficulties recorded with methods on colocalized mesh, see [8, 30]. We set

= ok —Up,x —Up,x —=Up,y —Up,y
Pitgi+3 ~ Pitdj+l Fivtgey ~Figrr Tarijmn — Tl
+(1-a) + =0,
ot 5&?i+% 6yj+%
— — * * —
Pii+itiots ~ Piged"iged | aaPirkirg ~Picdiry (FDd)
. . ot . . 62 5.7}1 ’
1 U1 — P V. . 0. . — 0. .
Pit3iVi+35 ~ Pird jVie 4 aq Pitgits ~ Pitgi-5 _ 0
ot €2 dy;

The upwind fluxes FUP" and F' are obtained by applying the upwinding principle based on
the sign of the velocity. Precisely, we use in (FDd) the following implicit fluxes

—=Up,x _ + _ __ _
Figrd = Picd i @] = Pigsgin[W501]



and U

T=UDYy - — + — —_ —

Firks =Pkt Pig sl =Pt sl 517
In contrast to [16], we are working here on staggered grids and the resolution does not involve
the momentum as a numerical unknown but instead the velocity. Despite the fact that (FD) is
a linear system for the conservative quantities (p,q = pu), the corresponding discrete equation
(FDd) becomes a nonlinear problem for the non-conservative variables. Accordingly, the update
does not come from the resolution of a linear system, and, instead, we have to use a root-finding
algorithm as the Newton-Raphson method. This is absolutely crucial in order to preserve the
positivity of the density (stated below, see Proposition 2.4). Nevertheless, it is important to
note that, even if the system looks fully implicit, the expressions for @; ; 1/ and U; 12 as a
function of p; 11 /5 j41/2 can be readily obtained from the two last equations of (FDd) so that the
system can be solved as a non linear scalar equation for p; /5 j;1/2. This is a great importance
to save computational cost.

In terms of stability let us give the following statement, which justifies that the scheme
produces physically relevant quantities with a stability condition that does not degenerate when
€ becomes small.

Proposition 2.4. We set a = €2. Suppose that the data (p,u) is well-prepared, in the sense of

Definition 2.6 and such that piyr =0 for all j. We assume the following CFL-like condition
2

ot _ .
ot _ .
+ Syt ([UH;J - p’(pi%,ﬂ%)} + {Ui+%,j+1 + p’(p%ﬁ%)} ) <
2

then the scheme preserves the non-negativity of the density: Piy1 20 for all j.
2

N |

Proof. We adapt readily the arguments in [27] to justify that (SDd) preserves positive densities,
under the following CFL-like condition

ot +
([A—(Pwé,ﬁévuaﬁé)} +[)‘+(pi+é,j+%7“i+1,j+%)} )

5$i+%
ot

0Yj11

- +
+ [)‘—(pi+%7j+%7vi+%,j)} T [)‘+(pi+%7j+%avi+%7j+1)} s L

Owing to (8) which holds since a = €2, this condition is ensured when (10) is satisfied. Thus,

it proves that p7 , 1> 0 for all 4, j. We turn to the resolution of the Fast Dynamics (FDd).
27 2

Let us denote

T e T e T e e
Cirdjet = = + ; > 0.
Tl Yj+1

We can deduce from the mass equation in (FDd) that
Piylj+l (1 +ot(1 -~ O‘)Ci+%7a‘+§) 2 Pipd it

Finally, Piyljel > 0 since p;%’ﬂ% > 0 when (10) holds. Thus we have shown that Piyljel > 0

at every time step under the CFL-like condition (10). O

10



2.4 Low Mach regimes and AP-scheme

We wish now to show that the scheme performs well in low Mach regimes and exhibits the AP
features. Let us suppose that the initial data of the system are well prepared in the sense of
Definition 1.1. As said above, the solutions of the compressible Euler system (1) converge to
a constant density and a velocity field solution of the Incompressible Euler system (3). Our
purpose is two-fold:

1) to show that our solver automatically becomes an incompressible solver for (3) in the low
Mach number regime 0 < € < 1. It makes the AP character of the scheme precise.

2) to justify that the scheme preserves well prepared data, in the discrete sense given in
Definition 2.6 below. This crucial property justifies that the proposed discretization does
not produce spurious oscillations that can prevent to capture the correct solution in low
Mach regimes, see [7, 8, 9, 15, 14, 30].

In order to bring out that the behavior of the continuous case is well reproduced, we introduce
an ansatz of the discrete solution:
(0) (1) 2 (2)

® 0. : = pP. . €. . €E°p. .
pH‘%J-‘r% pz+%,]+% T pz—i—%,j—i—% T pz+%,]+% T

_(0) 1) 2,.(2) _ 0 (1) 2,.(2)
° ui’ﬁ% _ui7j+% +eui7j+% + € um+% + ... and Ui+%’j —vi+%7j+evi+%,j+e vi+%7j+...

(V) (1) 2,(2)
® Pirdj+d TPiyL et TP 1 TED L
The investigation of the asymptotic regime ¢ — 0 will make the following discrete operators
appear.

Definition 2.5. We define the discrete divergence operator V4- of a vector u = (u,v) as

ittty Mgty | Uo7 Viegd

Va Uil = 7 45

)

i+ 0Yj 41

and the discrete Laplacian operator Ay of a scalar quantity p as

Ay o b (Pirdars TPy Pirggrs ~ Pindgeg
dPitl i+ T,

i+1 0Tit1 ox;
n 1 <pi+§,j+§ " Pirdg+s Piti+s _pi+§,j—§>
0Yj 41 0Yj+1 0y;

Since the preparation of data is an important assumption for the analysis of the asymptotic
behavior, it is convenient to introduce an equivalent definition at the discrete level.

Definition 2.6. Discrete data (p,u = (u,v)) are said to be well-prepared if they satisfy, for all
i J,
® Piyliyl = p(o) + 6,0(1) + 0(62) with ,0(0), p(l) real constants,
27 2

e Vg ul?

i+1/2,j41/2 = 0, and thus Vg - w175 1172 = O (€).

11



This definition appeared in [7, 8, 9]; it plays a crucial role in the analysis of the sensitivity
of numerical solvers to the grid geometry.

Let us suppose that the discrete solution is well-prepared in the sense of Definition 2.6 from
time ¢t = 0 up to time ¢ > 0. We wish to show that the updated physical quantities still satisfy
the conditions of Definition 2.6.

The first thing to notice is that the explicit pressure term drops out, as the modified explicit
pressure has a simple expansion for small €’s.

Lemma 2.7. Let (p,u) be well-prepared. The modified pressure p(p) —aqp in (SDA) admits the
expansion
Pipl 4l —QdP;41 541 C_ C_
b L > H30%3 622 + = + Co+ O ()

€
where the coefficients C_o, C_1, Cy do not depend on the considered cell.

Proof. Since the data are well-prepared, the pressure p;, 1 i+l = p(p; 4141 ) expands as
27 2 27 2

#0) +o ().

(1)2
Pissjer = p(pV) + eV (p©) + & <p PRUICRES

1+5,0+35
Hence we obtain

Piijrt —aPisijrt p(p®) — ol p LA () - ay’ p® = afp®
2 - 62

@) SO PV oy @ W 1) _ @ (0
+ pz—&-z,ﬁ-;p( )—t?p (P™Y) — aq Piyljpl —Ga P77 —Ag 7P +0(e).

€

An expansion of the coefficient aq = min; ; p'(p, , 1 IR 1) — e
(0) 7((0) (1) (1) ¢ (0) (2) . (2) ¢ (0) 0(1)2 ¢ (0)
ag’ =7 (p"), =p P (p7), e =r5ujn{pi+%7j+%}p (p™) + =" (") =1,
leads to the conclusion with the following expressions of the constants C'_5, C_1, Cy
2
2 (p// (0) ///( (O))) Hlujn {p§.|_)%7j+%}p(0)p”(p(0)) + Lp(o),
C 1= _p(O)p( ) ( (0))
Ca = p(p©@) = pVp' (o).
O

As we did for the continuous system, we now insert the expansion in the scheme and identify
terms arising with the same power of e.

1) Owing to Lemma 2.7, we realize that the leading order scales as O (E%), and it leads to

—(0) _ (0) —(0) _—(0)
gars “Pigard o g Db P
5@- 5yj
From this, we deduce that, for all (i, j), p( ) =70 70 . In other words,

.]Jr p7‘+2»]+% o p2+§7 32
at the discrete level the leading term in the updated density p(¥ is constant in space.

12



2)

At order O (%), and using Lemma 2.7 again, we get

—(1) . —(1) _(1) B _(1)
pl+27]+2 pzf—,‘]+2 pz+%7]+% pl+%,‘]7%

=0 d =0.
(5.’1]7; an (5y]
We deduce that, for all (i, j) 5 — 50 — 7 . at the discrete level o) is
, I Pl il TPl el T Pl oL P

constant in space, too.

Let us now consider terms of order O (1). Since the data (p,u) is assumed to be well-
prepared, by multiplying the mass equation by dz,, 1 5yj +1 and summing over ¢ and j
(with periodic or wall boundary conditions and denoting by N, M the number of grid
points in the horizontal and vertical direction, respectively), we get

M N 50 — 5(0)
P —p
2D 0wy e =0,

j=1i=1

We remind the reader that E Z oz, +15y] 4= |©2|. Therefore 20 = p0): the discrete
j=1li=
density at leading order is constant in space and time.

At the order O (1), the mass fluxes in (SDd) become

z,(0) _ o+ ) MO ) 40y = 50,0
.F:L,j+% ‘F ( 7+2)+’F ( ’]+2) p ul’]+%7

o v,(0) _ (0,0  FUpz _ _(0);(0) FUPy  _ (0)5(0)
similarly 'Fi—&-%,j = pl )UH_%J, .7-"1.7].4_% =l )u7 1 and ]—"Z+2, 707 +;’ Going back to
the discrete mass balance equation it becomes at the order O (1)
O, . u® p©) ( ) _

(0)
i+1g+3
second property in Deﬁmtlon 2.6 is preserved in the low Mach regime.
Remark 2.8. When the initial data u(z,0) = u™*(z) satisfies V - u™*©)(z) = 0 at the
continuous level, the simple evaluation on the grid

Since Vg - u; , vanishes for all (i,), the update also satisfies V4 -u® = 0 and the

uinit,(O) ( init,(0) (

Zi, y]+%)

init, (0) Titl Y1) — U
Va b= B
27 2 .’IJH_%
Uinit’(o)(x LU ) _ vinit’(o)(:c )
i+ 1Y+l i+1:Yi

+
0Yjs1

is of order O(h). This consistency error can propagate, and the obtained discrete velocity
field is not discrete-divergence-free. In particular, if the mesh does not resolve the small
scale (dz > €), the discrete initial data does not fulfill the criterion in Definition 2.6. This
remark motivates to set

04262.

This choice, which already appears in [16], modifies the expansion above and the identifi-
cation of the O(1) and O(€?) terms in the discrete mass balance equation. In particular,
with this choice, the method automatically projects the velocity onto the space of discrete-
divergence-free fields when e — 0: indeed, in this case, at the order O (1), the discrete
mass balance equation becomes Vg4 -ﬁ(.o)l .1 =0.

tt+5,0+35

13
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At the order O (€), we multiply the mass equation by dz; 1 6y, 1 and sum for ¢, j and, since
2 2

pW is a constant in space, we obtain that p(") = p). The first property in Definition 2.6
is satisfied in the low Mach regime.

Remark 2.9. Using that p*) = p(¥) are constant for k € {0,1}, we can expand the mass

flux ]-"z 4188
2

N (p(O)Jrep(l) © +€u(1) )

ity ij+3 ij+3

+F < O+ e ul +euflj)+%) +0(e)

= (00 + )y + oV, o)

so that we obtain the following expression

,(1) (1) (0) (0),,(M)
]:7]4‘2 ij+3 L TP 7J+2'

Similarly, we have
]_-y(l) — oDy () +p(0) (1)

z+2,j l+2,j
—=Up,x,(1) ()(0) 0)7z®
Figeg =P T+ 0T 5y,
=Upy,(1) _  (1)-(0) (0) 1)
}—z‘+§,j =r Uz‘+%,g Virdg

Thus, when a = €2, the first order term O (¢) in the mass equation reads:
1 —=(0) 0 (1) _
PV U;cy05412 T PV U110 541/2 = O
Since, as said above in Remark 2.8, in this case we have Vg -u(®) = 0, we conclude that
Vg4-u) =0, in analogy to the continuous case.
At the order O (1), using that p(® and p() are constant, the momentum equation gives
us:

,(0) (O) u,,(0)  ~u,x,(0)
(0) ity 7J+2 + gl+273+2 g’*’J*z
ot 5%’1

(0 0 p? _
Gty =GP | Pirhory Py

5yj+§ ox;

_l’_

with a similar formula for the vertical component. We now turn to give a simple expression

of the fluxes G + +1 and g“ (0) in the case where o = 2. We first remark that in this
2 »J 2
case

0 (p, ) = 0.
Going back to the definition of F* we thus observe that

FrO(p,v) = pOW 01" and F-O(p,v) = —pO )
Hence we get G0 = p0OGue and guv(0) = pO)Guy with

— £,z — 114,00 1,0
Gz+2,g+f RS {ul? }z+%,j+§ e ey T (D)
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and
G — _ fow (w0 {lozv @1}, i O
b 0x; A “g?
where we have introduced the following notations for the average and the jump of a
quantity @, for kK and [ in N or N 4 %N,

(12)

Qp10+Qpy1y Qri1 +Qpiyl
{Q}’J{;l: PRl 2 +2> nd {Q}kl_ ) 5 2 7+2’
Qpy1;— Q1 Qprer — Q1
(Rl = —= 2 and QY = 22 —
' 2 ’ 2
The fluxes Guf?, jd (resp. GZ’]y) can be interpreted as fluxes in the horizontal (resp.

vertical) direction of the advected quantity u(?) at velocity u(®) (resp. v(?)). We obtain a
similar expression of the fluxes for the second component of the velocity v:

X 2Oy 0y _ Oy
Gz+2,3+2 }er J+3 at }i+%,j+% {1 |}2+ J+3 gk ]]z+ $.9+3 (13)

and

(0)1Y
_ O o

Thus, we arrive at the following result

{15yu @1},

GUr
2¥) 5y]

3 G Y (14)

Proposition 2.10. When setting o = €2, formally, as € tends to zero, the compressible
Euler solver (SDd)-(FDd) behaves like the following scheme for solving the Incompressible
FEuler system (3)

f(O) (0) Gue _que

bty gy | Terbavy icgard | Gigh — GL
ot ox; 5yj+;
(2 —(2)
N 1 gy TPl 0
p(0) Sx; ’
—0) (0 ORY vy
Yirly ~ Vil n Gz+2,1+2 GHN“ " G, — G (15)
ot 0y; 5xH_7
—(2) )
ipz+2’]+2 pi"'%’j_% —
+ 5 =0,
p 0y,
(V)
Va1 H-Q,J-i-f =0,

with the definitions (11), (12), (13), (14) for fluzes G.

Remark 2.11. The 1D version of the fluxes G for the linear transport equation with
constant velocity is exactly the upwind fluxes. In the case of the 1D Burgers equation

Oy + Oy (“72) = 0, the analogue of the fluxes G would be the following fluxes:

(ui + ui+1)ui if u; > 0 and wu;41 > 0,

1 (’U,Z + ui+1)uz-+1 if u; < 0 and w1 <0,
H‘% 4 2u3U;41 if u; <0< Ui+1,
u12+1—i—uz2 if u; >0 > ujyq.
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Numerical experiments show that these fluxes do not produce non entropic shocks, in
contrast to the upwind scheme which is known to be non entropic since it captures wrong
stationary shock solutions [26, Sections 13 & 14].

In the limit scheme (15), the divergence free constraint on the velocity can also be written
as an elliptic problem for the pressure which reads as follows:
_(2) ) Mi—&-l,j—&-% _Ui,j-i-é n Vi+%,j+1 - Vz‘+%,j

dp; 1 ., 1 = —
i+35,0+5 P 5$i+l 5yj+; ’
2 2

(16)

where U; ;1 and V; 1 ; are defined by
i 2 2 I,

G -GN U,y u.y
U o gty Cidary Giga = G
1,j+5 5QEZ 5yj+l ;
G -G v,z v,z
V.o — i+3.+3 i+5.0-3 4 L —Gijj
i+7’j - .
2 (Syj (5{1}1_'_%

Note that Ay is the standard 5—points discretization of the Laplace operator, in contrast
to the operator that arises in the original scheme [16, eq. (28)] which decouples odd/even
points of the discretization. This is a well-known drawback of colocalized methods which
can lead to spurious oscillations due to the nontrivial checkerboard modes that belong to
the kernel of the operator. Using staggered grids avoids this difficulty; it can be related
to the MAC discretization, which gets rid of these spurious modes [9].

Note that, as mentioned in Remark 2.8, the limit scheme (written here only in the case
a = €2) automatically projects the initial velocity to discrete-divergence-free velocity fields.
Actually, for the first time step the elliptic problem (16) should be written

(0)
_ _ u
—(2) 0 Ui+1,j+% uz',j+§ Vi+%,j+1 VH%J Vg i+1 41
dP. 1 ., 1 = —P( ) + +
Z+§,]+§ 6$ 6t )

i+3 0Yj41

which enforces Vg -@(®) = 0 as required in the limit scheme (15) even if V4 - u(® # 0.

3 Numerical simulations

In this section we present some numerical test cases, in 1D and 2D, to illustrate the performances
of the proposed scheme. In particular, we point out in the numerical experiments the stability
and consistency issues.

Unless otherwise specified, we adopt in the numerical tests the definition (9) with ¢ = 0.

3.1 Simulation of 1D Riemann problems in low Mach regime

We start with a simple 1D Riemann problem, issued from [11]. The solution is made of two
moving rarefaction waves, a left and a right one, separated by a constant state. The pressure
law is given by p(p) = p? and the initial conditions are

2 : .
(. _ ) Lte if x < 0.5, O _ ) 1—¢€ if x < 0.5,
(@) { 1 ifr>05 And ul(@) l+e ifz>05.
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We compute the solution on the interval (0, 1) for three different values of (e, 7T") where 7" is the
final time. For each case, the number of grid points is N = 200 and the time step is defined
by 6t = Bdx with 8 = 0.2, 0.1 or 0.01. We compare the results produced by the AP scheme
described in this paper with the results given by the first order explicit scheme of [2].

We first choose € close to one and thus the Fast Dynamics part of the scheme does not play
a significant role in the resolution. The results obtained with the two schemes are very close
and all the values of 5 can be used. The results obtained with 8 = 0.2 are reported in Figure 2.

We then choose € smaller and for 8 = 0.2 the fully explicit scheme returns a negative density
(which means that the CFL condition for this scheme is violated and the time step should be
reduced) whereas the AP scheme still returns a relevant result. A time step divided by 2 (that
is B = 0.1) ensures the positivity of the density for both schemes. The results obtained with
B = 0.2 (for the AP scheme) and 8 = 0.1 are reported in Figure 3.

Finally we choose € close to zero and the explicit scheme returns a negative density for
6 =0.2 and § = 0.1. We recover a relevant result with § = 0.01. The AP scheme provides
a relevant results for all the values of 5. The results obtained with § = 0.2, 0.1 (for the AP
scheme) and 8 = 0.01 are reported in Figure 4.

This test confirms that the stability condition for the explicit method is sensitive to the
value of the Mach number e and it shows that the AP strategy allows us to keep significantly
larger time steps.

—— Exact solution
—— Explicit scheme with B=0.2
—— AP scheme with f=0.2

—— Exact solution
Explicit scheme with B=0.2
AP scheme with B=0.2

(a) density (b) velocity

Figure 2: 1D Riemann problem, comparison between the AP scheme and an explicit scheme for

(6,T) = (+/0.99,0.1) and &t = Sdz.

— Exact solution

—— Explicit scheme with =0.1
AP scheme with B=0.1
AP scheme with B=0.2

/

\ as.
\ 7 Z Exact solution

Explicit scheme with B=0.1
AP scheme with B=0.1
AP scheme with B=0.2

(a) density (b) velocity

Figure 3: 1D Riemann problem, comparison between the AP scheme and an explicit scheme for

(6,T) = (+/0.1,0.05) and §t = Béx.
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Exact solution
Explicit scheme with =0.01 2o
AP scheme with =0.01 e I

AP scheme with B=0.1
—— AP scheme with p=0.2

—— Explicit scheme with B=0.01
—— AP scheme with B=0.01
AP scheme with B=0.1

Exact solution

—— AP scheme with B=0.2
(a) density (b) velocity

Figure 4: 1D Riemann problem, comparison between the AP scheme and an explicit scheme for
(e,T) = (+/0.001,0.007) and 6t = Sdz.

3.2 Low Mach regime simulations in 2D

We discuss several test cases in 2D, all with periodic boundary conditions.

3.2.1 Test 1: traveling vortex

The traveling vortex test case is extracted from [22]. The exact solution is known and a direct
comparison is possible. We consider the domain [0,1] x [0,1]. The pressure law is given by
p(p) = % p? and the initial density and velocity are given by

2
o(2,7,0) = 110 + & (f) 5(re) (k(re) — k(r)),

™

u(z,y,0) = (0(,)6> + 1.5(1 + cos(re))d(re) (2'56.3;) ’

where

1 1 3
k(r) = 2cos(r) + 2rsin(r) + 3 cos(2r) + 1" sin(2r) + ZTQ’

re = 47T\/(x —0.5)2+ (y — 0.5)?,
3(r) =1r<r.

This problem reduces to a pure transport, the vortex is traveling at speed 0.6 in the horizontal
direction: the exact solution is simply

p(ﬁ, Y, t) = P(x - 06t7 Y, O)v
u(z,y,t) = u(z — 0.6t,y,0).

For this test case, we observe in numerical simulations some spurious oscillations for large values
of € (¢ = 0.8 and € = 0.5) when we set ¢ = 0 in definition (9) of the coefficient a;. We observe
that setting ¢« = 1 is sufficient to eliminate these oscillations so that we adopt this definition for
all the simulations performed for this test case. In Figures 5, 6 and 7 we show the density, the
horizontal and vertical velocity respectively at initial time (left) and final time 7" = 0.5 (right)
for e = 0.8, 6x = dy = 1/32 and 6t = 5 x 10~*. The results are free of oscillations.
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Figure 5: Test 1 (traveling vortex), density at time ¢t = 0 (at left) and ¢ = 0.5 (at right).

Figure 6: Test 1 (traveling vortex), horizontal velocity at time ¢ = 0 (at left) and ¢ = 0.5 (at
right). At t=0.5, min; ; Uijrl = 0.52, max; ; Uijpl = 0.67.

Figure 7: Test 1 (traveling vortex), vertical velocity at time ¢ = 0 (at left) and ¢ = 0.5 (at
I‘ight). At t = 05, min,-yj UH—%,j = —0069, max; j vi+%,j = 0.064.

To justify the AP character of the scheme, using a 32 x 32 grid, we study for different
values of the Mach number the L'-norm at time 7' = 0.01 between the discrete solution p
and p(® = 110 and the L'-norm of Vg4 - u, see Table 1. The first column confirms that the
density tends to be constant, equal to p(O) when € tends to zero, and the second column that
the divergence of velocity tends to zero when ¢ — 0.
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e L lp=p% | IVa-ulh

0.8 || 1.41 x 1073 | 1.10 x 1073
0.5 || 9.41 x 107* | 5.64 x 1074
0.1 || 1.10x107* | 2.81 x 107°
0.01 | 6.32x 1079 | 1.46 x 1077

Table 1: Test 1 (traveling vortex) at 7' = 0.01 for different € on a 32 x 32 grid.

We then provide a convergence study in Fig 8. For different Mach numbers, at time T' = 0.01,
we plot in logarithmic scales the discrete L' error norm between the exact solution and the
discrete one (the density at left and the first component of the velocity at right) as a function
of the mesh size. We clearly observe a first order convergence. Similar results are obtained for
the second component of the velocity.

2 3
10 1.5x10 1

-3 -3
10 1 10 7

-4
10 1

5.0x10 " 1

5
10 1

-6
10 1

7] H+e =038

. — |pooe=0.1 )
10 —— pooe = 0.01 10

— -

o = —Slope 1

10 T T T T T T
2 1 1 2 1 1
5.0x10 10 1.5x10 5.0x10 10 1.5x10
(a) Density (b) First velocity component

Figure 8: Test 1 (traveling vortex) L! error norm at T = 0.01 as a function of the mesh size for
different values of e.

3.2.2 Test 2: cylindrical explosion problem

We consider a 2D isentropic cylindrical explosion problem extracted from [11]. The computa-
tional domain is Q = [—1, 1] x [—1, 1], discretized with a 50 x 50 grid. The pressure is given by
p(p) = p and the initial density and velocity are given by

p(xu Y, 0) =1+ Ezlr(w,y)<1/4’
= 1 _
U(.T,y,O) r(x,y)p(x,y,O) r(z,y)>10"15,
—yh(z,y)

r(z,y)p(x,y,0) "

v(z,y,0) = (z,y)>10—15,

where 7 is the distance to the center of the domain, r(x,y) = /22 + y2 and
B(x,y) = max{0,1 — r(xz,y)} x <1 — 6—167’(90731)2> )
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The initial density and velocity field are shown in Fig. 9.

Figure 9: Test 2 (explosion problem), time ¢ = 0 and ¢ = 1, velocity field (left) and density
profile (middle and right).

Like in [11] we display the numerical solution obtained at time ¢ = 0.1, t = 0.25 and ¢t = 0.5
for e = 1 in Fig. 10 to Fig. 12. The simulation is performed on a 50 x 50 grid with a time step
§t=5x10""%

The results obtained for ¢ = 1 at time ¢ = 0.1 and ¢t = 0.5 are very close to the results
obtained with a different AP-scheme in [11]. Note that, as confirmed by its authors, the result
reported in [11] for ¢ = 0.25 does not correspond to this simulation time. We warmly thanks
the authors for taking the time to re-consider this test case and for many useful hints.

Figure 10: Test 2 (explosion problem), time ¢t = 0.1 and e = 1, velocity field (left) and density
profile (middle and right).

Figure 11: Test 2 (explosion problem), time ¢ = 0.25 and € = 1, velocity field (left) and density
profile (middle and right).
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Figure 12: Test 2 (explosion problem), time ¢ = 0.5 and e = 1, velocity field (left) and density
profile (middle and right).

We present in Fig. 13a the result obtained using the AP-scheme at t = 0.05 with e = 1074,
We use again a 50 x 50 grid with a time step 6¢ = 5 x 107*. We can observe that this result
obtained with the AP-scheme for a small value of € is very close to the result obtained with the
limit scheme (15) on a 100 x 100 grid (and a time step 6t = 5 x 10~%) which is presented in
Fig. 13b.

(a) AP-scheme, ¢ = 1074 (b) Limit scheme (15)

Figure 13: Test 2 (explosion problem), velocity field at time ¢ = 0.05, comparison between the
AP-scheme with € = 10™* (at left) and the limit scheme (at right).
3.2.3 Test 3

The third test case is extracted from [6]. The computational domain is Q = [0,1] x [0, 1],
discretized with a 64 x 64 grid. The final time is 7" = 1 and the time step is given by 0t =
2.5 x 1072, The pressure law is given by p(p) = p? and the initial data reads

p =1+ sin?(2r(z + 1)),

qu = sin(27(z — y)) + sin(2r(z +y)) and u= q—“,
P

¢ = sin(2r(z — y)) + €2 cos(2n(x +y)) and v= i
)

As in [6], we compute the solution for € = 0.8 and ¢ = 0.05. The result in [6] is presented on a
20 x 20 grid; we obtain a similar figure with a 12 x 12 grid, but it changes as the mesh is refined.
With a 20 x 20 grid, the result given by the AP method is close to the one obtained with a
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64 x 64 grid. Results for ¢ = 0.8 using a 64 x 64 grid are presented in Figure 14. The result
obtained with € = 0.05 are presented in Figure 15 for the AP-Scheme and in Figure 16 with the
limit scheme (15). The density obtained with the AP-scheme is almost equal to the constant
state p(O = 1: ||p — p©||o ~ 1073, the horizontal and vertical velocities have converged to the
solution of the limit scheme.

S

Figure 14: Test 3, € = 0.8, horizontal and vertical velocity (left and middle) and density (right).

Figure 16: Test 3, horizontal (left) and vertical velocity (right) using the limit scheme (15).

3.3 Incompressible Euler simulations using the limit scheme

We now turn to the resolution of the incompressible Euler system in order to check the validity
of the limit scheme (15). We consider two test cases from [12]. The computational domain is
Q2 =1[0,2n] x [0, 27] for both test cases. The density is assumed to be constant equal to 1.
3.3.1 Test A: analytical solution
For this test case, the initial data for the velocity reads

u(zx,y,0) = —sin(z) cos(y) and v(x,y,0) = cos(z) sin(y).
The exact solution is

u(z,y,t) = —sin(x) cos(y)e*% and v(z,y,t) = cos(z) sin(y)e” Fe .

The exact vorticity and pressure are respectively equal to

2T 1 2cT

w(z,y,t) = —2sin(x) sin(y)e” ke and p(z,y,t) = 5(005(:5)2 + cos(y)Q)e_ Re
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The coefficient ¢ allows us to choose between solving the Euler system (¢ = 0) or the Navier-
Stokes system (¢ = 1) with Re the Reynolds number:

2
Gtu—i-V-(u@u)—i-Vp:R—ZAu.

When ¢ # 0, we solve the equation by using the Euler code with a correction given by the exact
right hand side: we compute Ad(uemct) since the exact solution is known. Note that in the case
¢ = 0, the exact solution does not depend on the time ¢ whereas in the case ¢ # 0 we have a
non-stationary solution.

Using the limit scheme (15), we perform different numerical simulations for ¢ =0 and ¢ =1
(with Re = 100) up to time 7" = 2 on different meshes (16 x 16, 32 x 32, 64 x 64 and 128 x 128
grids) with a time step 6t = 1073,

The result obtained for ¢ = 0 using a 128 x 128 mesh is reported in Figure 17 (vorticity)
and in Figure 18 (velocity and pressure), the discrete vorticity w being defined by
Virds T V-t Yig+g T

63)1 5yj

U, - 1
7’)]_5

Wij =

We next provide in Table 2 the L' and L™ relative errors

orr (q) = | Gezact — qul/oo
Hoe H%zact”l/oo

for the horizontal velocity u (the results for the vertical velocity v are similar) and for the
vorticity w. We observe a first order convergence in both case ¢ =0 and ¢ = 1.

Figure 17: Test A, vorticity w for the Euler problem (¢ = 0) using the limit scheme (15) at
T =2 on a 128 x 128 grid with dt = 1073,

Figure 18: Test A, horizontal (left) and vertical (middle) velocity and pressure (right) for the
Euler problem (¢ = 0) using the limit scheme (15) at T = 2 on a 128 x 128 grid with §t = 1073,
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’ Mesh H erry (u) ‘ erry(w) ‘ erroo(u) ‘ erroo(w) H erri(u) ‘ erry(w) ‘ erroo(u) ‘ erToo (W) ‘
16 x 16 0.227 0.232 0.221 0.263 0.203 0.201 0.218 0.242
32 x 32 0.129 0.173 0.131 0.154 0.103 0.107 0.159 0.130
64 x 64 0.069 0.111 0.073 0.086 0.044 0.048 0.097 0.079
128 x128 || 0.036 0.063 0.039 0.046 0.015 0.024 0.051 0.046

Table 2: Test A, relative errors using the limit scheme (15) for different meshes.
3.3.2 Test B: double shear layer
The initial data of the last test case are given by
y—3 ¥y
2 2

u(z,y,0) = tanh (77/15) 1y<r + tanh ( 715 > 1ysn,

v(z,y,0) = 0.05sin(z).
The exact solution is not known but we can compare with the results given in [12], based on

computations with the ENO scheme on 64 x 64 and 128 x 128 grids.

- ?“))

2 = C ———— ’E === e
(a) t=4 (b) t =6
()t =8 (d) t =10

Figure 19: Test B (double shear layer), contour of the vorticity w at different times on a 128 x 128

grid with §t = 10~3 using the limit scheme (15).

We perform a simulation using the limit scheme (15) on a 128 x 128 grids. We display the
vorticity in Figure 19 with 60 equally spaced contours from —4.9 to 4.9 at ¢ = 4 (left up),
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t =6 (right up), t = 8 (left bottom) and ¢ = 10 (right bottom). These results are qualitatively
very close to the one obtained with the ENO scheme on the 64 x 64 grid in [12]. The ENO
scheme used in [12] is fourth-order accurate (in the L' sense), while our scheme is only first
order accurate. Nevertheless, the vortices developed by the solution with smaller and smaller
scales are well reproduced.
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