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Study of a new low-oscillating second-order all-Mach number IMEX Finite
Volume scheme for the full Euler equations
P. Allegrini!, M.H. Vignal®

Abstract

In this work, we propose and study an Implicit-Explicit (IMEX) finite volume scheme for
the compressible Euler system which preserves the low Mach number limit. IMEX schemes
are based on a flux splitting into a part treated explicitly and a part treated implicitly. We
choose the flux splitting introduced by E. Toro and M.E. Vazquez-Cendén in [44] for ensuring
the recognition of contact discontinuities and shear waves. Then, based on this flux splitting,
we propose first and second order new linear asymptotic preserving (AP) schemes in the low
Mach number limit. We prove that the schemes are asymptotically consistent, that is they de-
generate into a consistent discretization of the incompressible system when the Mach number
is sufficiently small. We perform a Fourier stability analysis on the linearized system around
a constant state showing that the first order scheme is L? stable under a CFL condition inde-
pendent of the Mach number. This proves the asymptotic stability in the linear case. We show
one-dimensional and two-dimensional results which prove the good behavior of our scheme
in all-Mach number regimes. Furthermore, following [19], we construct a low-diffusive TVD
first-order scheme by interpolating the first-order in time scheme with a second-order one.

Keywords: Asymptotic Preserving schemes, IMEX schemes, Low Mach number limit, High-order
schemes, Hyperbolic conservation laws.

1 Introduction

Let Q@ C R? (d = 1, 2 or 3) be an open bounded domain. The full Euler equations in rescaled
variables are given by

Op(z,t) +V -q(z,t) =0, (1a)
D, t) + V - (p(e, thulz, ) © u(z, t))—}—éVp(x, £ =0, (1b)
OE(z,t)+ V- ((E(z,t) + p(z,t) u(z,t))= 0, (1c)

where z € Q and t € R™ are the space and time variables, the unknown and flux vectors are
W= (p,q,E)and F(W)=(q, pu®u+1/epldgs, (E+ p)u) with p > 0 the density of the fluid,
q = pu its momentum, u its velocity, F its total energy and p > 0 its pressure given by an equation
of state, here that of perfect gases with v > 1 the ratio of specific heats:

2
E:Ll+gﬂ. (1d)
= p

The rescaled parameter ¢ is related to the Mach number M? = u2/c3 = /v, with ¢3 = v po/po,
ug, po and pg being the reference values of the velocity norm, pressure and density in the fluid.
In low Mach number regimes, the reference sound speed in the fluid, ¢y, is very large compared
to the reference speed of the fluid itself, ug, and so ¢ is very small. It is well known that in
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such situations (see [43]), if an explicit scheme is used, the time step must satisfy a severe CFL
(Courant-Friedrichs-Levy) stability condition. Indeed, for d = 1, u is a scalar and the eigenvalues
of the Jacobian matrix, DF(W), are given by A\; = u — ¢/+/€, A2 = u and A3 = u + ¢/+/¢ with
c? = v p/p and the CFL condition, ensuring the stability of explicit schemes, for the time and space
steps At and Awx, is given by At < Az/max(|u 4 ¢/v/2|). Then, for a given space step Az, the
time step At is of order 1/ and tends to 0 with . Furthermore, even if this constraint is satisfied,
it is also well known that explicit schemes suffer from a consistency problem in the limit £ — 0 (see
[28], [27] or [18] for an analysis of the explicit scheme with the Roe solver). They are not capable
to capture the right asymptotic regime. Solutions are proposed in the literature to well capture the
asymptotic limit (see [18] for the Roe solver or [12] for Godunov-type schemes), but, the stability
constraint on the time step still remains.

A possible way to bypass these limitations is to use the incompressible Euler equations obtained as
the low Mach number limit of the compressible Euler equations (1). The rigorous low Mach number
limit of the compressible Euler system has been widely studied in the last years [31, 32, 41, 2, 33].
Results in the case of the non-isentropic Euler equations with general initial data can be found in
[35] in the free space Q = R?, in [1] for an exterior domain and in a bounded toroidal domain in
[36]. Here, we briefly recall the formal limit.

We denote by (p¢), q'®), E() p(e)) the solution of (1) with the impermeability boundary condition
ul® .y =0 on HQ where v is the unit normal to 9 outward to Q. Note that no assumptions are
made on the initial conditions (p(*), q(®), E() p(&))(z,t = 0).

Classically, we write the expansions of the variables (&) = p(&), u®) p©) EE) in powers of the
Mach number (/z: (&) = fO) 4 /e fO 4 ¢ @) 4 ...

We insert this expansion into the Euler system (1), we obtain

vp® = vp =0, (2a)

8:p© +v.q©® =0, (2b)

9q® + V- (o u® g u®)+vp® =, (2¢)

OEC + V- (Y +p®)u?)=0, (2d)

po _ P (2e)
v—1

Now (2a) yields p(® (z,t) = p(®(¢) for all x € Q and ¢ > 0. Note that the initial pressure limit

p©(x,0) = lim._,op® (z,t = 0) does not necessarily satisfy this property i.e. can depend on z.
Using (2e), we obtain E( )(z,t) = EO(t) = pO@#)/(y — 1) for all z € Q and ¢t > 0 and so (2d)
integrated on € x [0,t] gives

1Q|E© (¢ /EO z,0) da:—/( (s) + p9(s)) /QV-u(O)(x,s)dmdsz/QEO(x,O)dx

thanks to the impermeability boundary condition u(®) - v = 0 on 9.
By considering again the leading order energy equation (2d), we recover the incompressibility con-



straint V- u® = 0 and the incompressible limit system [1]:

9.0 +ul® . vp® =, (3a)

9:a” + V- (0P u® @ u®)+vp® =0, (3b)

v -ul® =0, (3¢)

po - P L / EO)(z,0) da. (3d)
-1 19 Jg ’

Remark 1 Note that the same results can be obtained on p™V, EW) and uV). Indeed, writing the
following orders of the energy and state equations, we have Oy EM) + V(EMW 4 pM) . u® 4+ (EO) 4
POV . uM) =0, and EM = pM /(v —1). We recall that thanks to (2a), Vp*) = 0, and so
VE® = 0. Now, integrating the first order energy equation on € x [0,t] and using the impermeabil-
ity conditions uY) - v =0 on 99, we recover EM) = pM) /(v — 1) = ﬁ Jo EW(2,0) dz. Therefore,
using the initial conditions we can determine p(® and p™") which are constant. Note that we also
have V -u® = 0 but u™) cannot be determined without p©® . Note also that the total energy can be

determined up to the second-order correction, since the second-order term in the equation of state
gives E@ = p@ /(y = 1) 4 p© |u®]2/2.

Following this formal analysis, like in [18], the initial conditions of the Euler system (1), are called
well-prepared for the incompressible regime if

p(z,0) = p* +ep(x), and u(z,0)=u*(z)+ Veu(x), (4)

with p* a positive constant and V - u* = 0.

An explicit equation for the second-order pressure correction p(® can be obtained using the velocity
equation: p(® 9u® 4 p© (u©® . V)u® 4+ vp? = 0. Dividing this equation by p(®), taking the
diver(gence and using the compressibility constraint V - u(®) = 0, we obtain an elliptic equation
for p():

v. <p<10) Vp(2)> = - (@ vu®), (5)

The resulting system, changing (3c) into (5) is called the reformulated incompressible Euler system.
This limit model does no longer depend on ¢ and so is no longer constrained by the small values
of €. But, it can be used only in the regions where the fluid is incompressible and so in the regions
in space and time where € is sufficiently small. In the regions where £ takes on order one or
intermediate values, the compressible Euler equations (1) must be used. Then, different models are
used in different regions which leads to other difficulties like the detection of the interface between
the two models, the reconnection at the interface...

Another possible solution consists in using only one model, the compressible Euler equations (1),
valid everywhere and at every time. However, an asymptotic preserving scheme, free of the con-
straints related to the Mach number and so to e, must be used. Such schemes have been de-
veloped in literature, see [17, 15, 16, 29, 42, 25, 6, 20, 7, 19, 34] for the isentropic Euler system
and [38, 14, 39, 24, 11, 20, 7, 19, 8] for the full Euler system. They permit to use time steps which
do not tend to 0 in the limit € tends to 0, the schemes are said to be asymptotically stable. Their
consistency error does not increase when the Mach number tends to 0, so they lead to consistent
approximations of the limit incompressible model when the low Mach number goes to zero. This



corresponds to the asymptotic consistency property. A scheme satisfying both asymptotic stability
and asymptotic consistency is said asymptotic preserving.

In practice, one way for obtaining asymptotic preserving finite volume schemes is to use IMEX
methods ([3],[40]). In our case, the flux of the Euler system (1) is split into two parts F' = F, + F;.
The first one, F., will be treated explicitly while the other one, F;, will be treated implicitly. This
flux splitting must be well chosen in order to obtain both asymptotic stability and asymptotic
consistency and such that the cost of the resolution of the scheme is not too high especially when &
is of order 1 in compressible regimes. It is also important to conserve some of the properties of
the classical explicit schemes like the cost of an iteration in time and the preservation of stationary
states.

In the isentropic case, the choice of the flux splitting to construct asymptotic preserving schemes
in the low Mach number limit, is well identified and widely used in the literature [25, 6, 20, 7,
19, 34]. For the full Euler equations case, we can find different flux splittings in the literature
leading to different asymptotic preserving schemes, see [14, 24, 11, 20, 7, 4, 8]. Here, based on
the analysis of the asymptotic preserving properties (stability and consistency), we select the flux
splitting introduced in [44] for constructing a linear IMEX AP scheme. We propose a new linear
asymptotic preserving scheme based on the non-linear semi-discretization proposed in [8]. We prove
the asymptotic consistency as well as its preservation of constant contact discontinuities.
Furthermore, we numerically show that an upwinding on the implicit numerical fluxes is necessary
to reduce some non-physical oscillations. Then, using a Fourier linear stability analysis we prove
that this new AP scheme is linearly L? stable under a CFL condition independent of the Mach
number €. Numerical simulations presented in Section 3.4 show the good behavior of the first-order
scheme in all regimes. Like in [19] for the isentropic case, in Section 4 we propose and study a
second-order extension based on the ARS-IMEX scheme ([3]). We prove its asymptotic consistency
and show several one-dimensional and two-dimensional numerical results.

2 Analysis of the flux splitting

There exist several splittings for the full Euler system in the literature, all leading to different
IMEX asymptotic preserving (AP) schemes. In this section, we first discuss the properties that
are essential for building an efficient AP scheme in the low Mach number limit. These properties
naturally lead us to choose a splitting initially introduced by E. Toro and M.E. Vazquez-Cendén
in [44] but not in the context of AP schemes. We show that this splitting satisfies all the properties
listed above. Then, we present and study several splittings close to the one we have chosen. It
is important to note that this splitting of Toro and Vazquez-Cendén yields non-linear schemes,
see [24] or [8]. Then, in the next section, we show how this non-linear splitting can be linearized,
thus leading to a new linear AP scheme.

2.1 Choice of the flux splitting

In order to build an IMEX finite volume AP scheme in the low Mach number regimes, we must
decide which terms should be treated implicitly and so we must set a flux decomposition F' = F;+ F.
If a first-order scheme is considered, the parts F, and F; will be respectively explicitly and implicitly



discretized leading to the following semi-discretization

Wn+1 _ Wn

AL +V-F (W™ + V- EF(W"h =o. (6)

Let us first note that the fully implicit scheme (F, = 0, F; = F') is of course asymptotic preserving
but its implementation requires the resolution of a complex non-linear system, which can be very
costly. Moreover, the introduction of implicit terms increases the viscosity of the scheme and thus
decreases its accuracy. Finally an implicit treatment of the whole flux is not necessary to build an
AP scheme. We therefore wish to treat implicitly as few terms as possible while guaranteeing the
AP character of the scheme.

Furthermore, for an explicit collocated scheme, F, = F and F; = 0. In this case, we have seen that
the scheme is not asymptotically stable since the time step must decrease with e for ensuring the
stability. In addition, without corrections of the numerical fluxes, see [27] or [18] for the Roe scheme
or [12] for Godunov type schemes, the scheme is not asymptotically consistent either. In particular,
the formal limit € tends to 0 of the explicit semi-discretization in time gives only the constraint
Vp" = 0 on W" when W"*t! is calculated. An implicit discretization of the pressure gradient
term in the momentum equation is necessary to obtain the asymptotic consistency. But, this is not
sufficient since we must recover V - u”*! = 0 from the energy equation like in the continuous case.
This means that a part of the energy flux term (E 4 p) u must be treated implicitly.

To better understand how to choose the implicit part of the energy flux, we first reformulate the
compressible Euler model as done for the incompressible model to obtain equation (5). We begin
from (1) with the velocity equation obtained from the momentum and mass conservation:

1
patu—&—p(u-V)u—i-ng:O.

In the case of the incompressible system, we used the incompressibility constraint V - u = 0 which
comes from the limit of the energy equation and is no longer true in the compressible regime. But,
we can still use the energy equation, which, using the mass and momentum equations for eliminating
the kinetic part, can be rewritten:

u-Vv
p + p+ P
y—1 -1 ~-1

OE+V-(E+p)u) = 8%;;—}—&% + V- (ke +h)u) = &, Vou=0, (7)
where k. = e p|u|?/2 is the kinetic energy and h = yp/(y — 1) is the enthalpy. Now, dividing the
velocity equation by p and the internal energy equation (7) by the enthalpy, taking the divergence
of the first resulting equation and the time derivative of the second one and subtracting the results,
we obtain the following equation

Oy (Z?,gp + u-Vp) - lV- <1Vp) =V ((u.V)u),
vp yp € p
which is the non-linear pressure wave equation in the fluid.
From a numerical point of view, if the second-order derivative term in space V - (1/p Vp), in this
pressure wave equation is explicit, we must impose At of the order of /e Az for ensuring the
stability of the scheme. We recover the classical non uniform CFL constraint.

Then, for constructing an asymptotically stable scheme (i.e. with a time-step which does not tend
to 0 with ¢) for the Euler system (1), the time discretization must lead to an implicit discretization




of this second-order derivative term in space. Thus, we need an implicit discretization of the term
vp/(y—1)V-uin Eq. (7). Since we must work with the conservative variables, we need an implicit
discretization of the term V - (hu) in the energy flux in the Euler equations. A possible choice for
the flux splitting is then given by

F (W) = (q, pueu, k(W) u), Fi(W) = (0, épIng L (W) u> , (8)

where k(W) = e pluf?/2 and h(W) = 1p/(y — 1) = 7 (E — ko(W)).

Note that this flux splitting was first introduced in [44] but not in the context of AP schemes in
the low Mach number limit. The authors consider this flux splitting for building schemes which
ensure the recognition of contact discontinuities and shear waves. This splitting has been also used
in [24], [8], [9] for constructing IMEX AP schemes in low Mach number regimes leading to non-linear
schemes.

Let us study the asymptotic properties of this splitting. In the case of the isentropic Euler system,
it has been shown in [20] with a one-dimensional linear stability analysis, that the CFL stability
condition of such IMEX schemes is only related to the eigenvalues of the explicit matrix DF,. Fur-
thermore, the upwinding of the explicit numerical fluxes must be related only to the eigenvalues of
DF,, the Jacobian matrix of the explicit part of the flux. The implicit part of the flux, F; can be
discretized with a centered solver. In this case the scheme will be only L? stable and some oscil-
lations may appear during the simulations but they are damped for long times. These oscillations
can be removed, or at least reduced, using an upwind solver for the implicit part. This upwinding
can depend on the eigenvalues of the implicit matrix DF; (the Jacobian matrix of the part of the
flux which is implicitly discretized) but the stability condition will not be modified. Following this
result, for ensuring the asymptotic stability of the scheme, it is necessary that each of the Jacobian
matrices (DF. and DF;) have real eigenvalues, and those of DF, must be uniformly bounded with
respect to €.

Furthermore, the asymptotic consistency consists in recovering an approximation of the incompress-
ible Euler equations (3) when ¢ tends to zero. Finally, a fluid with constant velocity and pressure is
a stationary solution of the incompressible Euler equations and a constant contact discontinuity of
the compressible Euler system. We show that the scheme preserves these stationary incompressible
solutions and constant contact discontinuities.

We prove the following result

Lemma 1 Assuming impermeability boundary conditions (u-v = 0 on 00Q), the semi-discreti-
zation (6), (8) satisfies the following properties:

(i)- Necessary condition for the asymptotic stability: In one dimension, each of the Jacobian
matrices DF, and DF; have real eigenvalues. Those of DF, are uniformly bounded.

(ii)- Asymptotic consistency: In the limit € — 0, from the semi-discretization in time, we formally
recover an approximation of the incompressible Euler equations (3). In particular, we have

n+1 1
P = —/ E%(x) dx,
y=1 19 Jq

and so Vp"t! = VE"t' =0 for alln >0 and, V-u"t' =0 for alln > 1 .

EnJrl _




(iit)- Preservation of constant contact discontinuities: if Du™(z) = 0 and Vp"(z) = 0, then
there exists a solution W™+ such that Du™*'(z) = 0 and Vp" T (z) = 0, where Du(x) =
(02,9i(x))1<i,j<a denotes the Jacobian matriz of u = (uy,--- ,uq) € R%.

Proof: Concerning assertion (7). In one dimension, a simple calculation shows that the eigenvalues
of DF, are given by 0 and u of multiplicity 2 while those of DF; are given by 0 and u/2 +
\/u2/4 + % /e where we recall that ¢ = yp/p.

It has been already proven in [8] that this splitting satisfies (i¢) with initial conditions which are
not necessary well-prepared for the incompressible limit (that is initial conditions with a pressure
and a velocity respectively close to a constant and a divergence-free vector field, see (4)).

Let us now prove (i4). If u"(z) =u € R? and p"(z) = p > 0 are constant, the mass equation gives
p"tl = pn — Atu - Vp™. Then, thanks to the momentum equation

At

At
pn+1 un+1 — (pn — Atu- vpn)ﬁ _ ?Vanrl — pn+1ﬁ _ ?vpn+1.

So, there exists a solution such that u"*! = @ and p"t! = p, since the previous equation yields

p" 11 = p"t1 1 and the energy equation yields

= =2 = =2 —2
Bt = ,y}_)lJrep”Hl;E”Atu-Vk”Vpilanp”ll;'Atu~V<sp”|u|>

and so we recover the mass transport equation p"+! = p" — Atu- Vp".

Remark 2 1. We will see in the linear Fourier stability analysis and in the numerical simu-
lations that it seems not necessary to have the hyperbolicity of each “sub-matriz”, DF, and
DF;, they could have multiple real eigenvalues and not be diagonalizable.

2. Note that the implicit treatment of the full “enthalpy term”, h(W)u, in the energy equation
s mecessary for the asymptotic consistency. Indeed, if we change the flux splitting to become

F.(W)=(q, pu®u, k.(W)u+ Sh(W)u) and F;(W) = (0, %pIdRa , (1=B)h(W) u) ,

with B € [0,1], then Property (ii) is lost: following the proof of Lemma 1, the limit ¢ — 0
gives Vp" Tt = VE"L =0 for all n > 0, but now for all n > 1,

Vou'tt = _h Vv -u".
g—1
The incompressibility constraint is recovered only if 5 = 0 or if the initial velocity, used
for (6), is well-prepared for the incompressible limit i.e. if the initial velocity is close to a
divergence-free velocity such that u®(z) = u*(z) + /2 u(z) with V - u* = 0, see (4).
So the energy flux splitting (8), corresponding to 8 = 0, is the only choice which ensures the
asymptotic consistency for non well-prepared initial data.



2.2 Properties of some other all-Mach number IMEX finite volumes
schemes

Let us look at the properties (i) — (¢i¢) of Lemma 1 for some flux splittings found in the literature.
It is not possible to be exhaustive, as there are far too many works on the subject, so we limit
ourselves to flux splittings close to the one considered in this article.

In the pioneering work [14], the authors proposed the following flux splitting: in (6), F.(W™) +
F;(W"+1) is replaced by F™"*! where

mn n

Fn,n+1 — (qn, pnun ® un + Ozpnld]Rz +(i - Ot) pn+1 Id]R'a 7 E tp qn+1>’ (9)
with E"Tl = pn+l/(y — 1) 4+ ¢ p" |[u|?/2, and where o > 0 must be well chosen for insuring the
asymptotic stability and avoid oscillations. In many test-cases, in particular when ¢ is small, the
authors choose a@ = 0 but a = 10 is also considered when ¢ is of order 1 to prevent spurious
oscillations. The previous semi-discretization, cannot be written in a conservative flux splitting
form F,(W") + F;(W"!). Even for a = 0 it is a multi-step-method since p" = (y — 1)(E" —
ep" Lt u""12/2) (except perhaps for p') and so depends on E™ and (p"~ !, q"!) so the energy
flux (B +p") q"T!/p™ depends on W™+ W™ and W"~1. The scheme cannot be written (in one
dimension) in the following non conservative form A, 9, W™ + A; 3,W"*1. Then, (i) is meaningless
and the semi-discretization is outside the scope of our study. Note that Properties (i) and (iii) are
satisfied up to an error O(At).
In [20], it has been first remarked that the scheme in [14] can be modified in order to obtain a
one-step-scheme replacing p™ in (9) by (y — 1) (E™ — € p™|u™|?/2). When a = 0, the resulting
semi-discrete flux is given by

n\2 -1 (qn)Q qn—i-l
Fn,n-i—l _ n7 3 (q ) v En—i—l’ E" — -1 .
(q B-7) s T e gl (v=1)e 3 pm ) i

Then, in one dimension 9, F™"! = A (W™, W) 9, W™ + A;(W™, W) 9, W+l The eigen-
values of the implicit matrix A;(W", W"+1) are £+/(y — 1) (E"™ + p")/(p"*+1¢) and 0 where p" =
(y—1) (E™ —e p™ [u™|?/2). Those of the explicit matrix A, (W™, W"1) are yu™*!, (3—v)u"/2+
V(v = 3) (v — 1)|Ju”[2/2. So, the explicit operator has complex eigenvalues when v < 3 and it can-
not be used like that. To recover an explicit matrix A, with real eigenvalues for all v > 1, in [20],
the following non conservative flux-splitting is proposed

Fn,n+1 . n+1 ny ® u”® + 1 n+1 1d E" — ( _ 1) E(qn)2 qn+1 (10)
=|q , P 6]9 R3, | Y v 2" pn+1 :

Note that this flux splitting is also used in [7].

Lemma 2 We assume impermeability boundary conditions (u-v = 0 on 0Q2). The semi-discre-
tization (6), (10) satisfies the necessary condition for the asymptotic stability: Property (i) of
Lemma 1. It does not satisfy Properties (ii) and (iii), respectively the asymptotic consistency
and the preservation of constant contact discontinuities.

Proof: In one dimension 9,F™"t! = A (W™ W*thH 9, W™ + A;(W™, Wntl) 9, Wntl. The

eigenvalues of A.(W™ W"t1) are given by vq"*1/p", (3 — ) u" and those of A;(W™, W"*+1) are
0, /(v — 1) (E™ + p")/(p" €). Then, Property (i) is satisfied.




Following the proof of Lemma 1, we obtain E"*! = % =1/|9| [, E°(x) dx for all n > 0. But,
we only obtain for all n > 2, V-u""! = AtV . (w1 V. q""1/p") = O(At). So, the asymptotic
consistency is not exact but up to an error of order At and (47) is not satisfied.

Property (ii4) is not satisfied in general, since if u"*! =1 and p"*! = p, the momentum equation
gives p"t! = p” — Atu- Vp"™ while the mass equation gives p"t! = p” — Atu-Vp"*t!. Then, there
does not always exist a solution such that u”*! = u and p"*! = p.

Let us remark that all considered flux splittings do not perfectly separate pressure and fluid waves.
Indeed, the eigenvalues of the implicit part depend on the velocity in each case. It is in fact possible
to find such a flux splitting. Let us consider the flux splitting inspired by the operator splitting
strategy like in [11]. The semi-discretization consists in an explicit treatment for the transport
terms with the fluid velocity:

F.W) = (@, puou, Bw),  FW) = (0.21des, pu), ()

Lemma 3 We assume impermeability boundary conditions (u-v =0 on 02). The semi-discreti-
zation (6), (11) satisfies the necessary condition for asymptotic stability and the preservation of
constant contact discontinuities: Properties (i) and (iii1) of Lemma 1. It satisfies the asymptotic
consistency Property (ii) only if the initial velocity is well-prepared for the incompressible limit,
more precisely if and only if u(z,0) = ug(z) + /€ Up(z) with V -up = 0.

Proof: In one dimension, the eigenvalue of the explicit matrix DF, is u of multiplicity 3 and those
of the implicit matrix DF; are 0 and £+/(y — 1) ¢2/(ve). Then, Property (i) is satisfied and we
can see that this flux splitting perfectly separates the transport and the pressure waves since the
eigenvalues of the implicit matrix do no longer depend on u and those of the explicit matrix do not
depend on c. o

For the asymptotic consistency, following the proof of Lemma 1, we obtain E"t! = 2 =

pn
1/1Q| [ E%(x) dz = (Ep) for all n > 0, but now (Eg) V- u™(z) + (v — 1) (Eo) V - u"(z) =
for all n > 1. So, we recover Property (i) if and only if V - u® = 0 that is if and only if the initial
velocity is well-prepared for the incompressible limit.

In a similar way, we prove that this flux splitting also satisfies Property (#i1).

Let us conclude this section with a review of existing low Mach number IMEX schemes using the flux
splitting (8). The first article in which (8) has been used for building an all-Mach number scheme
s [24]. The scheme is based on staggered grids. In [8] an all-Mach number scheme on collocated
grids is presented. The scheme is obtained by discretizing in space the semi-discretization (6), (8).
The mass equation can be advanced since the implicit flux is zero on it, then a non-linear system
on the momentum and energy has to be solved with a Picard algorithm. The resolution of this
non-linear system can be prepared for the low Mach number limit by reformulating it: inserting
the expression of ¢"! given by the momentum equation into the energy equation, using the state
equation and multiplying the result by e, yields

€ n+1

v—1

p"tl AV - (h

n n exr n hn+1 n exr
ot Vp +1> R ) UV ANA VA ( e > ) (12)

anrl q

where k?—H — kE(W?‘L-‘rl) — Epn—i-l |un—§-1‘2/27 hptl — h(wn+1) — vp”“/(v _ 1) and q7L+1,e;z
and E"t1e% are the explicitly convected parts given by q"t1¢% = q" — AtV - (p"u” ® u™) and
Enther — pr At V- (k™ u™). Note that (12) yields an elliptic equation for determining p"*1, but is



still coupled with the momentum equation. In [8] this reformulation is done on the fully discretized
equations (in time and space) leading to a five points discretization of the diffusion operator on the
pressure. To avoid checkerboard effects a non-standard discretization of the enthalpy vp/((v—1) p
is introduced and a Picard algorithm is used to solve this non-linear system in terms of p and q.
A second-order discretization which is unlimited in time, is also proposed and multi-dimensional
simulations (2D and 3D) are performed.

Here, we propose and study an all-Mach number IMEX finite volume scheme also based on the
flux splitting (8). However, we prefer to discretize the previous reformulated semi-discrete equa-
tion instead of the reformulation of the fully discrete one thus eliminating the checkerboard effect
problems. Moreover, we propose a linearization of this reformulated equation in order to avoid the
Picard algorithm for which the convergence is not always guaranteed during the simulations. The
resolution is therefore decoupled, p can be calculated first, then p and finally q. Note that, in [9]
such a discretization is also proposed and extended to the Navier-Stokes system but the proposed
linearization yields an all speed scheme which is not exactly consistent in the limit € tends to 0, the
asymptotic consistency is obtained up to an order At term.

Furthermore, we perform a linear stability analysis showing that our scheme is linearly L? stable
and we propose a second-order in space and time scheme with a limitation process to reduce the
oscillations that are common for second-order schemes.

3 Our new first-order AP scheme

3.1 A linear semi-discretization

Our linear first order all-Mach number IMEX semi-discretization consists in replacing in (12) A"*1
and k7 *! by their values calculated with the explicitly convected part of the conservative variables.
It is given by

pn—i-l _ pn — AtV - qn’ (13&)
Epn+1 n+1l,ex hn+1,e:c
— _ AtZV'< pn+1 vpn+1> —¢ <En+1,ez _ k.ngl,em — AtV - ( pn+1 qn+1,em)>’ (13b)
1
Q' = gqrther — Athp"H, (13c)
Entl — prtler A4y . qun+1 (13d)
(v = 1) pntt ’

Where qn+1,ez — qn _ Atv . (pnun ®un)’ En+1,ez = En — At V . (kg un) and hn+1,ez = (EnJrl,e:L’ _
kg(wnJrl,ea:)).

Note that the scheme is linear and decoupled, p"*!, p"*! | q"t! and E"*! can be computed
sequentially. Moreover, note that we could compute the energy with the state equation (1d) but
this leads to non consistent results. In Figure 1, we plot the solution of a Sod shock tube problem
at time ¢ = 0.2 with initially (p,u,p)(0,2) = wy, = (1,0,1) if x < 0.5 and wr = (0.125,0,0.1) if
x > 0.5. The exact solution (see [43]) at time ¢ = 0.2 consists in four constant states (the left state,
two intermediate states and the right state) separated by three waves: a rarefaction wave, a contact
discontinuity and a shock. In the contact discontinuity, the velocity and pressure being constant,
the two intermediate states have the same velocity and pressure. We can see in Figure 1 that the
choice of the equation of state to calculate the energy leads to non consistent velocity and pressure
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for the two intermediate states. The same problem was noticed for the non-linear scheme proposed
in [8].

1 1.2 Exact sol. 1
——AP scheme, Energy eq. 4 :lE\;a:;::rI';e Energy eq
1o h & \ X
0.8 . State eq, 08 % . AP scheme, State eq.
0.8
206 2 2os
‘® 3] 2
g ©06 2
Q04 2 Fo4 .
—Exact sol. 0.4
0.2| —AP scheme, Energy eq. 0.2 0.2
----- AP scheme, State eq. -
0 0 . 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X X

Figure 1: Solution of the Sod shock tube problem at tfinq = 0.2 for 200 cells. Results for our first
order AP scheme using the equation of energy (13d) (pink lines) or the equation of state (1d) (blue
dotted lines) for updating the energy.

Let us prove that this semi-discretization is asymptotically consistent and preserves the contact
discontinuities:

Lemma 4 The semi-discretization (13) satisfies Property (iii) of Lemma 1 and so preserves the
constant contact discontinuities.

Furthermore, if the initial energy is well-prepared for the incompressible limit in the sense of (4),
more precisely if E(x,0) = Eq + ¢ E(x) with Ey constant, and assuming impermeability boundary
conditions (w-v =0 on 0R), the semi-discretization (13) is asymptotically consistent. The formal
low Mach number limit of the system gives p"+t! = (y — 1) E"*! = (y = 1) Ey and V-u™*! =0 for
alln > 0.

Proof: If u"(z) = uw € R? and p"(x) = p > 0 are constant, then the mass equation gives
p" Tl = pn — Atu- Vp". We have qther = pntlezyntler — sng _ At - Vp"u = p"tla and
Breler = pr— Atela /26 Vp" = B/(y — 1) + ¢ p" [aP /2 — Atz [a/25 - Vo' = p/(y— 1) +
ep"t|ul?/2 and A"t = p/(y — 1). Now, the pressure equation and energy equations lead to
P (= 1) = B/(y—1) = ATV (ypurt?) and B = p/(y—1)+e p [ /2— ALY - (vpurt).
So there exists a solution W"*! such that u"*! = @ and p"*! = p. The semi-discretization (13)
preserves constant contact discontinuities.

We perform an asymptotic expansion like in the analysis of the continuous limit, see Section 1.
Assuming that all the quantities f! = f} + /e fi + e fL for l = n, n+ 1,ex or n + 1, we prove by
induction the asymptotic consistency. We assume Ej = Eg and we prove pi ™ = (y — 1) Ef ™! =
(y—1)Ep and V- up" ™! = 0.

Inserting the asymptotic expansion into the scheme, we obtain Ej ™" = En = FEy, hythe =
YE} =~ Eo, it = qi — AtV - (ppug @ u) and Vpitt = vpit! = 0. Now, let us remark that
using (13c), the pressure equation (13b) can be rewritten

pn+1

_ En+1,ez o kn+1,ez o AtV . hn+1,ez n+1
-1 : gt )

Then, the asymptotic expansion gives

11



n+1 Fn)
D = YEo
foi o =FEo— AtV (pn+1 q0+1) : (14)
0

Integrating this equation on {2 and using the boundary condition u"t .y = 0 on 00 we get
pott = (v — 1) Ey. Using again (14) gives V - ujt = 0.
Now the energy equation gives

. ,an-‘rl . n+1
Ejtt =Fy— AtV - <(1)u8+1) =Fy="2—_.
N —

Remark 3 1. Since initially the energy has an expansion in €, we can also recover that
the energy, the pressure and the divergence of u have an expansion in . Indeed, if we assume
E(2,0) = Eo + ¢ E(z), then E} = Eg and E} = 0 and we obtain Ej " = Ey, hiTH" = B,
E{L'H’ez =E?" =0, h?“’ex =~ E} =0, thus

+1
Py +1, +1, +1, 1
T =B A (Rrtbem gt e i) = A (B ).
Like previously, this yields py™ = (y — 1) Eg, pi™ =0, V-ul™ = V- ul"™ = 0. Finally, using

the energy equation, we obtain Ey* = po™t/(y — 1) and

n+1 n+1
EMtl — Bn AT . TPy n+l , TPo ntl) _ .
oo h G-n* Th-p™

2. For non well-prepared initial conditions, it is possible to recover the asymptotic consistency
changing the semi-discretization: replacing in (13d) the term vp"™t/(y —1) in the fluz by hnt1ez,
However, this version of the semi-discretization leads to a less diffusive scheme in the L?-stable
version of the scheme (see next section) and so oscillations appear in some test-cases. This is why
even if the asymptotic consistency is obtained only for well-prepared initial energies we choose to
use the semi-discretization (13).

3.2 The first-order AP schemes

In [19], it has been shown that a centered discretization for the implicit flux terms is sufficient to
ensure an L? AP-scheme if the explicit flux terms are discretized with an upwind discretization
like Roe type solvers. The resulting scheme gives consistent and stable results but can present
oscillations which are the signature of the non L>-stability. Since the scheme is L? stable, these
oscillations stay bounded and decrease in time. This problem can be cured introducing an upwinding
in the implicit discrete flux leading to the so-called L>°-AP scheme.

First, let us present the L? stable full discretizations in space and time for the previous semi-
discretization (13). It is based on the Rusanov solver for the explicit flux F, and a centered solver
for the implicit flux F;. We consider a uniform discretization in space and time for clarity, with
Az > 0 and At > 0 the space and time steps. The fully L? stable discrete version of (13) in one
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dimension reads

(Fe)ir = (Fe)i_s
W?’LJrl,ew o (anrl ex qn+1,em E’(L+1,ew) — W™ _ At Jjts J1—3 (15&)
J J > > J Ax ’
(Fep)fyr = (Fep)_1
n+l _ n Jt3 L
Pyt =pj — At s , (15b)
€ i1 At2 prtlex p?jrrll p;LJrl - prtlex p;’H’l p;ﬂrll (150)
v — 1pj Az pntl i+l Az pntl o1 Az
3
_ €<ET»L+1’6I 7 knﬂyem) At (hn+1,ez an’ew) B <hn+1,em qnﬂ’m)
i ] Al‘ pn+1 j+% pn+1 j_l )
n+1 n+1
n+l _ ntlex _ At Pjt1 —Pja 15d
4G =9 2eAx (15d)

At Pt vt
En-}-l — Eﬂ}+1,ez _ < g q > _ ( 7(1 , (156)
J J 2Ax (v — 1) n+1 . (y —1) pntt i

where the explicit numerical flux (Fe)™ = ((Fep)™, (Feq)™, (Fer)™) is given by

F(Wit,) + Fe(W))

(fe);'lJr% = 9 - (DE);LJF%( j+1 Wn) (15f)

where F, is given by (8), and where the explicit viscosity coefficient is taken as half of the maximum
explicit eigenvalues of DF,: (DE)?JF% = 1/2 max (|uf,,],[u}]) and fii1/2 = (fix1 + f;)/2 for
f = hnthex/ontl op pntlex /ol gntler Tn the following this scheme is called “L? AP” scheme.

Remark 4 The scheme extends to dimensions greater than 2 without difficulties. Indeed, in di-
mension 2, considering a uniform discretization with Az, Ay > 0 and At > 0 the space and time
steps, the explicit scheme for the hyperbolic equation is classically given by (see [43])

e _ g (Fen Ny Py~ O
gl = Wil Az Ay ’

where the explicit numerical fluzes (F2Y)™ = ((FLY)", (FLU)™, (Fo2)") are given by
FEWi ) + F2 (W7

(]:x)?_ig 1= 2 (Dz)?+%7l(Wgﬂ+1,l - W]‘T,Ll)a
_ FE(Wi) + FE(W) n n n
(Fjier = = 5 = (D)} 141 Wit = Win),

with F* = (u, pu?, puv,k:(W)u), F¥ = (v,puv, pv? k.(W)v), with u = (u,v), and where the
explicit viscosity coefficients are taken as half of the maximum explicit eigenvalues of DFXY:
(@27, = /2 max (Jugyy L Junl ), (D)7, =172 max (Jorp ] o).

Furthermore, the implicit divergence terms in the pressure and energy equations V - W = 9,9" +
Oy, are approzimated by:

(W) j1720 — W) j—1/24 N (WY) 04172 — (WY)j1-1/2

P =
Vi Ax Ay

13



with Y5, 1, = (V5410 +¥F,)/2 and w?,l+1/2 = (¥§,,1 +¥,)/2 except for the approvimations of

the derivatives of p given (0zp)jt1/2, = (Pj+1,0 — i)/ Az and (Oyp) ;14172 = (Pji+1 — Pja) /DY,
Finally, the pressure gradient in the momentum equation is approrimated by:

(0xp)jt+1/20 + (02p)j—1/24

- 2
(VP)j. (Oyp)jit1/2 + (Oyp)ji—1/2

2

Now, we present the scheme with an upwinding on the implicit fluxes. We first compute the L2
stable solution W;H’Lg given by (15) and we add numerical dissipation as done for the explicit
numerical flux (]—'e)? 120 thus leading to a modified scheme for the density, momentum and energy
equations.

At

n+1 +1,L2 n n+1 n+1 n n+1 n+1

Wy = W S (D) (W = W) = (D), W = wiEh) L (16)
where (D;)", ; is the implicit viscosity coefficient, taken as half of the maximum implicit eigenvalue

Jjts
(Di);?Jrl = 1/2max (A (W', )], [As(W]")]) where |X;(W)| = [u|/24/u?/4 + ¢?/e. In the following,
2
this scheme is called “L°>° AP” scheme.

Remark 5 1. It is important to note that even if the implicit part of the density flux, is zero, the
upwinding (16) must be applied on the vector W, otherwise we obtain non consistent results
for contact discontinuities.

2. In the numerical results, we will see that this implicit upwinding inversely proportional to
V€ does not seem to degrade the asymptotic consistency of the scheme. However, the results
of Lemma 4 are modified since the asymptotic consistency of the semi-discrete model is no
longer exact but up to O(At) terms as shown in the analysis below. We denote by Wn+1.L
and p"*1 the solution of the semi-discretized system (13). In order to mimic the influence
of the implicit upwinding, we consider the following viscous perturbation of (13) Wntl =
WnHLL® 4 %AVV"Jrl which can be rewritten

At

n+l _ n _ AtY - q" A n—+1 17
P P q" + NCRAE (17a)

n+1 n+1l,ex

p _ rmn+l,ex n+1l,ex h ’ n+1 At n+1

—pntles _pntles  Apy . (D ~ZZA , 17h
s (e (s - e am
qn+1 _ qn+1,em _ Atlvpn+1 4 At Aq’ﬂ’l’ (17C)
5 Ve
e At

B = priler _ A4y ((7 ipl) ! ) + AT, (17d)

where g1 = q" — AtV - (p"u” @ u"), E"Ther = En — AtV - (kP u") and hnTheT =
vy (BErther — g (Wnther)). We proceed like in the proof of Lemma 4, we assume a well-
prepared initial energy (E(z,0) = Eg+¢ E(z)) and we use an asymptotic expansion, assuming
that all the quantities f' = f\+ e fl +efl forl =n, n+ 1,ex or n+ 1 and we prove
by induction the asymptotic consistency. We assume E™ = Ej + /e E{' + ¢ EY with Ef} =
Eo+O(At) and we obtain pjt = Eog+O(At?), V-up"t' = O(At) and Ej* = Eo+O(At).
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We also consider the scheme used in [8] slightly modified. Indeed, in [8] the reformulated pressure
equation is obtained using the fully discretized scheme giving a discretization of the second-order
term in space spread over 5 cells and therefore modified to avoid the well-known checkerboard
instabilities. Here, we prefer to discretize the reformulated pressure equation (12) and obtain a
discretization of the elliptic term spread over 3 cells. This modification allows for a less diffusive
scheme. Furthermore, in [8], the implicit part of the energy flux v/(y — 1) p/p q is discretized
as the product of the centered approximations of v/(y — 1) p/p and q, here we prefer to use the
centered approximation of the quantity. This modification improves the convergence of the Picard
algorithm. Then, the resulting non-linear (NL) scheme, called “NL L? AP” scheme is given by

(]:ep)?_;,_% - (]:ep)?_%

n+l _ n
Py =0 — At A : (18a)
L& A2 [ i AR e R
=17 Az Pt ) s Az prtt ) Az

2 2
At hn+1 h7z+1
B M (s (e .
J J Az pntl 1\ pntt )
J+3 J—3
n+1 n+1

n+l _ ntler At Pjy1 —Pj 18
4 9; 2eAx (18¢)
EﬂJrl _ ET_L+1,€I _ Af ( ’an-i_l qn+1> _ ( '7pn+1 qn-‘rl) . (18d)

! ! 28z \ \ (v — 1) p"*! i1 (v = 1) pntt j—1

We add the same upwinding to the “NL L? AP” scheme following the same process. We obtain the
“NL L°° AP” scheme.

3.3 One-dimensional linear Fourier stability analysis

In all this section, we consider d = 1. We linearize the Euler system (1) around a constant solution
W = (p,q,FE) such that p > 0 and p = (y — 1)(E — £/2¢%/p) > 0. We denote by u = §/p
and ¢> = vp/p. The linearized system is given by o;W + A9, W = 0, where A = DF(W) =
DF.(W)+ DF;(W).

The eigenvalues of A are u—¢/+/¢, uw and u+¢/+/c. We denote by P the matrix of the eigenvectors of
A, then P~1AP = D where D is the diagonal matrix with the eigenvalues of A on the diagonal. We
denote by V the coordinates of W in the eigenvectors basis, then W = PV and 0,V + D 9,V = 0.
Since 0,(DV - V) = (D3, V) -V + (D*9,V) -V = 2(D3,V) -V, taking the scalar product of this
equation with V', we obtain 0;||V||3(xz,t) + 9, (DV - V)(x,t) = 0 where | - ||2 is the Euclidean norm
of R3. Integrating on the space domain and assuming periodic boundary conditions, we recover
OV lz2qoap(t) = 0.

Following this proof, using Fourier analysis, we prove the L? stability of our “L? AP” (15) and “L®
AP” (16) schemes. We conclude this section with the same analysis for the non-linear AP scheme
“NL L? AP” scheme (18). Note that in all three cases we can only explicitly determine one of the
three eigenvalues of the amplification matrices. Then, we finish the proof numerically by drawing
the solutions of the remaining degree 2 polynomial for values of the Mach number between 0 and
25 (a value large enough to show stability in the low Mach number limit).
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We begin, linearizing the semi-discretized system (13) around W = (p, pu,
Then, we set W5 = W + o W* for k = n+ 1,n, “n+ 1,ez” and p"+t! = p + o p"*+1. Using Taylor
expansions for non-linear terms, neglecting all terms of order greater than ¢, omitting the “tildes”
and discretizing the resulting system with the “L? AP” scheme, we obtain:

E) a constant solution.
+

At — Wi, =W, 7
n+1,ex n +1 1 n n n
wirher = wy - s (DFe(W)J2J—2( Ty —2W] +Wj_1)>, (19a)
it = p;}Jrl,em’ (19b)
n 62 AtQ n n n n+1,ex ﬂg n — n+lex
3 A i =2 ) = (= 1) (Ej+’ et —eugth ) (19¢)
n+1 n+1
_ﬁ _C2ﬂ+7(’Y—1) 3 Pit1 — Pj—1
Az 2 2
n+1l,ex n+1l,ex n+1,ex n+1,ex
At 5 o .+17 _ ‘717 At 7E+17 _E‘717
_ _ -1 J J _ = -1 J J
An (C = =1)ew) 5 AR 5 :
nt1 +1
q7_L+1 — qT_H—l,ex o At p?Jrl _p;Ll (19d)
J J eAx 2 ’
n+1 n+1 n+1 n+1 ~n—+1 n+1
gl _ prtles | At 2plitl —Pict  p %t %1 Pl P (19)
J I (v—1)Az 2 2 2 '

where F, is given by (8). We assume periodic boundary conditions. We have the following result

Lemma 5 (L? Stability of our “L? AP” scheme) We denote by W = (p,q, E) the constant
solution used for the linearization of the semidiscretization, with p > 0 and p = (v — 1)(F —
e/2q°/p) >0, u=q/p and & = yp/p.

Let Wy € L2(]0,1[) and Ax > 0 and At > 0 the space and time steps satisfying the CFL condition
v [u| At = Az. We denote by W) = 1/Ax féff) az Wo(z) dz, by (W) the solution of system (19),
the discretization of the linearized system, and PV"(x) = W"(x) = WI' = PV if z €](j —
1) Az, j Ax[ where P is the matriz of the eigenvectors of DF(W). We set M. = \/eu/e.

Then, for all M. €]0,25[ and all v € [1,10], there exists C > 0 depending on vy, U, ¢ and £ such
that for allm >0

V™" z2qo,1p < C IVl z2g0,1p-

Proof: We assume u > 0 for clarity. The same proof can be done for u < 0.

For l=n+1,n+1,ex or n, we set W!(k) = fol Wh(z)e 2k 4z where W' is defined on [0, 1[ by
Whz) = le ifze[(j—1)Ax,jAz|for j=1,---,L =1/Ax. Multiplying Eq. (19a) by P~! and
denoting by V¥ = P~ WP for k = n or “n + 1,ez”, and taking the Fourier transform, we obtain:

Ve () = B (k) V7 (k),

where B, (k) = ((1 —a®(1—cosp))ldgs — aisincpAe) and ¢ =27k Az, a = At/Az and

0
Ac=P7'DF.P=| u—- 7 @ U+ 7 |, (20)
03



F, given by (8). The eigenvalues of B¢(k) are given by p3 =1 —au (1l —cosp) and ps = pz =1 —
aT(l—cosp)—iat sinp. Under the CFL condition a@ < 1 or equivalently @ At < Az, we clearly
have |p1] < 1, furthermore |ua 3> = 1 —2au (1 — cos¢) (1 — aw) which is lower than 1 under the
same CFL condition. Note that p"*! = pnt1¢* Now, the Fourier transforms of Egs. (19¢), (19d)
and (19e) give

_92 —2 —1 72
(1 +2a? % (1-— coscp)) pPH(k) = ((7 -1) % —jausing (—02 NIAY A 4l 5 JeT ))/3"“’”(1@
—((v=Deu+iasing (@ —v(y—1)eu®))§" (k) + (y—1) (1 —iausinp~y) Entler(f,
M ~n+1,ex [ 2P n
§HR) = ) — S st R),

EnJrl(k) = EnJrl,ea:(k) + O(Zbln(p (]}/C’u [)n+1 — ﬁ Q"+1 _ ’}:Y_u:lﬁnnLl(k)) ’

2 _ .. _
_ EnJrl,ex k .. cu n+1 C n+1,ex k) — 70 Q181 Q yu ~n+1 k )
() + aising (0 et - Egreten - (S22 L AT gy

2

Inserting p"T1¢*(k) given by the first equation into the second and third one and multiplying the
system by P~! yields

VL (k) = B (k) VTLer(k) = B™ (k) B (k) V' (k). (21)

A lengthy calculation yields det(B™™ (k) B¢ (k) —uIdgs) = (cos o —i sin o —pu) Q'™ (u) where Q"™ (1)
is a quadratic polynomial whose roots cannot be written in a simple form because of the dependence
of Q'™ on v, M., o and ¢.

We set yuAt = Az ie. au = 1/v < 1 and we denote by fiim1(Me, @,7v) and pim 2(Me, ©,7)
the roots of Q™ and we plot max(maxgoe[o,g,r[ |thim,1 (Me, @, 7)|, max,eo,2 7] [im,2(Me, ©,7)]) (the
maximum modulus of the roots of Q™) as a function of M. €]0,25] and v € [1,10], we obtain
1 everywhere. Then, for all M. €]0,25], all ¢ € [0,27] and all v € [1,10], the spectral radius of
Bim B¢, denoted by r’(B"™B¢), is lower than 1. Since there exists at least one norm matrix || - |,
depending on B™ B¢, such that | B B¢| < r(B™B¢), we obtain ||V || < [V < --- < |[VO|.
All norms are equivalent in finite dimension. Then, there exist C; > 0 and C3 > 0 depending on
U, ¢ and € such that for all n > 0, C1[|V"|z2qo,1p) = Ci|[V™ | < [V < VO < Co|[VOl2 =
Ca|[VO L2qo,1p)» Where || - ||2 is the Euclidean norm.

Note that this CFL number seems to be optimal, indeed for larger values, i.e [u| At/Az = C with
C > 1/, there exists v such that the spectral radius is bigger than 1.

Let us now perform the stability analysis of the “L°° AP” scheme. The “L° AP” scheme on the
linearized system consists in the following

n+1 |)‘l| At n+1 n+1 n+1\ __ n+1,L2
Wit - AL (Wi — 2w+ Wit) = W) ) (22)
where W;H'LLQ is given by the “L? AP” scheme (19) and where |\;| = [6|/2 4+ \/u?/4 4+ ¢*/e. We
assume periodic boundary conditions. We prove the following result:

Lemma 6 (L? Stability of our “L> AP” scheme) We denote by W = (

solution used for the linearization of the semidiscretization, with p > 0 an
£/24°/p) >0, w=q/p and & = vp/p.

E) the constant

0,49, >La
dp=(y-1FE -
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Let Wy € L2(]0,1[) and Ax > 0 and At > 0 the space and time steps satisfying the CFL condition
[l At = Az. We denote by W = 1/Ax f(]]Af az Wo(z)dz, by (W) the solution of (22) and
PV (z)=W"(z) = W] = PV” if x €](j — 1) Az, j Ax[ where P is the matriz of the eigenvectors
of DF(W). We set M, = \Eﬂ/é

Then, for all M. €]0,25[ and all v € [1,5], there exists C > 0 depending on vy, u, ¢ and € such that
for alln >0

V™" 2q0,1p < C IVl z20,1p-

Proof: We assume u > 0 for clarity. The same proof can be done for u < 0. We proceed like in
the proof of the previous Lemma. We use the coordinates of W in the eigenvector basis of DF' and
we take the Fourier transform. Using (21), we obtain

BV (k) = (1 +au (1/2 Ty 1/M2) (1 cosg ) )) VrrL(k) = Bim(k) BE(k) V™ (k).
Then, using the results of the proof of the previous Lemma, we obtain
det (B (k) B¢(k) — B p1dgs)
(1—au(1—cos<p+ising0) )

where Qim()\) = QT(f)‘) We set wAt = Az ie. au = 1 and we denote by fi;,, 1 (Mc, p,7) and

det <; B™ (k) B¢(k) — uIng) = %

ﬁim,2 (M67 @ 7) the roots of QZ' We plOt max(maxgoe[OQ il |ﬁim,1('7 2 )|7 maxe,e[o,2 «f |Him,2('7 2 )D
as a function of M. €]0,25] and v € [1,5] that is the maximum modulus of the roots of Q"

we obtain 1 everywhere. Then, for all M. €]0,25], all ¢ € [0,27] and all v € [1,5], the spectral
radius of 1/8 B™™ B¢, denoted by r¢(1/8 B B¢), is lower than 1. We conclude like in the proof of
Lemma 5.

We conclude this section with the linear stability analysis of the non-linear scheme. We prove that
the “NL L?” AP scheme is L? stable. The scheme on the linearized system with periodic boundary
conditions, is given by

W_n+1 —Wn n+l _ n+1 no_ W

W il — W i [@]
J ] Jj+1 j—1 Jj+1 j—1
A TPEW) =S PR = 2 Az

(Wra—2wawr,)=o,
(23)
for j=1,--- L =1/Ax with Wg' = W and W}, | = W}

,E) the constant

Lemma 7 (Stability of the “NL L?” AP scheme) We denote by W = (p, st
nd (v =D& -

solution used for the linearization of the semidiscretization, with p > 0 a
/2q°/p) >0, u=7q/p and & = v p/p.
Let Wy € L*(]0,1[) and Az > 0 and At > 0 the space and time steps satisfying the CFL condition

[u| At = Ax. We denote by W) = 1/Ax f(J]Af) Az Wo(z)dz and by (W) the solution of (23) and
PV z)=W"(z) =W] = PVJ" if x €](j — 1) Az, j Ax[ where P is the matriz of the eigenvectors
of DEF(W). We set M, = \/eu/c.

Then, for all M. €]0,25], there exists C > 0 depending on @, ¢ and € such that for alln >0

q
p

V™"l 2qo,1p < C IVl z20,1p-
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Proof: We assume uw > 0 for clarity. The same proof can be done for w < 0.
We proceed like in the proof of the previous lemmas, we multiply (23) by P and we take the Fourier
transform, we obtain

—im

V() = (B )_1 B°V™(k),

where B = Idrs + aising A;, B¢ = (1 —au(l— cos cp))]d — aisinp A, with A; = P 1DF;P,
A, =P 'DF.P and ¢ = 2wk Az.
The eigenvalues of B® are fte1 =1 —a (1 —cos@), ez = ptez3 =1 —a@ (1 —cosp) —iausing. So

ltei] <14 0 < auw<1. Those of B"" are iy, =1+ (Singaaﬂ/Q — a/|sin g \/62/\/E+ﬂ2/4),
ime = 1 and pims = 1+ 14 (sintpaﬂ/?—i—cﬂsingp\ \/EQ/\E—1—62/4>7 which are all of modulus
greater than 1. Now we set aw = 1, and a quite long calculus yields
—im\ 1
det((B ) Be—uIdR3>):(cosgo—isingo—u)Pg(u),
where, setting M, = \/eu/¢, P, is defined by

Polp) = 1 — M2 2 cos ¢ + sin? ¢ — i sinp (1 — cos @)
N M2 + sin? @ + i sin o M2

_'_Mf (sin ¢ cos p + cos? p — i sin g cos @ (1 — cos @) + M2 (sin? ¢ cos? ¢ — i sin® @ cos @)
(M2 + sin® ¢ + i sin o M2)2

We denote by u1 (M., ) and ps(M,, ) the roots of P» and we plot in Figure 2, on the left:
the maximum modulus of the roots of P, that is max(|u;(Me, )|, |p2(Me, p)|) as a function of
¢ € [0,27] and M. €]0,25], on the right max(max,epo,2 [ |[11(Me, )|, maxpe(o2 ] [12(Me, @)|) as
a function of M. €]0, 25].

0.8

0.6

Figure 2: Maximum modulus of the roots of Ps.

iy —1
Then for all M. €]0,25] and all ¢ € [0,27], the spectral radius of (Bm) B¢, denoted by

—im\ ~1
r <(B ) Be>, is lower than 1. We conclude like in the proof of Lemma 5.

Note that when € = 0, P, reduces to 2 and when sin ¢ = 0, it reduces to u? —2 cos ¢ p+cos? . In
this last case, B™ = (Id]Rs + « 2ising0Ai): Idgs and so the eigenvalues of (B“™)~1 B¢ are those
of B¢ which when aw = 1 and sin ¢ = 0, are given by pe1 = fte2 = fte3 = cos = 1.
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3.4 Numerical results for the first-order AP schemes

In this section, we present several numerical test-cases which show the good behavior of our new
linear first-order AP schemes given by (15), (16). We compare it to the non-linear AP scheme (18)
inspired by [8]. If not mentioned, the reference solution is computed using a first-order Rusanov
explicit scheme on a refined grid (N, = 3000). For all test-cases the space domain is set to Q = [0; 1]
and we choose v = 1.4. If not mentioned ¢ = 1.

3.4.1 Classical Riemann problems: The Sod, Lax and Contact problems

The initial data of the classical Riemann problems is given by (p,u, p)(0,2) = wr = (pr,ur,pr) if
z < zq and wg = (pr, ur, pr) otherwise, where tfinqa = 0.2, x4 = 0.5, pr =1, up = 0, pp, = 1,
pr = 0.125, ur = 0 and pgr = 0.1 for the Sod problem, tfina = 0.14, 24 = 0.5, pr = 0.445,
ur = 1.698, pr, = 3.528, pr = 0.5, ur = 0 and pr = 0.571 for the Lax problem and ¢fina = 0.5,
xq = 0.25, pr, = 1000, ur, = 1, pr, = 10°, pr = 0.01, ur = 1 and pr = 10° for the Contact problem.
For all test-cases, the numerical results are compared to the exact solution.

The Sod and Lax problems are benchmarks in gas dynamics [43]. Their solutions consist of a left-
moving rarefaction fan, an intermediate contact discontinuity and a right-moving shock wave.

For the Sod problem see Figure 3, the local Mach number M., defined by M2, = u?®p/(vp),
ranges from 0 to 1 since at z = 0 or x = 1, M, = 0 and at x = 0.5, M, ~ 0.9. For the Lax
problem, it ranges between 0 and 1.2. We can see that our new linear AP scheme gives similar
results to the “NL AP” schemes for both L? and L™ versions. For the Sod problem, at the contact
wave, we can see a small overshoot in the density for our “L? AP” scheme which is also present
but with less amplitude for the “NL L2 AP” scheme. This overshoot disappears when the mesh is
refined see Figure 4.

Note that the position of the right moving shock wave in the pressure or in the velocity seems
not well captured by all the schemes in Figure 3, but when we refined the mesh, we can see the
convergence of the scheme to the right position of the shock, see Figure 4.

—Exact sol. - - —Exact sol.
—L%ap | b —L2AP
0.8 — L% pp 0.8 Q 0.8 —uh
- -NLL2AP o — N2
206 206" 506 NLL AP
@ g 2 NL L™ AP
[ / ° —Exact sol. ]
Q204 / So4 o s04
i/\ | —L®AP
o2\ ™\ . 0.2 — NLLZAP 0.2 i
e NL L™ AP
0 0— ‘ ‘ ‘ - 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X X

Figure 3: Sod problem for 200 cells. Comparison of our “L? AP” and “L® AP” schemes (solid
lines) with the “NL L? AP” and “NL L> AP” schemes (dashed lines).

Furthermore, for the Lax problem, Figure 5, we can see on the density, that the linear schemes are
more diffusive than the non linear schemes again at the contact wave. These differences disappear
when the mesh is refined see Figure 6. We can also see that the constant pressure and velocity
contact are well approximated in the contact wave.

The linearization of the non-linear system alter the results only slightly. Note that the implicit
upwinding, necessary to obtain the L°° stability property, introduces numerical diffusion as it is
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Figure 4: Sod problem for 500 cells. Comparison of our “L? AP” and “L® AP” schemes (solid
lines) with the “NL L? AP” and “NL L* AP” schemes (dashed lines).
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Figure 5: Lax problem for 200 cells. Comparison of our “L? AP” and “L® AP” schemes (solid
lines) with the “NL L? AP” and “NL L* AP” schemes (dashed lines).

expected and does not appear to be necessary in these test-cases. We will see in the next test-case
that without this upwinding, non-physical oscillations may appear.

1.6 2- 4
—Exact sol. e =
I By A A =
—L® AP 15 3 !
12| --NLL2AP 2 —Exact sol. [
B NL L™ AP 5 —L?AP 3 —Exact sol.
c 1 o 1 — xap 2 —L2AP
[ O] 2
Q.8 > - “NLL2 AP a —L® AP
! | 05- ~ NLLTAP 1l —-NLLZAP
0.6 / NLL* AP o
/
-_— - ——- / -
0.4 ———— 0 : : : A 0 : ‘
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
X X X

Figure 6: Lax problem for 500 cells. Comparison of our “L? AP” and “L° AP” schemes (solid
lines) with the “NL L? AP” and “NL L> AP” schemes (dashed lines).

In the last test-case, the contact problem, also presented in [8] and [9], the density step is of five
orders of magnitude while the velocity and pressure are constant. The local Mach number M;j,.
ranges between 2 x 1074 and 9 x 10~2. This test-case enables us to show that our schemes preserve
the initial contact discontinuities even in a low Mach regime and when the density step is very large
since the velocity and pressures stay constant up to an error of 1072 smaller than the smallest local
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Mach number, see Figure 7. As expected, the “L°>° AP” gives less precise results on the density
since its numerical diffusion is larger.

5
1200 1.00001 1.000001 < 1©
—Exact sol. —Exact sol.
1000 < —L2AP —L2AP
| 1.000005 —L®AP 1.0000005 —L™ AP
2 800 | > - - L™ AP, 2000 cells o —L> AP, 2000 cells
= —Exact sol. § s 2
c 600 __ 2,5 v o 1 2 1
@ . 3 o
Q L0 —L7AP > o
- - L™ AP, 2000 cells \ 0.999995 0.9999995 -
200 .
0 == 0.99999 0.999999
0 02 04 06 08 1 ()} 0.5 1 0 0.5 1
X X X

Figure 7: Contact problem for 200 or 2000 cells. Comparison of our “L? AP” and “L> AP” schemes
with the exact solution.

3.4.2 Several interacting Riemann problems

In this section, we consider the test-case introduced in [16] which consists in several interacting
Riemann problems. Shocks and contact discontinuities are stronger when ¢ is bigger. The initial
data is given by p(x,0) = 1, p(0,z) = 1, u(z,0) = 1 —¢/2 if x € [0,0.2]U]0.8,1], 1 if = €
[0.2,0.3]U[0.7,0.8] and 1+¢/2 if = €]0.3,0.7[. The system is supplemented with periodic boundary
conditions. This test-case is particularly difficult for first-order AP schemes, which all fail to
properly describe the solution when the mesh is not refined since they all exhibit non-physical
oscillations on the density when the CFL number is not reduced. The objective is to test the
limits of the schemes and to show that the L°° corrections are necessary even if they are not
perfect. Following the linear stability analysis, between times ¢” and t"t!, we set the following
CFL conditions for the schemes:

— For the “L>” AP, “NL L*” AP, “NL L*>” AP schemes : At < ¢fl Ar/max; ],
— For the “L* AP” scheme : At < ¢fl Ax/(y max; [ul']),

where cfl <1 is a given positive real number.

The results are given for different values of the Mach number and so different values of e: ¢ = 1,
e = 107! and € = 10~2 respectively in Figures 8, 9, 10. The values of ¢ are chosen to show that the
“NL L2?” AP and “L?” AP schemes lead to results with non-physical oscillations that increase as
¢ decreases. The number of cells must increase as € decreases, because as pressure waves become
faster and faster, very diffusive results are obtained very quickly, making it difficult to see these
oscillations clearly. We only show the density since the oscillations do not appear on the velocity
and pressure. In each corresponding regime we observe oscillations on the density profile for all
schemes. These non physical oscillations are more important in the L? versions of the schemes and
decrease with the cfl number. When using the L* discretizations, these oscillations are significantly
reduced. This illustrates the need to add the upwinding on the L? discretization. Therefore, for
the rest of the paper we will keep only the “L°° AP” scheme called “Order 1 AP” scheme.

In Figures 9 and 10 (center plot), in order to show the asymptotic stability of our scheme, we
compare the time steps of our L AP scheme against the classical explicit one. For both plots,
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Figure 8: Several interacting Riemann problems test-case, € = 1, tfinq = 0.04. Left plot: cfl=0.9
with 200 cells, center plot: c¢fl=0.5 with 200 cells, right plot: cfl=0.1 with 1000 cells

-3
x10 1.02
—Reference ' —Reference
1.02 2 [ 2
—L°AP 1.7 —L°AP 3
—L>* AP k‘i —L* AP
L 1.01
31'01 - -NLLZAP TJ 813 w0 2 7 NLL? AP
. NLL AP f “L 2 —L*AP B NLL® AP
e 1 ; @ —Class. scheme c [
3 g g 5 !
a k\ Eo8 a
0.99 - ’ [ r
0.98 Py 03 0.99 ‘\‘ 4
0 JE . :
0 0.2 0.4 0.6 0.8 1 0 0.01 0.02 0.03 0 0.2 0.4 0.6 0.8 1
X Time X

Figure 9: Several interacting Riemann problems test-case, e = 107!, ¢ final = 0.03 with 500 cells.
Left and center: cfl=0.9 Right: ¢fl=0.5

we can see that the ratio between the time step of the “L°° AP” scheme and the classical explicit
scheme is greater than the expected gain +/e.

4 Low oscillating second-order AP-scheme

In this section, we extend our new linear AP scheme to second-order accuracy in time and space.
Like in [19, 8], this extension is based on an Implict-Explicit (IMEX) Runge-Kutta approach [3, 40,
21, 6]. In particular, we make use of the second-order Ascher, Ruuth and Spiteri [3] scheme denoted
in the sequel by ARS(2,2,2) which have been shown in [37] to be the better choice for second-order
discretizations. We recall (see [26]) that implicit methods of order higher than one for hyperbolic
problems cannot be strong stability preserving (SSP), i.e. they cannot maintain the strong stability
in the same norm as the first-order scheme. In our case that means that we cannot build a high-
order scheme which preserves the TVD property or L stability of the first-order schemes and this
situation does not change when IMEX methods are employed [19]. To bypass this limitation, we
use the same approach as in [19] for the isentropic Euler equations. The idea consists in blending
together first and second-order implicit time-space discretizations giving rise to less diffusive first-
order AP-scheme which guarantees the preservation of the L stability and TVD property and, to
use the second-order scheme as often as possible by setting up a MOOD (Multidimensional Optimal
Order Detection) method [13]. We detail in the next sections the different steps of the scheme.
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Figure 10: Several interacting Riemann problems test-case, € = 1072, ttinar = 0.015 with 1000
cells. Left and center: c¢fl=0.9 Right: cfl=0.5

4.1 Second-order AP semi-discretization in time

First, let us present the second-order semi-discretization in time. Using the ARS(2,2,2) and setting
B =1—1//2, the following second-order in time scheme is obtained

W*%TJrﬂV~F@(W")+5V~Fi(W*) =0,
WnJrl —Wwnr
g TV EWY) + (L= BV - (F(W") = FL(W") + 5V - (F, (W™t — Fy(W*)) = 0.

Following the reformulation and linearization used for the first-order AP scheme, we obtain

p*=p" — BAtV -q", (24a)
h*:ex h*-ex

c p* — B2AV - ( - Vp*) = (E® — k%) — eSALV - ( " q ) , (24b)

v—1 p p
1
q"=q"" = fALVpT, (24c)
p*
E* = E*°® — BALV - (q* ) , 24d
(y = 1p* (24d)

where g~¢* = q"— LAtV -(p"u"@u"), B¢ = E"—BAt V-(kF u™) and h*** = (E*¢* —k (W*eT)
and

P =p" = AL(B-1)V-q" + (2-B)V - q"), (252)
n+1l,ex
€ n+1 2 A 42 ' n+1
7_1p+—BAtV~<pn+1 Vp*) (25Db)
+1 +1 W
—¢ (En eT T 751) _ 55AtV . ( pn+1 qn ,ex ) ,
n n exr /BAt n
gt = qrtler - vprtl, (25c¢)
+1 +1 wp +1
En — En ,er __ At . I e (4 25d
pAY ((v—l)p”“q ) 250
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with hn+1,ex — ,Y(En+1,ex _ kg(wn—&-l,ex)) and Wn+1,ea: — (pn-i-l’qn—&-l,ex’En-i-l,ez) = Wn —
At((B =1V - F(W") + (2= B)V - Fe(W*) + (1 = B)V - F;(W™)).

Let us prove the asymptotic consistency of this second order semi-discretization in time

Lemma 8 If the initial energy is well-prepared for the incompressible limit, more precisely if
E(x,0) = Eq+¢ E(z) with Eq constant, and assuming impermeability boundary conditions (u-v = 0
on 0R), the second-order semi-discretization in time (24)-(25) is asymptotically consistent. The
formal low Mach number limit of the system gives p" ™' = (y—1) E"*! = (y—1) By and V-u"+! =0
for allmn > 0.

Proof: We proceed like in the proof of Lemma 4, we perform an asymptotic expansion, assuming
that all the quantities f! = fl+/z fl+¢ fi forl = n, n+1,ex, x or n—l—l and we prove by induction
the asymptotic consistency. We assume E} = Ej and we prove Vpo = ( - 1) Eg“ = 0 and
V - up"tt = 0. The first step (24) gives E*** = Egy, h*% = yFEy, p§ = Vpi = 0. Then
inserting (24c) into (24b), and performing the asymptotic expansion of the variables, gives p§ =
(y—1)Eog = (y—1)Eg and V - u§ = 0. The energy yields E§ = Ey. For the second step (25), we
proceed similarly using in addition the results of the first step.

4.2 Second-order discretization in space

In order to extend the space accuracy to second-order, we use classically the MUSCL technique.
The piecewise linear reconstruction of W is given by W1'(z) = W' + o}'(x — z;) where o7 is a
limited slope and is computed using a minmod limiter (see [19] for more details). This piecewise
linear reconstruction is used for defining the numerical flux at the interfaces using the notations
introduced for the first-order AP scheme

n FeWiy ) + Fe(Wiy) n n n
(]:e)j+1/2 = i 72Ax R (De)j+1/2(Wj+1,— - Wj7+)a (26)

where (De)?Jrl/2
For the sake of simplicity, we carry out the reconstruction of variables only for the explicit flux (F)
and not for the implicit terms in the calculation of the pressure prediction. Moreover numerical
tests intend to show that adding implicit diffusion only at the end of the second step is sufficient. As
done for the Order 1 “L> AP” scheme, we compute the L? stable solution an+1,L2 with (24)-(25),
(26)(the scheme is called “Order 2 L? AP” scheme) and then add numerical dissipation on the
conservative variables:

=1/2 max ([u}_ |, [u?,, _|) and where WP, = WP (x; £ Az/2) = W+ Az/207.

n

n+1,L2 6At T n
Wy = W S (D) (W = W) = (D) g WS = W) ) (27)

where (D;)’, 5 = 1/2 max (MW O AW )]), and erfil = W;“H + %Uj”. This scheme
is called “Order 2 L*> AP” scheme.

4.3 The first-order TVD AP scheme

It is well known that a second-order discretization in space introduces oscillations which can be
eliminated by using limiters. The same problem occurs with the time discretization. Indeed, using
this second-order discretization in time (i.e. (24), (25)) with a first-order discretization in space
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(i.e. (15f), (16)) leads to numerical results with oscillations: in Figure 11, we can see that this
“Order 2 in time AP” scheme gives more accurate results than the first-order AP scheme but we
can also remark that when the Mach number decreases oscillations appear.

—Order 1 AP ——Order 1 AP - —Order 1 AP 5 o
1.01 - -~ Order 2in time AP 1.001| - Order 2 in time AP 1.0001 ' .- Order 2 in time AP (5
—Reference —Reference —Reference

1.00005
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-
[=]
(=3
8
Pressure

Pressure
-
g

Figure 11: Shock tube test-case: p(0,z) =1, u(0,z) =1, p(0,z) = 1 + ¢ if z < 0.5, 1 otherwise.
Results for different Mach numbers and so different values of e: € = 1072 (left), e = 10~ (center)
and ¢ = 10~ (right). Comparison of the approximated pressure given by the first-order “L>° AP”
and second-order in time AP schemes against the reference solution.

In [19], it has been proved that these oscillations are the result of the loss of the L stability and
TVD properties of the second-order semi-discretization. These properties can be recovered only if
time steps are of the order of that of the explicit semi-discretization and so constrained by the Mach
number. It has been shown in [26] that there does not exist TVD implicit Runge-Kutta schemes
with unconstrained time steps of order higher than one for an hyperbolic equation.

To tackle this problem and obtain a L°° stable and TVD numerical semi-discretization less diffusive
than the Order 1 AP scheme “L*> AP” scheme, we introduce a convex combination between the
first and second order AP schemes, as proposed in [19] for the isentropic Euler equations:

Wn+1 _ (1 o 9)Wn+1’01 + 9‘/‘/71—1-17027 (28)

where W+1.01 ig given by the “L> AP” scheme (13), W"*t192 by the second-order AP scheme
(24)-(25) and 8 € [0,1] is set to 3/(1— ), proved in [19] to be the largest possible value to ensure the
TVD property in the case of an advection equation. In the following, this scheme is referred as the
“TVD-AP” scheme. Note that since it is a combination of the first and second-order schemes which
are both asymptotically consistent, it is also asymptotically consistent. This TVD-AP scheme is
less diffusive but it is still a first-order scheme. Following [19], a MOOD algorithm can be applied
but we leave this for future work. It consists in using the second-order AP scheme as much as
possible but, when oscillations are detected a non oscillating first order scheme must be used. In
our case, the first order TVD-AP scheme can be used.

4.4 Numerical convergence: The 2D isentropic vortex

The isentropic vortex problem was initially introduced by [30] to test the accuracy of numerical
methods since the analytical solution is regular and known. It corresponds to a flow characterized
by (Poos Usos Voos Poo) = (1,1,1,1) to which we add an isentropic vortex given by perturbations on
(u,v) and the temperature ' = p/p, but no perturbation on the entropy S = p/p?: (du,dv) =

d/(2ﬂ)e#(—y,x), 6T = —(y — 1)d?/(8y7?) e~ 65 =0, where v = 1.4, r = /22 + y2 and the
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vortex strength d = 5. The initial data is given by (p,u,v,p)(0,2,y) = (poo + 0p, Uso + O, Voo +
0V, poo + 0p), where the perturbations for the density and pressure read dp = (1 + (5T)1/(7_1) -1
and dp = (1 +6T)?/=Y — 1. The domain is set to Q = [—5;5]? and periodic boundary conditions
are used. The exact solution of this problem with the above initial data is the initial vortex
convected with the mean velocity i.e. W(t,z,y) = Wo(x — toot,y — Voot). To assess the numerical

order of accuracy, we compute the relative L? errors for several uniform meshes: ero = [|p" —
P llr2/|lp%| 2. The L? errors of the density are computed at tfinq = 1 and are shown in

logarithmic scale as a function of the number of cells in Figure 12 on the right. We get the expected
orders for each of the schemes. Note that the TVD AP scheme is a first order scheme but with
an error always lower than the first-order schemes, which confirms that the numerical diffusion has
been decreased.
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Figure 12: Left and middle panels: Density and first component of the velocity given by the Order 2
AP scheme with 128 x 128 grid points. Right panel: L? norm of the density error at time trina =1
given by the Order 1 “L? AP” scheme and the “Order 2 L? AP” scheme with no minmod limitation
for the calculation of the slopes (squares) and the first and second orders explicit schemes (triangles)
and by the “TVD AP” scheme (dots) as functions of the number of cells in logarithm scale.

4.5 The Gresho vortex

The Gresho vortex is a standard test-case (see for instance [9], [24]) to assess the AP property of
a scheme as well as to quantify the loss of kinetic energy for different Mach number regimes. The
solution, written in polar coordinates, reads

(1,57, po+12.572), if 0 <r<0.2
(p(r),up(r),p(r)) =< (1,2=5r,po+ 12572 +4[1 — 57 —In(0.2) + In(r)]), if 0.2 <r <04,
(1,0,p0 — 2+ 4 In(2), ifr>04

where u,(r) is the angular velocity, 7 = v/(z — 0.5)2 + (y — 0.5)2 is the radius on the computational
domain Q = [0,1] x [0,1] and po = p/(y M}) depends on the physical Mach number M,. The
density is constant and the divergence-free velocity field can be obtained from u, as u = (u,v) =

0.5
number distribution |u|/c where ¢ = /v p/p, the results are given by the “Order 2 L? AP” scheme
for different values of M, after a full turn of the vortex at ¢ = 0.4 7 and for a grid of 80 x 80 cells.
We see that our scheme is able to preserve the initial distribution (first subfigure) independently of

uy, (—sin(yp), cos(¢)) with ¢ = arctan (5:0'5). In Figure 13, we show on the left, the local Mach
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the Mach number regime unlike classical discretizations for which the dissipation is related to M.
On the right pictures of Figure 13, we focus on the pressure profile in the z and y direction and
compare it against the initial condition. We can see that, even for M, = 1073, our scheme is able
to capture the pressure perturbations and does not show any oscillation.

To further check the asymptotic accuracy of our scheme we show in Figure 14 the ratio between
the kinetic energy at each time step k(¢) and the initial kinetic energy k(0) for the physical Mach
numbers M, = 1071,1072,1072 and two grid resolutions 40 x 40 and 80 x 80. The results are given
for the Order 2 L? AP scheme with no limiter in space (left) and with the minmod limiter (right).
We see in the graphs that for a same grid resolution the lines for the different Mach numbers are
overlapping which shows that the loss of kinetic energy is independent of the chosen Mach number
regime. Comparing the two subfigures we see that the loss is mostly due to the limiter in space,
0.9825 (unlimited) against 0.92 (limited) for the coarser grid.
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Figure 13: Gresho vortex at time T' = 0.4 7 given by the “Order 2 L? AP” scheme with no minmod
limitation for the slopes with 80 x 80 cells. Top: local Mach number |u|/c, bottom: pressure profile
in the x and y directions for M, = 1071 (left), M, = 10~2 (middle) and M, = 103 (right).

4.6 A 2D Riemann problem

We consider a two-dimensional Riemann problem introduced in [10]. We set Q = [-0.5,0.5]? and
transmissive boundary conditions VW - v = 0. We set @ = pu = p (u,v). The initial data consists
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Figure 14: Gresho vortex at time 7' = 0.4 given by the “Order 2 L? AP” scheme. Kinetic energy
for different values of the physical Mach number M, = 107!, M = 1072 and M, = 1073, Left:
with no minmod limitation, Right: with the minmod limitation .

in four constant states defined in four quadrants given by

1, 0.726, 0, 1), ifx <0,y >0,
0.5313,0,0,04), ifz>0,y>0,
0.8, 0,0, 1), ife<0,y<0
1,0,0.726,1), ifz >0,y <O0.

(
(v vp)09) =4 |
(

We set e = 1, but we will see that the physical Mach number |u|/c where ¢ = /7 p/p, ranges between
0 and 1.14. The solution at each time ¢ > 0 is constituted of two shocks moving respectively towards
the right and top of the domain and two steady contact discontinuities in the bottom left part of
the domain.

We use two different schemes: the “Order 2 L? AP” scheme (24)-(25), (26) and the “Order 2 L*
AP” scheme (27). In Figure 15, we display on the left and middle, the density isolines at the final
time 7' = 0.25. They are in good agreement with the reference solutions [10]. With both schemes
the contact discontinuities are preserved and do not move with time. Furthermore, the interface
computed with the “Order 2 L? AP” scheme (when no implicit diffusion is added) is much sharper.
However, we see that the L? AP scheme presents some spurious oscillations that are reduced when
the implicit upwinding is applied (middle).

4.7 Double shear layer: Incompressible solution

We consider a test case studied in [5] which consists of a double shear layer in a periodic domain.
It is used to validate the asymptotic consistency of our scheme since for small values of € we can
compare our results with a reference solution computed solving the incompressible Euler equations,
see [5]. We set Q = [0,1]? and periodic boundary conditions everywhere. The initial data are
well prepared to the incompressible regime (divergence free velocity field and constant pressure)
and are given by: p(0,z,y) = 1, u(0,x,y) = tanh(30(y — 0.25)) if y < 0.5 and tanh(30(0.75 — y))
otherwise, v(0,z,y) = 0.05sin(27x) and p(0,z,y) = 1. The shear layer is initially perturbed by a
vertical velocity of small amplitude. Then, each of the layers will evolve into large vortices and will
be thinned between those rolls. One relevant quantity is the vorticity w = 0,v — 9yu, which we
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Figure 15: 2D Riemann problem at time 7" = 0.25 with 400 x 400 cells. Left: Density isolines given
by the Order 2 L? AP scheme. Middle: Density isolines given by the Order 2 L> AP scheme.
Right : Physical Mach number |u|/c where ¢ = /7 p/p.

compute using a second order difference approximation.

Vit1 ~Vi-1j Wi+l T Uij—1
2 Ax 2 Ay

Wij =

The results are given in Figure 16 in which, we show the contour vorticity plots at time ¢t = 1.2
for decreasing values of €. We observe that for large values of £ the scheme does not capture
the incompressible solution while for ¢ = 1073 and 107% the results are in very good agreement
with the incompressible solution see [5]. In particular, the values of the L? error between the
approximate density for ¢ = 1072 and the incompressible exact density (p = 1) and given by

1/2 . - _
(Z” Az Aylpi; — 1|2> at the final time ¢ = 1.2 is given by 9.18 x 1072 for N, = N, = 128 and
5.13 x 1073 for N, = N,, = 256 i.e. of order e.
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Figure 16: Double shear layer. Vorticity contours given by the “Order 2 L? AP” scheme on a
128 x 128 grid at time t = 1.2 for decreasing values of ¢

5 Conclusion

In this paper we have developed and studied a new linear AP IMEX scheme for the compressible
Euler system in the low Mach number limit. We have shown that the chosen flux splitting preserves
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the low Mach number limit. We have proved that our resulting AP scheme is asymptotically
consistent, it degenerates into a consistent discretization of the incompressible system when the
Mach number is sufficiently small. We have performed a Fourier stability analysis showing that our
first order scheme is linearly L? stable under a CFL condition independent of the Mach number.
Furthermore, we have constructed a low-diffusive TVD first-order scheme opening the way for a
MOOD process for preserving the low oscillatory properties of the first-order scheme to the second-
order scheme in regular test cases. One-dimensional and two-dimensional numerical experiments
supported the proposed analysis. In the future, we aim at focusing on local domain decomposition
techniques using this AP scheme, the classical scheme for the compressible Euler equations and the
classical scheme for the incompressible Euler equations.
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