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Abstract

Through a linear analysis, we show how to modify Godunov type schemes applied to the compressible
Euler system to make them accurate at any Mach number. This allows to propose all Mach Godunov type
schemes. A linear stability result is proposed and a formal asymptotic analysis justifies the construction in
the barotropic case when the Godunov type scheme is a Roe scheme. We also underline that we may have
to introduce a cut-off in the all Mach correction to avoid the creation of non-entropic shock waves in the
case of the Roe scheme.
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1. Introduction

In many situations, the Mach number in the nuclear core of a pressurized water reactor is close to zero.
This implies that the acoustic waves are often not crucial in the mass, momentum and energy balances
to model the thermalhydraulics in the nuclear core. As a consequence, a low Mach number model as
the one proposed in [1, 2] can be a correct approach, such a model being free of any acoustic waves.
Nevertheless, in some accidental situations, the Mach number is not always and/or not everywhere close to
zero, which implies that acoustic waves (which can be rarefaction and/or shock waves) cannot be neglected.
The simplest model which can model low Mach flows as well as rarefaction and/or shock waves is the
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compressible Euler system
Op+V-(pu) =0,

d:(pu) + V- (pu®u) + Vp =0, (D

0/(pE)+ V- [(pE + pu]l =0
which can be simplified into the barotropic Euler system

0o+ V- (ou) =0,
{ (2)
Oi(pu) +V - (pu@u)+Vp =0

when we suppose that the flow is isentropic. In (1) and (2), p is the density, p is the pressure, u is the

2
velocity and E := E + & is the total energy, € being the internal energy. To close (1) and (2), p, p and

¢ are linked through the respective given functions p(p, €) and p(p) which define the equations of state of
the fluid. At last, + > O is the time variable and the spatial variable is defined by x € R4 (d € {1,2,3)).
Of course, as a nuclear core is a bounded domain Q in R, we also have to define boundary conditions on
0Q (d € {1,2,3} is the dimension of the space and is chosen as a function of the expected accuracy of the
model).

To capture rarefaction and/or shock waves, a classical numerical approach is to discretize (1) or (2)
using a Godunov type scheme. In this paper, a Godunov type scheme is a finite volume type scheme whose
numerical fluxes are constructed by using an exact or an approximate 1D Riemann solver in the normal
direction of the edges of the mesh (e.g. the Roe scheme [3] and the VFRoe scheme [4]). Nevertheless, it
is now well known that Godunov type schemes applied to (1) or (2) are most of the time not accurate at
low Mach number [5, 6, 7]: for the sake of simplicity, we name in the sequel "low Mach number problem”
this loss of accuracy in the spatial periodic case for (1) or (2). When the mesh is cartesian and when the
boundary conditions on dQ are periodic — in other words, the physical space Q is a torus T included in R?
—, it is shown in [8] that the low Mach number problem for (1) or (2) can be partially understood and can be
cured by studying the low Mach number problem for the (dimensionless) wave equation

0iq + £q =0,

M 3)

q(t = 0,x) = ¢°(x)

where M is the Mach number (0 < M < 1), ¢ := (r,w)’ e R"*? and L := a,(V-, V)T is the acoustic operator
(a. is a constant of order one) whose kernel is given by

KerL = & “4)
with
€:={ge @ (T)*:Vr=0and V-u=0}.

More precisely, the low Mach number problem for (3) can be partially understood and can be cured by
studying the linear equation

alq + éq = 0’
)
q(t = 0,%) = ¢°(x),
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L = L + 6L being the acoustic operator L perturbed by a partial differential operator 6L coming from the
first order truncation error of the Godunov scheme applied to the linear wave equation (3). Let us underline
that £ is a continuous operator in [8]; its discrete version I is studied in [9]. It is underlined in [8] that
when (5) is well-posed and when the initial condition ¢°(x) is close to the incompressible subspace &, the
condition

The solution q(t,X) of (5) remains close to its projection on & at any time. (6)

1s satisfied under the sufficient condition
FPx) e = V>0, gqt,x)eé (7)

(see Point 2 of Theorem 2.2 in [8])'. The mathematical expression of (6) is recalled in the sequel (see
(30)). Condition (6) — which is satisfied by the solution of (3) — means that the flow remains close to an
incompressible flow at any time when it is initially the case.

When 6L is the first order truncation error of the Godunov scheme applied on a cartesian mesh and when
d € {2,3}, we check that € is not an invariant subspace for (5) (see Point 2 of Lemma 4.2 in [8]) and that
the kernel of £ verifies

KerL G & (8)

instead of (4) (see Point 3 of Lemma 4.3 in [8])%. As a consequence, (6) may not be satisfied ((7) is only a
sufficient condition) and ¢(¢, X) may be far from an incompressible flow. Thus, we have proposed in [8] to
modify the Godunov scheme in such a way (7) is satisfied. In the case of the Godunov scheme, the simplest
choice to verify (7) is to center the discretization of the pressure gradient in the velocity equation (see also
Point 2 of Lemma 4.2 in [8]) by deleting the upwinding stabilization term in this equation. Indeed, this low
Mach correction — which defines the low Mach Godunov scheme — implies that

KerL =& )

(see Point 2 of Lemma 4.3 in [8]), which is stronger than (7). In the linear case (3), this theoretical approach
gives a quite good understanding of the low Mach number problem and defines a simple and efficient low
Mach correction for Godunov schemes. Moreover, numerical results proposed in [8] justify this correction
in the non-linear case (i.e. for compressible Euler and Navier-Stokes systems) on meshes which are or are
not cartesian. Nevertheless, the analysis proposed in [8] is partial and has been upgraded in [9] in fourth
directions:

1. Condition (6) is too weak to characterize an accurate scheme at low Mach number for (3). Indeed,
this condition does not exclude a priori a highly diffusive scheme in the incompressible space & that
is to say a scheme for which ¢(z, x) remains close to € at any time and goes to zero in short time. To
exclude this possibility, (6) has to be replaced by the stronger condition

The solution q(t,X) of (5) remains close to the projection on & of the initial condition q° at any time.

(10)

I'The sufficient condition (7) means that € is an invariant subspace for (5).
*When d = 1, € is invariant — more precisely (9) is verified —, which underlines that the monodimensional case is particular
(see Points 1 of Lemma 4.2 and 4.3 in [8]). In other words, the low Mach number problem does not exist when d = 1.
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Condition (10) is justified since the solution of (3) verifies (10). This point is implicitly used in [9]
and is detailed in this paper. More precisely, the mathematical expression of (10) will be specified in
the sequel (see (32)) and we will also prove that

& CKerL (11)

is a sufficient condition to satisfy (10) (see Point 2 of Theorem 2.2 in the sequel). Since (9) is satisfied
for the low Mach Godunov scheme, we obtain that (10) is also satisfied. This justifies the low Mach
correction proposed in [8].

2. To explain the low Mach number problem on a cartesian mesh for (3), we have to prove that (10) is
not verified in the case of the Godunov scheme. This result is proved in [9] in the continuous case by
studying the short time behaviour of (5) and by using a Poincaré-Wirtinger inequality (see Proposition
4.1 and Corollary 4.1 in [9]).

3. It is also important to study the discrete version of the low Mach correction by analysing the discrete
version IL;, of L. This is done in [9] where the link between Kerl, and the discrete version &, of
€ is studied on cartesian and triangular meshes (see Lemmae 5.1, 5.2 and 5.6 in [9]). As for the
continuous case, we also study in [9] the short time behaviour of the (ordinary differential) equation

L
O0iqn + Mqh =0,
(12)

Qh(t = 0) = 6]2
which is the discrete version of the (partial differential) equation (5) (see Proposition 5.1 in [9]) by

using a discrete Poincaré-inequality whose proof can be found in [10]. This allows us to explain in
the semi-discrete case the low Mach number problem on a cartesian mesh.

4. The low Mach number problem does not exist when the mesh is triangular [11, 12]. We explain in [9]
this particular behaviour by proving that the discrete version KerLL, = &, of (9) is satisfied when the
mesh is triangular (see Lemma 5.1 in [9]). Indeed, this result implies that the discrete version of (10)
is satisfied without any low Mach correction.

The results proposed in [9] contribute to the understanding of the low Mach number problem and justify the
low Mach correction proposed in [8]. Nevertheless, as this low Mach correction is obtained by deleting a
part of the upwinding stabilization term in the Godunov scheme, the low Mach Godunov scheme may be
unstable in the case of the non-linear systems (1) and (2) when the Mach number is of order one (although
it is stable in the linear case when the Mach number is close to zero: this important point will be proved in
this paper). Thus, we propose and we justify in this paper an all Mach correction which allows to recover
the low Mach correction when the Mach number goes to zero, and the classical Godunov scheme when
the Mach number is of order one. This allows to obtain a modified Godunov scheme that we name all
Mach Godunov scheme. This all Mach correction is similar or identical to the one proposed in [13, 14].
The difficulty to justify it comes from the fact that the kernel of £ is identical to the one obtained with the
Godunov scheme — thus, it verifies (8) and does not verify (11) — and from the fact that (10) is not verified.
In this paper, we prove that the all Mach correction is such that

The solution ¢(t,X) of (5) remains close to the projection on & of the initial condition q° for short times.
(13)
4



And we justify the use of the short time condition (13) instead of the long time condition (10) although
the solution of (3) verifies (10). This point also underlines that (11) is too strong to characterize a scheme
verifying (13). Then, we prove a linear stability result, we extend the all Mach correction in the non-
linear case and we propose numerical results. All these results justify the proposed all Mach correction for
Godunov type schemes.

At last, we underline that the theoretical approach proposed in this paper is general in the sense that it can be
also used to analyze (and to eventually correct) the accuracy at low Mach number of schemes which are not
at all of Godunov type (e.g. scheme on staggered grid: see [9]). That is why we recalled in this introduction
the main steps studied in [8, 9] and that we try to explain in the following section the low Mach problem in
a general framework not restricted to Godunov type schemes before applying it to this type of shemes.

The outline of this paper is the following. We recall and we clarify in Section 2 some results proposed
in [8, 9]. To obtain an all Mach Godunov scheme in the case of the linear wave equation, we propose and
we justify in Section 4 an all Mach correction. From this linear approach, we propose all Mach Godunov
type schemes in Section 5 in the case of the barotropic Euler system (2). We propose in Section 6 a linear
stability result for these non-linear schemes when the Godunov type scheme is a Roe scheme, and we justify
in Section 7 the accuracy of this non-linear scheme with a formal asymptotic expansion. In Section 8, we
extend the previous (barotropic) all Mach Godunov type schemes to the compressible Euler system (1). We
introduce in Section 9 a cut-off in the all Mach correction to avoid possible non-entropic shock waves. We
underline in Section 10 that the proposed approach to obtain all Mach schemes is not restricted to Godunov
type schemes. At last, we propose numerical results in Section 11.

2. The low Mach number problem

We recall in this section some results obtained in [8, 9].

2.1. The low Mach asymptotics in the non-linear case

Let us define the Mach number M := Z where u and a are respectively an order of the magnitude of the

a
fluid velocity and of the sound velocity in the domain Q. Then, when M is close to zero and when the initial
conditions are well-prepared in the following sense

p(t =0,Xx) = p.(x), (a)
p(t=0,x) = p. + O(M?), (b) (14)
u=0,x) =uX)+O0(M) with V-ux)=0 (¢

(the notation O(f) means of the order of f), the solution (p, u, p) of the (dimensionless) compressible Euler
system

0p+V-(pu) =0, (2)

Vp
6t(pu)+V-(pu®u)+W =0, (b) (15)
O(pE) +V - [(PE + ppu] =0 (©
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is close to (p, u, p) which satisfies p = p. and the incompressible Euler system

dp+u-Vp=0, p(t=0,x)=p.(x),
V-u=0 and wu(r=0,x)=u(x), (16)

p(t,x)(0u+u - Vu) = —VIL

In (16), ITis a new unknow which has the dimension of a pressure (it is sometimes named dynamic pressure).
This pressure can formally be related to the pressure p through p = p. + M*I1 + O(M?). Let us note that we
do not take into account any boundary conditions in [8, 9] and in the sequel. As a consequence, we suppose
that the domain Q in which (15) is solved is a torus T included in R where d € {1, 2, 3} is the dimension of
the space.

2.2. The low Mach asymptotics in the linear case

The dimensionless barotropic Euler system is given by

0+ V- (ou) =0,

Vo) an
M2

0:(pu) + V- (bu®u) + 0.

The sound velocity in (17) is given by +/p’(p)/M (we suppose that p’(p) > 0), which is high at low Mach
number (i.e. when M < 1). For smooth solutions, System (17) is equivalent to

0ig+H@) + (@) =0 (18)
with
,
q = ( u )9
-V

H(q) = ( (:: V)rll ) = (ll . V)q,

(a, + Mr)V -u
L@D =1 plo.1+ 2]

—Vr
a.(1+ 2r)

where r(¢, X) is such that

p,X) := p.

1+ Mr(t, x)} (19)
(4™

with a. = +/p’(p.), p« being a non-negative constant of order one. The operator H is the non-linear
transport operator whose time scale is of order one; the operator £/M is the non-linear acoustic operator
whose time scale is of order M. The linearized barotropic Euler system is thus given by

L
0q+Hg+ —qg=0 (20)
6 M



with

V-u
Lqg = a.
Vr

where u. = C{" and a. = CJ' such that O(Ju.[) = O(a.) = 1. Let us underline that (20) can also be seen
as a linearization of the compressible Euler System (15) with p := p.[1 + %r] when we replace the energy
Equation (15)(c) by s = C* where s is the entropy. Thus, (z, X) can be considered as a pressure perturbation
in the sequel.

Let us now introduce the sets

(LX(T))+ .= {q ::( lrl ): fTrzdx+fT|u|2dx< +oo}

equipped with the inner product (g, g2) = f q192dx and
T

& = |ge®m)*:Vr=0and V- u=0|
= g€ @)™ Ia.b) e R™*’ and Iy € H'(T) such that r =aandu =b + V x ¢},
et = {q e (LA(T))+ . frdx =0 and 3¢ € H'(T) such thatu = V¢}.
T

The subspaces € and &+ are respectively called incompressible subspace and acoustic subspace. In the
sequel, we use the following classical result:

Lemma 2.1.
g &t = (LX(T))'* and &1t

In other words, any q € (L*(T))'*? can be decomposed into
q=Pq+q"
where (Pq,q*) € € x .

The operator P is the Hodge projection, g = Pg + g* is the Hodge decomposition of ¢ and we have
(Pgq,q*) = 0. With these tools, we can make explicit the low Mach asymptotics in the linear case (see
Proposition 2.1 in [8]):

Proposition 2.1. Let ¢(t,X) be solution of
L
0:q + Hg + Mq=0,
(2D
q(t =0, X% ="



with qO e (LA(M)'*, and let q1 be solution of

{ 0iq1 + Hq = 0,
(22)
q1(1 = 0,%) = Pg’(x).
Then, we have
q1(t,%) = (Pg°) (x — w.1) = Pq(t,x) (23)
and
Vi20, lg-qill@) =llg" - Pg°l (24)
which implies
I’ -Pgll=CM = Vi>0, |lg-Tu,(Pe)| ) = CM (25)

where T, ; is the application defined by (T, :f)(X) = f(X —u.t) and where C is a strictly positive constant,
which is equivalent to

g’ -Pg’ll=CM = V120, |lg—Pgl®) = CM. (26)

In Proposition 2.1, || - || is the L*-norm. Equality (25) allows to write that as soon as the initial condition qO is
close to the incompressible subspace &, the solution ¢(z, x) of (21) remains close at any time to the solution
q1(t,x) of (22). Thus, the transport Equation (22) defines the low Mach asymptotics of the linear Equation
(21). Estimate (26) means that, as soon as the initial condition ¢" is close to the incompressible subspace &,
q(t,x) remains close to €.

Moreover, we can rewrite ||g° — Pg°|| = CM with the less accurate formulation ||¢° — P¢°|| = O(M). By
using (19), we easily obtain that the condition ||g° — P¢°|| = O(M) is equivalent to the well-prepared initial
condition (14)(b,c) restricted to the case p. = p(p.). Note that in the barotropic case, (14)(a) has to be
replaced by p(f = 0,x) = p, + O(M?) since p = p(p).

The proof of Proposition 2.1 uses the linearity of (21), the fact that £ = KerL and the conservation of the
energy E :=(q, q) [8]. Atlast, let us underline that Proposition 2.1 may also be seen as a simple application
of a result by Schochet [15] obtained in the non-linear case (18).

Let us now suppose that u, = 0 or equivalently H = 0. Thus, Proposition 2.1 becomes:

Corollary 2.1. Let g(t,x) be solution of

g + %6] =0,
27)
q(t = 0,x) = ¢°(x)
with ¢° € (L>(T))'*. Then, we have Pq = Pq° and
Vi >0, lg-Pql®) =llg° - Pgl
which allows to write that
lg° -Pll=CM = V>0, lg-Pll(t) =CM (28)

where C is a strictly positive constant.

As a consequence, the low Mach asymptotics of the linear wave Equation (27) is simply given by Pg’(x).

Figure 1 represents schematically the solution of the linear wave equation.
8



(1-IP)a(®)

Fig. 1

2.3. The low Mach asymptotics in the case of the perturbed linear wave equation

The key points to obtain (28) are that & = KerL and that (27) conserves the energy. In fact, we can relax
these two properties in the following way:

Theorem 2.2. Let L be a linear operator and let q(t,X) be solution of the linear equation

0iq + %q =0,
(29)

qt=0)=4¢"

supposed to be well-posed in such a way that ||q||(t) < 5||q0|| for any t > 0, where Cisa strictly positive
constant (which does not depend on M). Let C be another strictly positive constant. Then:

1) When € is invariant for (29), we have

I -PPl=CM = Vi>0, |lg-Pql(t) < CCM. (30)
2) When L is such that
& C KerL, (31
we have _
lg° -Pg’ll=CM = Vt>0, llg-Pgllr) < CCM. (32)

This result is usefull to have a first understanding of the low Mach number problem. Indeed, let us consider
that £ := L+ 6L where 6L is a perturbation (which may depend on M) deduced from the truncation error of
a given numerical scheme applied to (27) on a cartesian mesh. Estimate (30) means that Equation (29) does
not create any acoustic waves of order one in the acoustic subspace &+ when ||q0 - qull = O(M) although
the discretization introduces an error through L. Estimate (32) characterizes the fact that the solution g(z, x)
of (29) remains close at any time to the low Mach asymptotics Pg° of the linear wave equation (27) when
IIq0 - ]P’qoll = O(M) although the discretization introduces an error through the perturbation 6L in L.
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Proof of Theorem 2.2: The proof of Point [ is written in [8] (see Theorem 2.2 in [8]). Nevertheless, we
write again this proof below for reader’s convenience. Indeed, the proof of Point 2 uses the steps written in
the proof of Point 1.

Point 1: Let us define g(¢, x) and g(z, x) solutions of (29) with the respective initial conditions 7° =Pq° and

7’ = ¢° - Pg°. By linearity, we have ¢ = § + g. Moreover

llg—Pqll = llg—Pq+q-Pql
llg - P4l

since € is invariant for (29). Then, we have

llg = Pqll < ligll (33)

since (1 — P) is an orthogonal projection. On the other hand, we have |[g|| < g‘llﬁoll and ||c_10|| =l° = P¢°|| =
CM. Thus, we have _
llgll < CCM (34)

which allows to obtain |lg — Pgl| < CCM by using (33).

Point 2: Under Condition (31), we have g = Pq°. Thus, we have g — Pq° = g which allows to obtain
llg — P¢%|| < CCM by using (34).]

2.4. A first definition of an accurate scheme at low Mach number

For a given operator £ that does not necessarily satisfy (31), Estimate (32) leads us to say that the
solution ¢(t,x) of (29) is accurate at low Mach number in the incompressible regime of the linear wave
equation if and only if the estimate

YC; e RS, ACH(C)) € RS such that ||¢° - P¢°|| = C/\M = V1> 0, |lg—Pl|i(r) < C_:M (35)

is satisfied, C»>(C1) being a positive parameter that depends on C; and does not depend on M. Point 2 of
Theorem 2.2 means that a sufficient condition to be accurate at low Mach number in the sense of (35) is that
& C KerL. Let us underline that when & ¢ KerL, we cannot say if the solution ¢(#,X) is or is not accurate
at low Mach number in the sense of (35) since (31) is only a sufficient condition. In that case, we have to
study carrefully the time behaviour of (29) to verify if Estimate (35) is or is not satisfied.

In the same way, for a given operator £ whose € is not necessarily invariant, Estimate (30) leads us to
say that the solution g(t, x) of (29) is free of any spurious acoustic wave if and only if the estimate

VC; e RY, AC5(Cy) € RY such that ||g° =Pl = C/M = VYt >0, |lg — Pqll(f) < CoM.  (36)

Of course, (35) is stronger than (36) since for any ¢ and q°, we have |lg — Pq|| < |lg — Pq°||. Point 1 of
Theorem 2.2 underlines that the invariance of € in the energy space (L*(T))'*4 is a sufficient condition to
avoid spurious acoustic waves in the sense of (36). Nevertheless, the invariance of € is not sufficient to be
accurate at low Mach number in the sense of (35).

Estimates (35) and (36) are usefull to analyze the accuracy of a given scheme at low Mach number and,
in particular, to propose a low Mach correction when it is usefull as we will see it in §2.5 and §2.6 in the
case of Godunov type schemes. Nevertheless, we will also see in Section 3 that in the case of Godunov type
schemes, we will have to relax (35) and (36) in order to propose and to justify an all Mach Godunov type
scheme.

10



2.5. A first explanation of the good or bad behaviour of Godunov type schemes at low Mach number through
the study of discrete kernels

We show in this section that the low Mach number problem can be analyzed as we analyzed in §2.3 the
low Mach asymptotics in the linear perturbed case (29).

Let us suppose that the domain Q is discretized by N cells Q;. Let I';; be the common edge of two neigh-
boring cells €; and ©; and n;; be the unit vector normal to I';; pointing from €; to ;. The semi-discrete
Godunov scheme applied to the resolution of the linear wave equation (27) is given by

d a. 1
— i+ — - — F -+ )i+ 71 — .:0’
dtrl M 2|Qz| FijCZaQil l]l[(ul u]) nlj i r]] (a)
(37)
d a. 1
E“ﬁﬂ‘m Z ITijl[ri + rj + k(u; —u;) - n;jIn;; =0 (b)

l",-_,-c@Qi

with k = 1. We introduce the parameter « in (37)(b) for reasons that will appear in the sequel (let us note
that (37) is the Godunov scheme if and only if « = 1). This scheme can be written in the compact form

d_ - Ly 0

—.4h qdn =Y, .

™ M with g := ( ; ) (38)
1

gn(t =0) = ¢

where the subscript 4 recalls that (38) comes from a spatial discretization of (27) (4 is a characteristic length
of the mesh). The kernel KerlL, ; of the discrete acoustic operator L 4 is given by

Z Cijl[(w; +wj) -myj +ri —rj] =0,
}”' Fijcﬁﬂ,-
Kerllyp = ( ul ) e R*®  such that ) (39)
l Z ICijllri + rj + k(u; —wy) - ;)0 = 0
F,’jCﬁQi

We have the following result:
Lemma 2.2.

n

KerlL- ) = {q,, = ( )e R¥N  suchthat daeR,Vi: r;=a and (w;—u))-n; = 0} (40)

and

u; +u;
Kerlly—on =3 qn = ( Th ) eR*™  suchthat Ja€R, Vi: ri=a and Z IFijIQ ‘n;j =
Wi T;,coQ; 2
ij 1

Moreover, we have
KerlLy=1, € KerlLy=o - (42)

11



By using the Point 2 of Theorem 2.2 with Lemma 2.2, we obtain a first explanation of the good or bad
behaviour of Godunov type schemes at low Mach number in 1D, 2D and 3D for different type of meshes.

Indeed, Lemma 2.2 shows that KerlL,-; — which is the kernel in the case of the Godunov scheme — may
not be a good approximation of & because the continuity of u - n on each edge I';; of the mesh could be
too restrictive for particular meshes (e.g. when the mesh is cartesian). Nevertheless, it shows also that
KerlLy=0,, may be a good approximation of € for any mesh type because

u; +u;
|Fij| ‘= V - udx. (43)
2, 2 o

I“,-jcaﬂ,-

Thus, by also using (42), we can say that at the discrete level, KerlL,-1;, may not satisfy (31) and that
KerlL,-o, may satisfy (31). These points are studied in [9] when the mesh is cartesian or triangular by
showing that:

on a 2D triangular mesh: KerlLy=1 = 8£ C KerlLy=o n,

on a 1D cartesian mesh: KerlLy=1 = EE = KerlLy=o s,

on a 2D or 3D cartesian mesh:  KerlL=1 ), C EE = KerlLy=o

where 82 and EhD are ad hoc approximations of € which depend on the type of mesh (see Lemmae 5.1, 5.2
and 5.6 in [9]). Using these relations between the discrete kernels and the discrete incompressible spaces,
using the sufficient condition (31), we obtain that in the sense of the definition (35) proposed in §2.4, we
can say that:

on a 2D triangular mesh: the Godunov scheme (i.e. (37) with k = 1) is accurate at low Mach number,
on a 1D cartesian mesh: the Godunov scheme (i.e. (37) with k = 1) is accurate at low Mach number,

on a 2D or 3D cartesian mesh: the Godunov scheme (i.e. (37) with k = 1) is not accurate at low Mach number

Let us underline that as (31) is only a sufficient condition, it remains to prove that the Godunov scheme (i.e.
(37) with « = 1) is not accurate at low Mach number. This result cannot be obtained by only studying the
kernel of the scheme. It can be obtained by studying the short time behaviour of the first order modified
equation associated to the Godunov scheme or by studying the short time behaviour of (37) when x = 1 (see

[9D).
Moreover, we also obtain that:
The modified Godunov scheme obtained with (37) and « = 0 is accurate at low Mach number.

This last result leads us to define the low Mach Godunov type schemes in §2.6.
Proof of Lemma 2.2: The proof uses the fact that for any ¢, € KerL, defined by (39), we have

DTl = ) + kl(u; = ) - my ) = 0, (44)
F,'/'
' 12



This relation was proven in [9] (see (88) in [9]). As a consequence, when k = 1, we obtain that Vi : r; = ¢
and (u; —u;) - n;; = 0. Let us now suppose that « = 0. Thus, when g, € KerlL,;, we only deduce from
(44) that Vi : r; = ¢. And, by injecting r; = ¢ in (39), we find Z IT';jl(w; +w;) - n;; = 0. The converse is
I;jcoQ;
obtained by using the fact that
> INijng; = 0. 45)

I“,-jcaQ,-

We obtain (42) by using the fact that Z T jlw; - ny; = w; - Z [T jin;; = 0.0
Fijcaﬂ,- F,’jCﬁQ,‘

2.6. A low Mach Godunov type scheme in the linear and non-linear case

This approach leads us to modify the Godunov scheme by replacing x = 1 in (37) with x = 0 to recover
the accuracy at low Mach number. This corresponds to center the discretization of Vr in the acoustic
operator.

The non-linear version of linear scheme (37) with x = 0, applied to the compressible Euler system (1)
or to the barotropic Euler system (2), consists in modifying any X scheme of Godunov type (e.g. X = Roe
[3] or X = VFRoe [4]) in such a way that the discretization of the pressure gradient Vp is centered. We
named this class of schemes low Mach X schemes in [8]. Numerical low Mach number test-cases validate
this approach in [8].

2.7. Toward an all Mach Godunov type scheme in the non-linear case

In the sequel of this paper, we modify the non-linear low Mach X scheme defined in §2.6 in such a way
it is identical to the X scheme when the Mach number is greater than one. In other words, we introduce all
Mach Godunov type schemes which are expected to be stable and accurate on any mesh type and for any
Mach number.

3. Definition of an accurate scheme at low Mach number in the linear case

Estimate (35) is suggested by Estimate (28) of Corollary 2.1 which concerns the linearization (21) of
the barotropic Euler System (18) with H := 0. But, when H # 0, Estimate (28) cannot be satisfied by the
solution ¢(, x) of (21) and has to be replaced by Estimate (25) of Proposition 2.1. Nevertheless, we have
the following result:

Lemma 3.1. Let g(t, x) be solution of
L
0ig+ Hg + Mq:O,
(46)
q(t=0,% = ¢"(x)

with ¢° € L*(T) x (C'(T))?. Then, we have

V(C1.Cy) € (RY)?, AC3(C1, Cy) € RY such that |lg"-Pgll = C\M = Vit € [0,C2M], llg-Pg"ll(1) < C3M,
47)
C3(Cy, Cy) being a positive parameter that depends on (Cy, Cy) and does not depend on M.

13



As a consequence, the important point is to verify if Estimate (35) is satisfied or not satisfied only for short
times. Thus, we relax (35) and we propose the following definition:

Definition 1. The solution ¢(t,X) of

0iq + %q =0,
(48)

qt=0)=4¢"

is said to be accurate at low Mach number for short times in the incompressible regime of the linear wave
equation if and only if the estimate

Y(C1, o) € (R), AC3(C)1, Ca) € R such that |l¢~Pq°ll = C1M = Vi € [0,CoM], llg—=Pg°ll(1) < C3M
(49)
is satisfied, C3(Cy, Cy) being a positive parameter that depends on (Cy, C2) and does not depend on M.

In the sequel, we will construct a numerical scheme for which the solution of the associated first order
modified equation is accurate at low Mach number in the sense of (49) but not in the sense of (35).

Let us note that we can keep (36) for the spurious acoustic waves when H # 0 because of Estimate
(26) of Proposition 2.1. Nevertheless, when a solution g(¢, X) is accurate at low Mach number in the sense
of Definition 1, we are sure that this solution is free of any spurious acoustic wave in short time (this is a
consequence of the fact that for any ¢ and ¢°, we have |lg — Pqgl| < |lg — P¢"|)); but we can say nothing a
priori in long time. Thus, we also relax (36) with:

Definition 2. The solution q(t,X) of

0iq + %q =0,
(50)
qt=0)=¢°

is said to be free of any spurious acoustic wave for short times if and only if the estimate

V(C1,Co) € (R, AC3(C1, Ca) € RY such that |lg° -Pg°l = C\M = Vit € [0,C2M], llg-Pqll(t) < C3M
(51
is satisfied, C3(C1, Cy) being a positive parameter that depends on (Cy, C2) and does not depend on M.

Figures 2-4 describe three different behaviours based on Definitions 1 and 2: Figure 2 describes a
solution ¢(t,x) which is accurate at low Mach number; Figure 3 describes a solution ¢(#, x) which is not
accurate at low Mach number but which is free of any spurious acoustic wave; Figure 4 describes a solution
q(t,x) which is not accurate at low Mach number and which is not free of spurious acoustic waves. The
numerical results proposed in §4.3 will be coherent with Figures 2-4.

Proof of Lemma 3.1: We have

lg = Pg°ll) < || = T (P°) | ) + |

Tuos (Pa°) - Pg°)| )

where 7, is the application defined by (7, +f)(X) = f(x — u.f). Thus, by using (25), we obtain that

lg® = Pgll=CiM = Vr20:llg = Pgllln) < CiM +||Tu. (P°) ~ Pg°|| o).
14



el = el
q(t=0(M)
e e e
A = q=om) . N
a0y [Pg® © IPa(t=0(M) e © IPaE=0(M)) Pge ©
Fig. 2: Fig. 3: Fig. 4:

(49) and (51) are verified (49) is not verified, (51) is verified  (49) and (51) are not verified

On the other hand, for any g := (7, u)’ € &, we have
—_ e _ _
7o -4l @& = fT [a(x — u.t) — u(x)*dx.

_ d
But, for any u € (CI(T)) , we have
[a(x — u.t) —uX)| < |u*|tm1§1x [V
d

with IVEI2 = Z |Vuk|2 where u := (uy, ..., uq)", d is the spatial dimension and | - | is the euclidian norm in

k=1
R¢. Thus

Yt € [0,CoM] : ||[Tu.g — || () < CoMlu,| max |V - |T|

with |T| := fT dx. This allows to write that

Vi € [0.CoM] - |

Tu.i (Pe") = Ba’|| ) < CoMiu. | max V&) - T

where IP’qO = (70 ﬁO)T, which gives the result with

>

C; = Cy + Colu, max va’| - [T

O

4. Construction and justification of an all Mach Godunov scheme in the linear case

In this section, we construct a modified Godunov type scheme which is asymptotically identical to the
linear low Mach Godunov scheme (see (37) with k = 0) when M < 1 and which is identical to the linear
Godunov scheme (see (37) with k = 1) when M = O(1). We justify this construction by using the tools
introduced in Section 2. We name this linear scheme all Mach Godunov scheme.

The non-linear version of this all Mach Godunov scheme will be directly obtained in Sections 5 and 8 from
the linear approach proposed below.

15



4.1. The case of the linear wave equation on a cartesian mesh

This subsection is devoted to the cartesian case. This case is interesting because it allows to propose an
all Mach Godunov type scheme through a simple study of the first order modified equation associated with
the Godunov scheme applied to the linear wave equation (27).

Let us define the 2D system

0q + %q =0,
(52)
q(t = 0,%) = ¢°(x)
with x := (x,y), g := (1, W)’ u = (uy, uy)T and
L,=L-MB,,
v, Ar
0%u, (53)
B,g = Vi, Ox2
62
Vi o
y 8}72
where
V= (v v) € (RT)? and Vu i= (Vi Vi) € (R*)2.

Thus, (52) is a perturbed wave equation whose the perturbation is given by 6L, = —MB,. In the 2D case
(the 3D case is similar) [8], the first order modified equation of the Godunov scheme applied to the linear
wave equation (27) is given by (52)(53) with v = vY where

G Ax G

A
=y, VO = a*ﬁ(l, 1)

VO = (vf, vf) and v, i

(Ax is the mesh size supposed to be identical in the directions x and y for the sake of simplicity). We prove
that (see Lemma 4.3 in [8]):

Lemma 4.1.
1) In 1D with v, > 0, vy > 0 and vy > 0:

KerL, = €.
2) In 2D with v, 2 0, vy, = vy, = 0:

KerL, =E.

3) In 2D with v, 2 0, vy, > 0 and v, > 0:

KerL, = {q = ( l: ) € (LZ(T))3 suchthat Ice€R: r=c and Oxuy = 0yu, = O} C €. (54)

16



The extension of Lemma 4.1 to the 3D case is straightforward.

We deduce from Point 2 of Theorem 2.2 and from Point 3 of Lemma 4.1 that the solution g(z, x) of (52)(53)
may not be accurate at low Mach number in the incompressible regime as soon as the spatial dimension is
2D (or 3D) and vy is not equal to zero. Indeed, in that case, we do not have & C Ker.L,. Nevertheless,
the situation is more complicate since & C KerL, is only a sufficient condition: as a consequence, the
knowledge of Ker L, is not sufficient to have a good understanding of the behaviour at low Mach number of
the Godunov scheme and of any modified Godunov scheme obtained by modifying the numerical viscosity
vY. Moreover, for a particular choice of v,, we may expect that the short time estimate (49) is satisfied even
if the long time estimate (35) is not satisfied. In that case, the solution g(¢, x) would be accurate at low Mach
number in the sense of Definition 1.

This is illustrated by the following result:

Theorem 4.1. Let q(t,X) be the solution of the 2D equation (52)(53). Then, for any v, > 0:

1) When vy = vg, for almost all function qO e (LA(T))?, q(t,x) verifies

VCieRI: N -Pll=CiM = V1= M, llg-Pgllh) = C3Ax, (55)
C
forany M < C—3Ax, C, and C5 being strictly positive parameters that do not depend on M and Ax.
1

2) When vy = v§ and Ax = CoM, for any qo € HX(T9), q(t, x) verifies
V(Co.Cl.C) e REY 1 " -Pll=CiM = V1e[0.CoM], llg-Pg ll(r) < C3M,  (56)

Cs being a strictly positive parameter that does not depend on M.

3) When vy = MVS, for any ¢° € H*(T9), q(t,x) verifies
V(CLC) e " -Pdl=CiM = Vte[0,CM], llg—Pll) < CM,  (57)
Cs being a strictly positive parameter that does not depend on M.

Again, we easily extend this result to the 3D case. This result shows that the short time behaviours of
(52)(53) with v = (v,, vﬁ) and with v = (v,, val; ) are different although the kernels of £(vr,v.?) and of
L(V” MmyG) are identical (see Point 3 of Lemma 4.1). This is a consequence of the fact that Condition (31) is
only a sufficient condition to be accurate at low Mach number.

More precisely:

e Point I of Theorem 4.1 and its 3D version show that when the mesh is cartesian, for almost all
qo € (L3(T))'*, the Godunov scheme in 2D/3D is not accurate at low Mach number in the sense of
Definition 1 when M < Ax.

Let us note that we do not prove that the solution g(z,x) of (52)(53) is not accurate at low Mach

number by producing in short time spurious acoustic waves (see Definition 2 for the notion of spurious
17



acoustic wave). In other words, we prove that the short time behaviour of g(z, X) is characterized by
Figure 3 but we do not prove that it is characterized by Figure 4. Nevertheless, the numerical results
proposed in §4.3 show that spurious acoustic waves are created in short time (at least at the discrete
level), which corresponds to Figure 4.

Point 2 of Theorem 4.1 and its 3D version show that when the mesh is cartesian, for any ¢° €
(L3(T))"*?, the Godunov scheme in 2D/3D is accurate at low Mach number in the sense of Defi-
nition 1 when Ax = O(M), which is too expensive from a computational point of view.

Point 3 of Theorem 4.1 and its 3D version show that when the mesh is cartesian, for any ¢° €
(L*(T))'*9, the modified Godunov scheme obtained by replacing v$ with Mv§ is accurate at low
Mach number in the sense of Definition 1 even when M < Ax. Thus, this scheme is also free of any
spurious acoustic waves in the sense of Definition 2. This result is central in our way to construct
an all Mach Godunov scheme. At last, we underline that all the results proposed in Theorem 4.1 are
valid as soon as v, > 0 that is to say not only when v, = v¢

7

Proof of Theorem 4.1: Let g;(¢) be the solution of

L
aICII + ﬁvﬂh = Oa

(58)
q1(1 = 0,%) = (¢° - Pg")(®)
and g;(?) be the solution of
L
01q2 + ﬁqu =0,
(59)
¢t = 0,x) = Pg°(x)
where £, is defined as in (53). By linearity, the solution g(t, x) of (52)(53) satisfies
q(1,X) = q1(#, x) + ga(t, x).
Since [l — Pg°lI(t) = llg1 + g2 — Pq°ll(r), we have
Vi>0:  llg =Pl > |llg2 — Pg°lle) = llgull(o)| (60)
and
Ve>0: g =Pl < llgill® + llgz — Pl (61)

Moreover, since (58) is a dissipative equation when v, > 0, v, > 0 and v, > 0 (see Lemma 4.1 in [8]), we

obtain [|g|() < |lg° — P¢°|| which implies that

Ve>0: |lgill®)) < CiM

since ||¢° — P¢°|| = C M. We will use below (60), (61) and (62) to prove (55), (56) and (57).

18
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Proof of Point 1:

Let us define the orthogonal projection PP, on KerZ, (P, = P if and only if v, > 0 and v, = v, = 0; in
particular, P, # P when v = v9). In [9], we prove that

Yt >

Ax
g2 — Pg°li(t) > ﬁnﬂmqo -P,PS

*

where Lt is a constant which only depends on T (see Estimate (50) of Corollary 4.1 in [9]). Hence

Vi>CoM:  |lga — POll(r) > CAx (63)

L Pq’ - P,Pg°
withC2=—TandC:—”q Lyl
A 3L'[[‘
case for almost all function ¢° € (L*(T))>. Let us now suppose that

. In the sequel, we suppose that C is strictly positive, which is the

CiM < CAx. (64)
By using (62), (63) and (64), we obtain
Vi> oM g2 = Pll(r) > CAx > C1M > [lgill(0). (65)
And, by using (60) and (65), we obtain
Vi>CoM:  |lg-Pq°l(r) > CAx — C1 M. (66)
Let us now suppose that
Ci1M < C3Ax with C3 = g (67)
We deduce from (66) and (67) that
Vt>CoM : g - PgUli(H) > C3Ax
which allows to obtain (55).
Proof of Points 2 and 3:
Since LPP = 0, we deduce from (59) that
04>~ P’) + 1> ~ Pa") = B(q> — Fg®) + B, (68)

Then, by multypling (68) with ¢» — P¢° and by integrating, we obtain

1 d
5 Tlar - P10 = (g2 — Pq°, By(q2 — Pg%)) + (g2 — P¢°, B,P¢")

since (g> — Pq°, L(g>» — P¢")) = 0. And since
{ (g2 —Pq°, By(q2 — Pg")) < 0,

(q2 - Pq°, B,Pq®) sl ng — POl - |1B,PGOl,



we can write that i
Slla2 = PUll(e) < IBPGUIl < max(vil, i, D - 1Pl

(since ||BVIP’qO|| < max(|vy,|, Ivuyl) . ||Pq0|| 1) wWhich gives
Vi€ [0,CoM]:  llga = Pgll(r) < CoM - max(vi, |, iy ) - 1Pl 2
(since ||lg2 — ]P’qOII(O) = () that is to say
Ve e[0,CoM]: llg = Pgllir) < (C1 + Camax(vi | v ) - P ll2) M (69)

a,Ax
2M

by using (61) and (62). Let us now suppose that vy = vg. In that case, we have max(|v,,|, [v,,[) =

which implies that (69) is given by

Cra.Ax

Ve [0,CoM]:  lg—Pgoll(p) < (C1 Yy

IPq ||H2)

CoCaa,

> ||]P’q0||Hz when Ax = CoM. We now suppose that

which allows to obtain (56) with C3 = C; +

va = MYS. In that case, (69) is given by

Cra.Ax

Vi e [0,CoM]: g —PgOll(r) < (cl + ||IP’q0||Hz) M

Cga*Ax

which allows to obtain (57) with C3 = Cy + [|IP O||Hz O

4.2. The case of the linear wave equation on any mesh type

To be accurate at low Mach number, Point 2 of Theorem 4.1 leads us to modify the Godunov scheme
applied to the linear wave equation

L
0.q + Hg + Mq=0,
(70)

q(t = 0,%) = ¢°(x)

by replacing x = 1 (which is equivalent to v, = vf) with k = M (which is equivalent to v, = va) in (37).
Thus, we propose the all Mach Godunov scheme

d as
Eri M 2|Q|1.26:Q |rlj| (ul+uj) n+r— ]=O,
ijC
(71)
d a. 1
-+ — - — L;illr; i+ 0(M)(a; —ua;) -n;in;; =0
dtuz"'M 21Q] Fi;:gi| l]|[rl+r]+ (M)(u; uj) nl]]nl]
with
6(M) = min(M, 1) (72)

which also allows to recover the Godunov scheme (37) when the Mach number is greater than one. In
Section 9, we will modify (72) by introducing a cut-off (see (148) and Figures 27-28) to avoid the creation

of non-entropic shock waves in the non-linear case when the Mach number is of order one.
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Scheme (71) defines an all Mach Godunov scheme and may be rewritten with

d ( r ) 1 AM,Godunov
= +— Z I | DAM: -0 (73)
de\ u ). | rica0; Y

q)gM,Godunov

with the two following expressions for the numerical flux which are equivalent in this linear

038632

o First expression:

0
q)éM,Godunov — q)QOdunov +[O(M) - 1 ﬁ 74
ij ij [6CM) ]2M [(u; — ;) - n;jIn; 7

where @504V s the unmodified Godunov flux (®E°UM°V is easily deduced from (37)) and where O(M) is
i ij y
defined by (72). Thus, the simple corrective flux

2M \ [(w; — ;) - n;j]n;;
defines an all Mach correction which is equal to zero when the Mach number is greater than one. This all

Mach correction introduces numerical anti-diffusion since (M) — 1 < 0. At last, we can note that the linear
all Mach Godunov scheme (73)(74) may be seen as the Godunov scheme plus a pressure correction since

[6(M) - 112 ( 0 ) (75)

the correction [O(M) — 1];—;/1[(u,- —u;) - n;;|n;; in (75) is homogeneous to a pressure.

e Second expression: The flux (74) is equivalent to

AM,Godunov _ 9= (@-m)° . sk * Fi+7;
(l)l.j ’ = y with ri; = H(M)rl.j +[1 - 6(M)] > (76)
rm ).
where (7, (u - m)") is solution of the 1D linear Riemann problem in the n;; direction
Ly
Orqr + ﬁqg“ =0,
§<0:qg(t=0,§)=( ,r"“), (77)
u; - n;j
{20: g/(t=0,0) :( ll"-’jn~~ )
Jj o ij

with g, := ( ; ) and Lyq; = a*é)g( M: ), { being the coordinate in the n;; direction. This gives
. ¢4¢

I’i+l”j (lli—llj)‘lll'j

1= 5 + 5 ,
(@ n)y, = W) MG i
Y 2 2
3The notation AM in CI)AM’GOdunov means that this flux defines an All Mach scheme.

ij
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The linear all Mach Godunov scheme (73)(76) — which is equivalent to (73)(74) — may be seen as a Godunov
type scheme whose Riemann solver is corrected to be accurate at low Mach number.

4.3. Numerical results on a 2D cartesian mesh

We justify Theorem 4.1 and the linear all Mach Godunov scheme (73)(74) with numerical results ob-

tained on a 2D cartesian mesh. The initial conditions ¢° := (+°,u®)7 is given by
rt=0,x,y) = 1,
uit=0,x,y) = 2 sin2(7rx) sin(4my), (78)
v(it=0,x,y) = -—sin(2rx) sin2(27ry).
Thus, we have ¢° € € (that is to say ¢° = P¢”) which implies that
q=4° (79)

is solution of the linear wave equation (27). We now study if (79) is or is not satisfied at the discrete level
when we solve the linear wave equation (27) with the linear Godunov scheme (37) or with the all Mach
Godunov scheme (73)(74).

We project ¢° on SE which gives qu thus, by construction, we have q2 = IP’;,q% where Py, is the discret
Hodge projection on EE.

We study on Figures 5-10 the linear Godunov scheme (37) and the all Mach Godunov scheme (73)(74).
Figures 5 and 7 represent ||g;, — qgll(z‘) for 0 <t < 0.5M (which is equal to ||g; — IP’hq?lll(t) since q2 = Phqg in
the studied case). Figures 6 and 8 represent ||u}f||(t) for 0 <t < 0.5M (where u}f is the velocity component
of the projection of g, in (EE)L). Figures 9 and 10 represent ||g;, — qgll(t) until an asymptotic state is reached.
Thus, Figures 5-8 and Figures 9-10 describe the time behaviour of the schemes respectively in short time
and in long time.

Figures 5-6 show that the linear Godunov scheme (37) is not accurate in the sense of Definition 1 and that
it produces spurious acoustic waves in (SE)l. At the opposite, Figures 7-8 show that the linear all Mach
Godunov scheme (73)(74) is accurate in the sense of Definition 1 and, thus, is free of spurious acoustic
waves in the sense of Definition 2. Figures 9-10 show that the linear Godunov scheme (37) and the linear
all Mach Godunov scheme (73)(74) have the same long time behaviours: the asymptotic numerical solution
is not accurate which means that both schemes are not accurate at low Mach number for long times. This
last point justifies Definition 1 which only considers the short time behaviour.

5. Construction of all Mach Godunov type schemes in the barotropic case

We now extend the linear all Mach Godunov schemes (73)(74) and (73)(76) to the non-linear case when
the linear wave equation (70) is replaced by the barotropic Euler system (2). This leads us to propose the
non-linear all Mach Godunov type scheme

d 1
( p ) + e =0 (80)
i

d_t pu m I‘,-jcaﬂ,-
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with again two possible expressions for the numerical flux CI);?.M’X. In (80), X is a Godunov type scheme:
e.g. X = Roe [3], X = VFRoe [4] or X = Lagrange + Projection type scheme (see §6.4).

AM,X

The two possible expressions for d)ij are the following:

o First expression: The non-linear version of (74) is given by

Pijij 0
CI)A_M’X=(DX~+ 6::—1 s 81
ij L ( Y ) 2 [(ui - uj) : nij] n;; oy

where CDI?? is the unmodified flux given by the X scheme and where
0;j = 6(M;;) with O(M) = min(M, 1), (82)

M;;, pij and a;; being estimates at the edge I';; respectively of the Mach number, the density and the sound
velocity. Thus, the all Mach correction is now given by

6 — 12 ( 0 ) (83)

2 [(ui_uj)‘nij]nij

and introduces anti-diffusion since 6;; — 1 < 0. The flux @?M’Roe obtained with (81) and when X is the Roe
scheme [3] is explicited in Annex B in the subsonic case (see (173)).

¢ Second expression: The non-linear version of (76) is given by

pi+pj
2

X pru-m*
@y = with — p;7=6;p;;+(1-6;)

(84)
ij

where (p*,u*) is solution of a 1D (linearized or non-linearized) Riemann problem. Let us note that p** in
(84) replaces p* := p(p*). As in the linear case (see (73)(76)), the non-linear all Mach X scheme (80)(84)

may be seen as a Godunov type scheme whose Riemann solver is corrected to be accurate at low Mach
number.

We underline that the non-linear all Mach X schemes (80)(81) (which is the non-linear version of (73)(74))
and (80)(84) (which is the non-linear version of (73)(76)) are not equivalent although the linear schemes
(73)(74) and (73)(76) are equivalent.

We propose the following conjecture whose a better formulation will be proposed in §9.3:

Conjecture 5.1. Let us suppose that the Godunov type scheme X applied to the barotropic Euler system (2)
is stable for any Mach number lower than B (with 8 > 1)*, and is accurate when the Mach number belongs

“The Mach number 3 depends on the X scheme, on the mesh and on the type of test-case. For example, the 1D Roe scheme is
not always stable when the Mach number is too high; in that case, 8 is greater than one but of order one. On the other hand, we can
choose 8 = +oo for the 1D exact Godunov scheme since it is stable (and entropic) by construction for any 1D test-case.
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to [a, B] (with a €]0, 1] ). Then, in the periodic case and when the solution does not have any schock wave,
the non-linear schemes (80)(81) and (80)(84) are stable and accurate on any mesh type and for any Mach
number which belongs to [0, B].

In the two following sections, we (partly) justify Conjecture 5.1 when the X scheme is the Roe scheme [3].
More precisely:

e In Section 6, we (partly) justify the stability question by proposing a linear stability result in the
subsonic case.

o In Section 7, we (partly) justify the accuracy question with a formal asymptotic expansion applied to
(80)(81) when the X scheme is the Roe scheme [3].

We will see in Section 9 that the problem of accuracy is more complicate when the Mach number is of order
one and when there are schock waves. Indeed, the all Mach Roe scheme (80)(81) has to be modified to
avoid the creation of non-entropic shock waves when the Mach number is of order one. This modification
will consist in introducing a cut-off in the definition (82) of 6;; used in the all Mach correction (83). This
underlines that the formulation of Conjecture 5.1 has to be improved, which will be done in Conjecture 9.1.
Numerical results proposed in Section 9 justify this cut-off in the case of the compressible Euler system (1)
for the Sod tube problem.

6. A linear stability result in the barotropic case

We now prove a linear stability result for the all Mach Godunov type schemes (80)(81) and (80)(84).
This result (partly) justifies Conjecture 5.1 concerning the stability question.

We study this stability question by extending the linear Godunov scheme (73)(74) to the linear system

L
0,q + Hg + Mq:O,
(85)

q(t =0,x) = ¢°(x)

where u, € R? (d € {1,2,3)}) is a constant velocity field. It is important to take into account the linear
transport operator Hg := (u, - V)g because the discretization of this operator has an impact on the stability
of the all Mach Godunov scheme as we will see below. This is due to the fact that the Godunov approach

does not split the material and acoustic waves (respectively described with d,q+ Hg = 0 and ;g + —q = 0).

This leads us to conclude this section with a remark on the Lagrange + Projection approach which splits the
material and acoustic waves.

3The Mach number « is lower than one but of order one (e.g. @ = 1/2) since the Godunov type schemes are not accurate at
low Mach number (when the dimension of the space is greater than one). Nevertheless, it is impossible to clearly define the Mach
number « since it is impossible to define a clear boundary between the incompressible regime and the compressible regime. We
can only say that & depends on the expected accuracy.
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6.1. The linear all Mach Godunov scheme

When the Godunov scheme is applied to System (85) and when the flow is subsonic i.e.
lu,| < ;—; (subsonic condition), (86)

the Godunov flux CDgOd‘mOV is given by (see (158) in Annex A)

q)g_odunov — q)godunov,convection + (DiGjodunov,acoustic (87)
where
God ; 1 (u*-nij)[ri+rj+(u,-—uj)-n,-j]
odunov,convection
o = (88)
(u, - n;j) [(lli +uy) +(ri - i’j)nij] = |u, -y [(lli —u)) X nij] X n;;
and
(ll,‘ +llj) ‘I +r = T
Godunov,acoustic __ A 89
z "2 - ®

[l’i + rj + (lll' —llj) 'llij]llij

Fluxes (88) and (89) discretize respectively the linear convection operator Hg and the linear acoustic oper-
ator ﬁq. Flux (89) is of course identical to the Godunov flux in (37).

To obtain the all Mach version (DgM’GOd“nOV of @S"d““"" defined by (87), we just add the all Mach correction

(75) to (I)l.cj’."d““oV as in (74). Thus, this consists in replacing the acoustic flux CDiGdeunov’acouSﬁC defined by (89)
by the all Mach acoustic flux

. " . 0
(D;\.M,Godunov,acoustlc — cD?‘odunov,acoustlc + [ 0 ( M) _ 1] a | | ) )
j J 2M [(uz - uj) : nlj] n;;

In other words, we do not correct the convective flux @gwumwconvemon defined by (88), which is coherent
with the fact that the low Mach number problem is only linked to a bad discretization of the acoustic operator
at low Mach number.

To summarize, under the subsonic condition (86), the linear all Mach Godunov scheme applied to (85)
is given by

d 1 a.
—Fri+ 0 I;; « - yj) [ Fi j i—uj)-nj|+ — | (u; )engi+ri—rj|t =0,
dfr+2|9ilr.§cag.| il {(u n;j) [ri +r + (u; — ;) nj]+M[(u +uj)-ng;+ 7 r{,]} (a)

ij i
d 1
—W + E ITijl - {(ue - myj) [(@ +0y) + (ry = rj)ng;| = o, - my50 | (0 — wj) X ng;| X ng; (b)
dt 2|Ql| 50, J { J [ J J J] J[ J J] J

+‘;—; [ri+ 1)+ 6M)(w; — u)) -y | n,-j} = 0.

(90)
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6.2. L?-stability in the semi-discrete case

Let us define the energy
Ep= ) 10407 + ).
i

We have the following L2-stability result:

Theorem 6.1. Let (r,u) be solution of (90). Under the subsonic condition (86):

1) For the Godunov scheme i.e. when 6(M) := 1, we have:

d

—E, <0. 91

Al ©On
2) For the all Mach Godunov scheme i.e. when 6(M) := Ju. M, we have:

d

—E, <0. (92)

dt

3) For the low Mach Godunov scheme i.e. when (M) := 0, we have:

d
TEn < Z 0] fu - gl [(w; — ) - g2, (93)

T
Inequality (91) confirms that the Godunov scheme is stable. Inequality (92) shows that the all Mach Go-

dunov scheme is stable and, thus, justifies from the stability point of view the all Mach correction (83). It also

underlines that the numerical dissipation of the linear (non-linear) Godunov scheme is (may be) too high

. . W,
when the flow is subsonic. Let us note that (M) := Ju.|

M is equal to the Mach number since a./M defined

S d
the sound velocity in (85). Inequality (93) avoids to obtain d_tEh < 0 when u, # 0. As a consequence, we

may observe numerical instabilities except when u, := 0 i.e. when we restrict the stability analysis to the
low Mach Godunov scheme applied to the linear wave equation (i.e. to the scheme (37) with « = 0).

Proof of Theorem 6.1: Before proving Points 1, 2 and 3, we perform some preliminary calculations.

Preliminary calculations: By multiplying (90)(a) with 2|Q;|r; and by summing with respect to i, we obtain

d as

7 Z Qilr7 = —Z Z I 1 {(u* i+ Q=g gl L ag) g = rj]ri}- (94)

i i 1",~_,~c6£2,-
On the other hand, by using (45), we obtain
Z Z IC;jl(u,. - my)r? = Z [l’,-zll* . Z |Fij|nij] =0.
i I“l-jcaQ,- i l",-j-cﬁﬁi

Moreover

D0 D Tyl mpriry = > Tyl - (g + n)lrr; = 0

i F,‘_,‘CﬁQi 21“,-,-
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since n;; + nj; = 0. We deduce from the last two equalities that

D0 Tyl mijri + rpri = 0. (95)

i F,‘_,‘CﬁQ,’
‘We have also

Z Z T |0, - )[(a; —wj) -myj]r = Z|Fij|(u*‘nij)[(ui_uj)'nij]ri+z|rij|(u*'nji)[(uj_ui)‘nji]rj

i r;jCGQ,' r,'j r,'j

which gives

D0 D Il mi) i —w)) - myglry = 01, - i) [w; = ) - mgl(r = ). (96)
i F,‘_/C(’)Q,’ rij
Moreover u u
M* Z T3 j1[ (0 +wy) - myjlr; = M* Z Z T jl(w; -y )r;
i l"ijcaQ,- i l"ijcaQ,-

by using again (45). We have also

a a
M* Z Tl Ca; - my)r; = M* Z Tyl (riw; - g5 + rjwg - mg;),
i l—‘ijCaQ,' Fij
which allows to write
a. a.
” Z [Tl [(w; +wy) - my;]r; = ” Z Tl (riwj — rjuy) -y 7
i FijCaQ,' F,‘j
At last, we have
a a a
M* Z |Tijl(ri = rjpri = M*erij|(ri—rj)ri+ M*Z|rij|("j_ri)rj-
i l",‘jC@Q,‘ Lij i
Hence a 4
* 2
M* Z Tl (ri — rjpri = ” Z [Tyl - [ri = 7y~ (98)
i I“,jCBQ,- Fl‘j

Thus, by using (94), (95), (96), (97) and (98), we find

d a.
7 Z Qilr} = - Z Z I {(ll* ~mp)[(ai =) )G =) + [(rillj —rjw) -+ |rp = r‘/|2]}-
i i F,’jCﬁQi
(99)
Let us now multiply (90)(b) with 2|Q;|u;. By summing with respect to i and by defining t;; in such a way

[(ll,‘—llj)'tij]tijI—[(lli—llj)Xn,‘j]Xnij (|t,'j|= landtijJ_nij) (100)

(see (159) in Annex A), we obtain

d
7 20l == 0 3 Il e mip i+ ) + G = rpmg] - w gl = w) -t - w)

i I; jCﬁQ,‘

+;l_;[ri +rj+ 0(M)(u; — ;) - n;j](ny; - lli)} :

(101)
28



Let us note that in 3D, t;; depends on n;;, u; and u;. On the other hand, by using the arguments used to
obtain (95) and (97), we respectively find

Z Z T (s - m)(w; + ) -w; =0 (102)
i F,'jC(’)Q,‘
and
a. a,
u2 Z ICijl(ri + ) - wi) = Z T |Crju; — rwy) - mj;. (103)
1 l"ijcaﬂ,- F,'j

We have also

Z Z Tl -y )(ri — rj)(ng - ;) = Z T (0, - ;) (r; = rj)(0;;5 - 0;) + Z T |0, - ) (rj — rp)(nj; - aj)

i r;jCGQ,' F,’j F,‘j
which allows to write

Z Z T jl(ws - my ) (ri = (05 - w;) = Z T jl(ws - my ) [(a; — ) - my](ri = ). (104)

i F,‘jCﬁQi rij
Moerover
[ a. Ay
u Z Z T [(w;—u;)-m;;](n;;-w;) = u Z [T';;l [(Ui—uj)'nij](nij'lli)JrM Z [Tl [(wj—w;)-mj;](nj;-u;)
i r,'_,'CaQ; rij rl’]‘

and therefore

DT Y zﬁ:ﬂ I L00; = w)) - i1 - wg) = 60 T ; Iyl I =) mggP. (105)
i l",-jc i i

At last, we obtain

Z Z U] o - m] [(w; —wy) - 5]t - wg) = Z T s - mg] [(u; —wy) - 51t - wg)

i I j coQ; 1"]./.

+ Z L5 s - mgif [(uj —wy) - t51(Ei - )

which gives
D0 Il [ = w)) - ]t - ) = > T T - mggl G = w)) - (106)
i F,‘jCﬁQi l"l./.

(let us note that t;; = —t ;). Thus, by using (101), (102), (103), (104), (105) and (106), we find
d
=2, = = > (i~ ) gl = ) + gl - ) -t

ti (107)
+;—; [(rjlli - ru;)) - my; + 0(M)|(u; — u;) - nij|2]} .
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Finally, by summing (99) and (107), we obtain

d
k= - Z I {2(11* L — ) - 010 = rj) + ol (o = ug) - g
o (108)

Ay
+25 [1rs= i + 00w = wj) - mgP
Moreover, we have
—20w, - mip[(w; = w)) - 1 = 7)) < ueemg) [l =l o+ = P

Thus, by using the subsonic condition (86) and since |u. - n;;| < |u.|, we obtain

ax

2
er,-—rjl .

=2, - i)l = wp) gl = ) < usc gl o - w +
By using (108), this allows to write
d Qs
== ; I {lll* - 1j (l(lli —u)) -ty — u; - uj|2) + 2 0DIW; —wj) - nij|2}-
ij

And by using (100), we obtain

d Ay
B - FZ I {—|u* i ;= wp) - mg o+ SOOI~ w) n,~,-|2}
ij

which gives

d a.
B - ; I {[MQ(M) gl |jw ) nij|2} . (109)
ij

Proof of Points 1 and 2: Let us suppose that (M) := 1 (c¢f. Point I). Since |u, - n;j| < |u.|, we obtain
d *
— E;, < 0 by using the subsonic condition (86) and the inequality (109). When (M) := lu |M (cf. Point 2),

dt Ay
we deduce from (109) that

%Eh <- FZ I {[ ol =t D = ) - 2}
ij

d
which also gives EEh <0.

Proof of Point 3: When (M) := 0, we can only deduce from (109) that

d 2
d_tEh < g T ] fos - mg] [(u; —ajy) - mgjl°.
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6.3. L?-stability in the continuous case

To have a better understanding of the importance of the convection operator in Theorem 6.1, it is inter-
esting to study the L?-stability of the 1° order modified equation associated with (90). When the mesh is

cartesian (we suppose for the sake of simplicity that the dimension is 2D), this equation is given by

L
6,q+'7‘(q+VMq=O,

q(t = 0,x) = ¢°(x)
where, in the 2D case, H is the perturbed convection operator defined by
U fAXO? 11y + u,hyAy@%yuy
1
Hq =Hgq - 3 Us AXO2 7 + Iu*,yIAyagyux
Iu*,xle(?)szuy + u*,yAyagyr
and where £, is the perturbed linear acoustic operator defined by
AxO% 1 + Ayé?%yr
a. )
Lymg=Lg- > O(M)AxO uy
2
oM )Ayayyuy.

By defining the energy with
Ei= ()= [ P+l
Td

we obtain the following result which is the continuous version of Theorem 6.1:

Theorem 6.2. Let q(t, x) be solution of (110). Under the subsonic condition (86), we have:

1) When 6(M) := 1:

.|

2) When (M) := M:

*

3) When (M) := 0:

dt

d
—E < Axlta ol (110520517 = 10514y |1%) + Aylaes | (118y10y1> = 10y04]17)

(110)

(111)

(112)

(113)

(114)

(115)

Proof of Theorem 6.2: The proof is similar to the proof of Theorem 6.1. Nevertheless, it is more simple

since the operators are continuous.
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Preliminary calculations: By multiplying (110) with g and by integrating over £, we obtain that

d
TE = 20k w0 0ain) = 2AY 1 By, Dyty) = AVl | N0yt = Al o] - 11020y
(116)

Qs 2 2 A 2 2
— 7 (AxI9:r1 + Ayl0,rI) = 2 6M) (Axld.anad® + Ayloyuy ).
Moreover, we have
—2AX e (DT, Otty) < AXfut (105 + 110520,]%).

Thus, under the subsonic condition (86), we can write that
Ay 2 2
—2Ax ”*,x(axr’ ax”x> < Axﬁnaxr” + Axl”*,xl ||ax”x” .
In the same way, we have

—2Ay s (B, Oyity) < Ay 110yl + Aluae ) 18y,

Ay
M
Then, we deduce from (116) that

d Ay Ay
T E < =Ax | 0(M) = Ju. o 10> — Ay 7700 =l 10yt l1* — Ayl y| - 10yull* — Axlut o] - 1101ty

Proof of Points 1, 2 and 3: We conclude the proof as in the semi-discrete case (see the proof of Theorem
6.1).00

6.4. A remark on the Lagrange + Projection approach

The potential loss of stability when 8(M) := 0 (see Point 3 of Theorems 6.1 and 6.2) is directly linked

to
u*,xAxaixux + u*,yAy(?%yuy

1
&(q) =5 U AXT

u*,yAyagyr
in (111) which is the non-disspipative part of the truncation error of the Godunov scheme applied to the
linear equation (85). The existence of this non-dissipative truncation error is a consequence of the fact that
the Godunov scheme is built by taking into account at the same time the convective and acoustic waves (see
Annex A). This suggests that a Lagrange + Projection approach — which consists in splitting the acoustic
and convective waves — may not have any stability problem when 8(M) := 0.

Indeed, a Lagrange + Projection approach applied to the linear equation (85) consists in computing an
estimate of the solution by solving

L
atq + Mq = 09
(Lagrange step) (117)

q(t = 0,%) = ¢°(x)
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and, then, to correct this estimate by solving

(9tq + Hq = 0,
(Projection step) (118)

Let us now suppose that we solve (117) with the all Mach Godunov scheme (73)(74) and that we solve
(118) with the Godunov scheme (i.e. with the classical upwind scheme). For this particular Lagrange +
Projection scheme, the 1% order modified equation is given by

L
8,q+‘7-(q+VMq=0,

(119)
q(t = 0,x) = ¢°(x)
where, in the 2D case, H is the perturbed convective operator
|u*,x|Ax8§xrx + |u*,y|Ay8§yr
1
Hg=Hq - 3 Iu*,xlea)zcxux + Iu*,yIAyaiyuX (120)

Iu*,xleﬁ)%xuy + Iu*,yIAyagyuy
and where £y is the perturbed linear acoustic operator defined by (112). In that case, we easily obtain:

Theorem 6.3. Let q(t, x) be solution of (119). For any (M) > 0, we have:

d
—E<0.
dr

It would be also easy to obtain the semi-discrete version of Theorem 6.3.

7. Formal asymptotic analysis in the barotropic case

We now (partly) justify Conjecture 5.1 for the accuracy question with a formal asymptotic analysis
applied to the all Mach Godunov type scheme (80)(81) when X is the Roe scheme [3]. This analysis
is classical [5, 12, 14]. The original point in the following calculus is that we clearly link this formal
asymptotic analysis to the point of view proposed in §2.5 and we describe its weakeness.

When the X scheme is the Roe scheme [3], the dimensionless all Mach Roe scheme deduced from
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(80)(81) and restricted to the subsonic case is given by (see (174) in Annex B)

d 1 a,-j
—Pit o Z |rz]| (lelz"'PjuJ) n11+M (ul] nz;)(ul uj)‘nij"‘—(Pi—Pj) :0’ (a)
a” 200 A ai; M
ij
aijj
(,0: u) + 2|Q| Z I pi(ui'nij)ui"‘Pj(uj'nij)uj+M(pi_pj)[uij"'(uij'nij)nij] (b)
i

F,jC(')Qi

pij(u;j - 1))

—pijluj - njjl [(lli —u)) X nij] Xmj+ M——"=
ij

[(u; —u)) - n;j]u;;

@it P i (W = ;) - n,-j] nij} =0

M
(121)
with px = p(pk), a;j = Dz P and
Pi—pPj
0= 0(M;;)  with  6(M;)) = min(M;;, 1). (122)

In (122), the local Mach number M;; is given by M;; = M M Thus, we can write that M;; = O(M) which

aij
means that 0
< 123
S (123)

where C is a constant of order one (since M;; < 1). Moreover, we impose periodic boundary conditions.
Let us now assume the asymptotic expansion for ¢ = (p,u)

¢ =00+ MgV + M + ... (124)

By plugging (124) in (121) and by separating the orders M~! and M", we obtain:

e Order M~': We deduce from (121)(a) that

Z il (0 = ) = .

T; j CaQ

Thus, we have Z pl(.o) Z T"; J|a(0) ( ©_ (0)) 0 which gives

i I,CoQ;

Z Iyjlal (o = o) o = 0. (125)
By permuting i and j, we obtain

Z ryjlal (0 = o) = 0. (126)
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By adding (125) and (126), we obtain
Z |F1J| a(O) (0) (0))

which implies that
Vi pgo) — p(O)(I)

and, thus, pEO) = p(o)(t) and ag?) = a(r). Moreover, we deduce from (121)(b) and (123) that
> m(p" + ") =o. (127)
F,‘jCﬁQi

Let us note that Equation (127) is equivalent to

>0 [P + P + ko ¥aO@® — u?) - myj i = 0 (128)
F,‘jCﬁQi

with « = 0. In the case of the Roe scheme — which is defined by (121) and 6;; = 1 instead of (122) —,
we obtain (128) with x = 1.

Order 0: We deduce from (121)(a) that
(0) 150 (O O . q.. ) () _ (DY _
) + 2IQ|F;Q|F,J|{,) (u +u?) -0y +a® (" - p")} = 0. (129)
ij i

On the other side, we have

Z Z |Fij|p(0) (ugo) + ug.o)) ‘N = ,O(O) Z [(ul(.o) + ug.o)) -m;; + ( O 4 u(o)) llji] =0
Lij

i I; jC{)Qi

and

ST (o7 - p0) Z'” [a® (o7 = 60) + a@ (o = p1)] = 0.

i F,'jC@Q

d d
Thus, by using (129), we obtain Z (2|Qi|d_tp(0)(t)) = 0 and therefore Ep(o)(t) = 0. In other words,

we have
vi: p”=c* (130)

and, thus, pg = C* and a(o) C*'. By plugging (130) in (129), we obtain that

ST (W +u®) g+ (ol - o)) = 0

I“l-jCGQ,-
which gives
0 0 1 1
Z it {p¥a® (u® + u®) - my; + (p"” = p\V)} = 0 (131)
F,'jC@Qi

by using the fact that (@) = p(l) /p(l)
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To summarize, we have proved that a necessary condition of validity of the expansion (124) is that ( p(l) (0)) €

R3N satisfies 0 0 . I
D {p®a® (u® + u®) - ng; + (50 - pP)) = 0,

l",-jCHQ,-
(132)
1 0 0
Z 1071 [P( ) +P '+ k0 Va (0)(11( ) 5-)) : nij] n;; =0
Fi_]'C@Q

with x = 0 in the case of the non-linear all Mach Roe scheme (121)(122). In the case of the Roe scheme,
we obtain (132) with k = 1. Thus, by defining r; := pgl) /(p@a®), we obtain that when (ri,ugo)) e RN
satisfies (132), (r;, ugo)) belongs to the kernel (39) of the discrete acoustic operator L, 5. By using Theorem
2.2 and Lemma 2.2, we obtain that the non-linear all Mach Roe scheme (i.e. (121) with 6;; = 6(M;;)) may
be accurate at low Mach number and that the non-linear Roe scheme (i.e. (121) with 6;; = 1) may not be
accurate at low Mach number.

8. Construction of all Mach Godunov type schemes for the compressible Euler system

We extend in this section the all Mach Godunov type schemes (80)(81) and (80)(84) obtained for the
barotropic Euler system (2) to the compressible Euler system (1).

The previous sections show that the low Mach number inaccuracy can be studied and cured in the
barotropic case, which underlines that the energy equation may not have any influence on this question.
This leads us to test the all Mach correction obtained and justified without energy equation to the case with
energy equation. In other words, we propose the all Mach Godunov type scheme

4P
dar| ©

pE

1
+ o= > e =0 (133)
1€2]

F,jC(?Q

PAMX

with the two possible expressions for the numerical flux (we recall that X is a Godunov type scheme):

o First expression:
0

|0 = w) - nij|ny; (134)
0

plj ij

oM = F + (0, - 1)

where (Dl?j. is the unmodified flux given by the X scheme and where

0;j = 0(M;;) with 6(M) = min(M, 1). (135)
Thus, the all Mach correction is now given by
Pijdij 0
(Hij_ 1) 112 = [(Ui—llj)'l’l,'j] n;; |. (136)
0
Let us note that we could replace (136) by
0
aijj
(Hij_ 1)7 [(,Oiui—pjllj)'nij] n;; (137)
0
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or by

0
0 — 1)% [(Piaiui —pjaua;) - nij] n;; |. (138)
0
e Second expression:
p(u-n)*
(D?]_M,X =| p*(@* -nmu* + p**n with p;‘j’f‘ =0, pl’_‘j +(1- 9@# (139)

(P"E"+ p)-m* )

where (p*,u”, E*) is solution of a 1D (linearized or non-linearized) Riemann problem.

Concerning the stability of the all Mach schemes (133)(134) and (133)(139):

These all Mach schemes — directly deduced from the barotropic case — are justified to cure the accuracy
problem at low Mach number. But, it is not obvious that the linear stability result obtained in Section 6 in
the barotropic case when the X scheme is the Roe scheme remains valid. Indeed, the energy equation is as
important as the two other equations in any stability analysis. This point will have to be studied carefully in
a future work although the numerical results proposed in Section 11 justify (133)(134) when the X scheme
is the Roe scheme.

9. Introduction of a cut-off in the all Mach correction

We show in this section that the linear all Mach Godunov scheme (71)(72) is responsible for the creation
of spurious oscillations. A direct consequence of these spurious oscillations may be the creation of non-
entropic shock waves in the non-linear case by the all Mach Godunov type schemes (133)(134). This leads
us to modify the all Mach correction (136) by introducing a cut-off in (135). We will justify this cut-off with
numerical results in Section 11.

9.1. Loss of a TVD property induced by the all Mach correction

We justify the possible creation of spurious oscillations by the linear all Mach Godunov scheme (71)(72)
with the following simple property:

Property 9.1. Let us suppose that Q = R and that TV(r® + u®) < +oco with TV(f) := Z |fi = fi—1l- Then,

the explicit scheme

rn+1 _ rn
i i Qs n A n
AL 2MAx (ufyy —uwi_y) = IMAx S (i =2 +
(140)
I/l}fH'l — I/li./l a
i i
At Q,MA (r1+1 ri l) Q,MA (ul+1 2“?4_”?—1)

verifies:
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MAx

Ay

1) When 0 = 1 and under the CFL condition At <

Yn>0: TV +u") <TVGE +u). (141)

0 0

Moreover, when v’ + u’ is a monotone discrete function, we have

Yn>0: TV +u")=TV0E" +u). (142)

MA
2) When 6 € [0, 1] and under the CFL condition At < > al

A

, we can just write that

Va>0: TVE +u™) <TVE" +u") + TV("). (143)

The first point is classical. It comes from the fact that the characteristic variables r + u are advected with
an upwind scheme when (r, u) is given by (140) with 6 = 1, and that the upwind scheme is TVD under a
CFL-like condition. The second point comes from the fact that when 6 # 1, r & u are not advected with an
upwind scheme.

A consequence of the first point of Property 9.1 is that when 6 = 1, the variables r;' + u do not present
any spurious oscillations since a TVD scheme is monotonicity preserving [16]. By cons, the second point
means that when 6 € [0, 1[, it can appears spurious oscillations on r + u, which are then transmitted to r and
u.

To illustrate Property 9.1, we study the numerical solution obtained with (140) on Q = [0, 1] when the
initial conditions are given by

P(x<05) =1, (x> 0.5)=0.1,
and (144)
W((x<05)=0 u’(x > 0.5) = 0.

Moreover, we choose a. = M = 1. We study the numerical solution before the waves reach the boundary
0Q. Thus, we impose the boundary conditions

(r,u)t > 0,x € 0Q) = (r°, u")(x € Q).

In the sequel, we choose a number of cells equal to 100.
Figures 11-16 show the numerical results when ¢ = 0, 25 obtained with (140) when 6 = 1, which corresponds
to the Godunov scheme. Figures 17-22 show the numerical results obtained with (140) when 6 = 0, which

corresponds to the low Mach Godunov scheme. These numerical results confirm that (140) creates spurious
oscillations when 6 # 1.

Proof of Property 9.1: By using (140), we easily obtain

a. At a. At
(Ji ?:11 - (Ji)lr'lﬂ = (1 - MAX) [(Ji ?+1 - (Ji):l] + m[(fi)iﬂil - (Ji)?xl]
(145)
a.At
(0= Dol = i) = 206,y — ) + (6 = )]
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MAx

where (J.)! := r! + u}. This relation allows us to easily obtain (141) when 6 = 1 and Ar < . Letus

A
now suppose that
Vi: (Jo)iy < (Jo)f or Vi: (Jo)i, = (Jo)7. (146)

i+1 i+1

Thus, we deduce from (145) that

Vi (o)l < (g or  Vi: (JOM >

i+1 = i+1 =

MAx

when 6 = 1 and Ar < . And, by using again (145), we finally obtain

ax

a, At
MAx

TV (™) = (l—a“”)TV«Lgﬂ+- TV ((J2)")

MAx

TV((J2)").

Let us now suppose that 6 # 1. In that case, (145) implies that

At a, At 2a.At
n+l) _ ax ‘ * n _ * n
TV (™) < ( L=l 2| TV (@) +10 = IS Z=T V"),
MA
which allows to obtain (143) when 6 € [0, 1[ and Ar < x. O
A

9.2. Introduction of a cut-off in the all Mach correction

The spurious oscillations created in the linear case when 8 # 1 will be also present in the non-linear
case (1) (or (2)). For example, when the initial conditions of the compressible Euler system (1) are defined
by the Riemann problem

PP(x <0) =py, PO(x < 0) = pr,
PP(x <0) = pp, and p(x > 0) = pg, (147)
W(x<0)=0 (x> 0)=0,

the behaviour of the pressure and of the velocity in the vicinity of (t = 0, x = 0) is conditionned by the linear
wave equation. Thus, the numerical results in the vicinity of (f = 0, x = 0) obtained with a non-linear all
Mach Godunov type schemes (133)(134) will be similar to those obtained on Figures 11-16 with the linear
all Mach Godunov schemes (71)(72), that is to say will include similar spurious oscillations.

When the Mach number remains close to zero (that is to say when |pg — prl/pr < 1 in the case of the
Riemann problem (147)), these spurious oscillations are not a difficulty. But, when the Mach number
increases, these spurious oscillations may become non-entropic shock waves. This leads us to replace
6(M) = min(M, 1) in (135) by 6,(M) with

O, M)y=M if M<a,
where a €]0, 1] (148)

0.(M)=1 if M>a
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Fig. 11: r(t = 0.25, x)
6=1

:

Fig. 14: u(t = 0.25, x)
=1
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Fig. 17: r(t = 0.25, x)
6=0

;

Fig. 20: u(t = 0.25, x)
0=0
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Fig. 12: (r —u)(t = 0.25, x)
6=1
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Fig. 15: (r + u)(t = 0.25, x)
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f

Fig. 18: (r —u)(t = 0.25, x))
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Fig. 21: (r + u)(t = 0.25, x)
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Fig. 19: TV(r — u)(¢)
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Fig. 22: TV(r + u)(t)
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(see Figures 23-24) in order to dump the spurious oscillations when the Mach number become larger than
a. This means that we introduce a cuz-off in the all Mach correction (136).

Let us note that « in (148) has to be of order one to keep the accuracy of the all Mach Godunov type schemes
(133)(134) at low Mach number and, at the same time, has to be less than one to keep enough numerical
viscosity to dump the spurious oscillations. The numerical results proposed in Section 11 justify this cut-off
and show that @ = 1/2 is a good choice in the case of the Sod tube problem. Nevertheless, the choice of o
remains heuristic at the present time.

) Ba
I 1-—----
|
|
|
|
|
1 |
0 1 M 0 o 1 M
Fig. 23: (M) (i.e. without cut-off) Fig. 24: 6,(M) (i.e. with cut-off)

9.3. Conjecture about the stability and accuracy of the all Mach Godunov type schemes
The previous numerical results incite us to improve Conjecture 5.1 in the following way:

Conjecture 9.1. Let us suppose that the Godunov type scheme X applied to the barotropic Euler system (2)
is stable for any Mach number lower than 3 (with B > 1), and is accurate when the Mach number belongs
to [, B] (with a €]0, 1[). Then, in the periodic case and with or without shock wave, the non-linear schemes
(80)(81) and (80)(84) are stable and accurate on any mesh type and for any Mach number which belongs
to [0, 8] when O(M) is replaced by 6,(M) in (81) or (84).

Let us note that we restrict this conjecture to the barotropic case. Indeed, the stability and the accuracy (at
low Mach number) have been justified only in the barotropic case (2) (and when X is the Roe scheme [3]:
see Sections 6 and 7). Thus, it remains to obtain similar results in the case of the compressible Euler system
(1). Nevertheless, the numerical results proposed in Section 11 (and those already obtained in [8] when the
Mach number is low) allow us to expect that Conjecture 9.1 is also valid in the case of the compressible
Euler system (1) when we replace (80)(81) and (80)(84) with respectively (133)(134) and (133)(139).

10. Other all Mach schemes

The analysis used to justify the all Mach correction (136) is not limited to Godunov type schemes
applied to the compressible Euler system (1). For example, the previous analysis applied to the Rusanov
scheme [17] would lead us to use the all Mach correction (137) with a;; replaced by |4;;| := max(|u;; - n;; —
a;jl, la;; - m;; + a;;|) in order to define the all Mach Rusanov scheme

P
d 1 AM,Rusanov __
al ™ i Z ILij1D;; =0 (149)
pE ! F,'jCﬁQi
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with

0
. y Aij
(D;?M,Rusdnov — (I)Susdnov + (eij _ 1)|2_]| [(piui _pjuj) . nij] n;; (150)
0

where CD%“““O" is the unmodified Rusanov flux and where 6;; = 6(M;;) or 6;; = 6,(M;;) (6(M) and 6,(M)
are defined by (135) and (148)). We could also formally justify the non-linear all Mach Rusanov scheme
(149)(150) with a formal asymptotic analysis similar to the one used to justify the all Mach Roe scheme
(121).

In the same way, when the mesh is 2D cartesian with Ax = Ay, the all Mach Lax-Friedrichs scheme is

given by
af I AMLLF
= pu | +— z:uy@“’ =0 (151)
dt €| Y
PE ), I;;CoQ;
with
A 0
X
QG = OFF + (6 = Do | |G — pjup) - mig|my (152)
0

A
where d){er is the unmodified Lax-Friedrichs flux [18]. In (152), A—J; is equal to max(|uy;+al, |uy;+a;|)/CFL
l
with CFL < 1.

Concerning the stability of the all Mach schemes (149)(150) and (151)(152):

As in the case of the Godunov type schemes applied to the compressible Euler system (1) (see Section 8),
the stability of these all Mach schemes will have to be carefully studied.

Let us also note that a Lagrange + Projection type scheme can also be corrected with a similar low Mach
correction, and that the stability of this type of scheme should not be affected by the all Mach correction:
see $6.4.

11. Numerical results

We study the behaviour of the all Mach Roe scheme (133)(134) (i.e. X is the Roe scheme [3]) when the
initial conditions are those of the Sod tube problem that is to say

P(x<0.5) =1, p%(x > 0.5) = 0.125,
Pl(x<0.5) =1, and p(x>0.5)=0.1, (153)
u’(x<05)=0 u’(x > 0.5) = 0.
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Moreover, we suppose that the fluid is a perfect gas whose adiabatic constant vy is equal to 1,4. The domain
Q is equal to [0, 1] and we study the numerical solution before the waves reach the boundary Q. Thus, we
impose the boundary conditions

(, p.u)(t > 0, x € 0Q) = (p°, p°, u®)(x € 6Q).

We discretize the time operators in (133) with a first order Euler scheme, and the global scheme is explicit.
Thus, the time step At is linked to the mesh size Ax through a classical CFL condition. The reference
solution is obtained by using the Roe scheme with a number of cells equal to 10*.

11.1. Numerical results without cut-off
We test the all Mach Roe scheme (133)(134) without cut-off i.e. with 8(M) given by (135).

Figures 25-28 show the results when ¢ = 0, 2 and when the number of cells is equal to 10*. These results
show that the all Mach Roe scheme is stable and is accurate in a large part of the domain Q. Nevertheless,
the all Mach Roe scheme produces non-entropic shock waves in the vicinity of the foot of the rarefaction
wave, where the Mach number is of order one (we recall that the Mach number is equal to |u|/ \/yp/p for a
perfect gas). These non-entropic shock waves do not disappear when the mesh is refined.

These results show that we have to improve the all Mach Roe scheme (133)(134) to avoid the creation of
non-entropic shock waves.

11.2. Numerical results with cut-off

The spurious oscillations obtained on Figures 17-22 — and justified by Property 9.1 — are responsible for
the non-entropic shock waves obtained on Figures 25-28.

This leads us to replace in the all Mach Roe scheme (133)(134) the function (M) = min(M, 1) by 6,(M)
defined by (148) (see Figures 23-24) in order to avoid the non-entropic shock waves. This means that we
introduce a cut-off in the all Mach correction (136).

Figures 29-32 show the numerical results for the Sod tube problem (when ¢ = 0,2 and with 10* cells)
obtained when the all Mach Roe scheme (133)(134) uses 6,(M) with @ = 1/2. We see that the non-entropic
shock waves have disappeared (compare with Figures 25-28).

Figures 33-36 compare the results obtained with the Roe scheme and with the all Mach Roe scheme with
cut-off (@ = 1/2) when the number of cells is equal to 100. We see that the accuracy of the all Mach Roe
scheme 1is better than the one of the Roe scheme in the rarefaction wave, which underlines that the numerical
dissipation of the Roe scheme is too high in the rarefaction areas.

Let us note that the discontinuity of the derivatives where the Mach number is equal to 1/2 with the all
Mach Roe scheme (see Figures 33-36) is due to the non-regularity of the cut-off 6,(M) defined by (148) (we
recall that @ = 1/2 in the present case). But, this does not affect the accuracy of the numerical results (this
discontinuity disappears when the number of cells increases: see Figures 29-32). Nevertheless, we could
make disappear this artefact when the number of cells is low by regularizing the cut-off.
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Reference solution
AM Roe scheme without cut=off ——

R B TR T
o
Fig. 25: p(t = 0.2, x)
Reference solution
AH Roe schene without cut-off ——
a.1 a.2 a.3 8.4 8.5 8.6 8.7 8.8 8.9

Fig. 27: u(t = 0.2, x)
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Reference solution
AN Roe scheme without cut-off ——

. -
Fig. 26: p(t = 0.2, x)
Reference solution
AH Roe schene without cut-off ——
8.1 8.2 8.3 8.4 a.5 8.6 a.7 a.8 8.9 1

Fig. 28: Mach(t = 0.2, x)



eference solution
AN Roe scheme with cut-off = 8.5 ——
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Fig. 29: 2
ig. 29: p(r = 0.2, x)
Reference solution
AM Roe scheme with cut-off = 8,5 ——
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Fig. 31: u(t = 0.2, x)

Reference solution
A Roe schene with cut-off = 8.5 ——
e schene

a a.1 a.2 a.3 8.4 8.5 8.6 8.7 8.8 8.9
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Fig. 33: p(t = 0.2, x)
Reference solution
AN Roe schene with cut-off = 8.5 ——
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Fig. 35: u(t = 0.2, %)
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Reference solution
AN Roe scheme with cut-off = 8.5 ——

;] 8.1 8.2 8.3 8.4 8.5 8.6 8.7 2.8 8.9 1
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ig. 30: p(t =0.2,x)
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AM Roe scheme with cut-off = 8,5 ——
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Fig. 32: Mach(t = 0.2, x)
Reference solution
AH Roe schene with cut-off = 8.5 ——
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Fig. 34: p(t = 0.2, x)

Reference solution
AN Roe scheme with cut-off = 8.5 ——
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Fig. 36: Mach(t = 0.2, x)
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12. Conclusion

Through the study of the linear wave equation discretized with a Godunov scheme, we have proposed
a simple all Mach correction to apply to any Godunov type scheme solving the compressible Euler system
to make this scheme accurate in the incompressible regime as well as in the compressible regime. We have
named this modified scheme all Mach Godunov type scheme.

The short time behaviour of the solution of the first order equivalent equation associated with the all Mach
Godunov scheme applied to the linear wave equation justifies this correction when the mesh is cartesian. In
the non-linear barotropic case and when the Godunov type scheme is a Roe scheme, we justify this approach
with a formal asymptotic expansion. At last, a linear stability result shows that this all Mach Roe scheme
should be stable in the non-linear barotropic case.

We have proposed numerical results which justify this approach in the case of the compressible Euler system
when the Godunov type scheme is a Roe scheme. Nevertheless, these numerical results underline also that
when the Mach number is of order one, the all Mach Roe scheme may produce non-entropic shock waves
when the proposed correction is not limited by a cut-off. On the other hand, the all Mach Roe scheme with
or without cut-off remains accurate when the solution is smooth.

We justify this cut-off in the 1D linear case by showing that the all Mach correction has an impact on TVD
properties. Nevertheless, it remains to justify it in the non-linear case by studying the entropic properties of
the all Mach Godunov type schemes with or without cut-off.

At last, the proposed theoretical results have been obtained in the periodic case. Since the aim of this study
is to obtain all Mach Godunov type schemes that can be applied to the modelling of a nuclear core and
since a nuclear core is not a periodic domain, we will have to study the influence of non-periodic boundary
conditions on the accuracy and stability of these all Mach Godunov type schemes.

A. The linear Godunov scheme in the subsonic case

The linear equation

B+, Vg +3-Lg =0 (154)

may be written with
0iq +Ax0q +Ay0yq+A0,g=0

where
wex 300 0 ey 0 3% 0 ., 0 0 3
ax
| % w. 0 0 10wy, 0 0 |0 w. 0 0
Ax 0 0 w, o | M G 0y, 0 and 4, 0 0 wu. O
0 0 0wy 0 0 0 sy a—AjI 0 0wy

The one-dimensional Riemann problem associated with this equation in the direction n := (n,, n,, n)' is
defined by
drg + Amd,q =0,

. 155
q<z=0§>={6‘““<0’ Y
4

qrif >0



where A(n) = An, + Ayny, + A;n, that is to say

_ 0 4
A(n)_(u*-n)1+(ﬁ_/}n 0 )

1 being the identity matrix in R**. The eigenvalues of A(n) are given by

a a
Al =u, - n, Ay = u, - N, AL=u, -n-— — and Add=u,-n+—.
M M

The associated unit eigenvectors are given by

0 0 1 1
qal=(ta), qh:(tb), q@:y( _n) and cm4=7(n)

where 72 = 1/2 and (t,, t,, n) defines an orthonormal basis of R3. Thus, the eigenvector matrix P is given

by
P ( 00 vy vy )
t, t, —yn yn

and we find that

0 !
T
0 t,
Pl'= 1 nf
2y 2y
1 nf
2y 2y
Thus, we have
u, -n 0 0 0
0 u. -n 0 0
Am):=P'AMP=| o o g .n-Z 0
M
0 0 0 W, -n+ —
Then, by defining w := P~'g which gives
t,-u
w1 tb -u
w2
w = = 1 R
w3 2—(r —u-n)
Wy Y
! (r+u-n)
— r .
2y
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System (155) is equivalent to
ow + A(m)dyq = 0,

Wit =0.0) = wp if £ <0, (156)
) we if{>0.
By supposing that
u*-n—%<0 and u*-n+&>0
M M
which is in particular satisfied when
a. . .
[u,| < ” (subsonic condition),

the solution wR? := w(t > 0,7 = 0) of (156) is given by

wipifu,-n>0 or wipifu,-n<0
gp | w2rifu,-n>0 or wypifu,-n<0

W3R

WL,

Thus, since A(n)grp = PAwgp, we obtain that

y(u* -n - ;Z‘_;)WB,R +)’(ll* -n+ ?_‘;)WALL
A(m)grp =

ta[wi (U - m)* + wi g - )]+ tp[wo (U - )T+ wor(U. - m)7]

0

+
(2 ay
— U, -n— —|w n+ U, -n+ —|wagn
7( M) 3R y( M) 4L

By noting that

{ (ug - t)t, + (ug - tp)t, =uz — (uz - n)n,
(ug - t)t, + (ug - tp)t, = ug — (ug - N)n,

we finally obtain that

1
E(u* ‘m)[rp + rg + (ug —ug) - nj
Am)grp =

1
5(“* ‘m)[(u, +ug) -n+r,—rgln+ (u,-n)" [uy — (uz - n)n] + (u, -n)” [ug — (ug - n)nj

[ (llL+llR)-Il+l"L—rR ]
(23

[rp + g + (uz —ug) -nln
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which is equivalent to

(w,-m) [rp +rg + (uy —ug) - nj
A(m)grp = 3
(u, - m) [(ug, +ug) + (rp — rg)n] = [u, - n|[(u; —ug) Xn] Xn
{ (llL+llR)'Il+rL—l’R
+ *
M [rp +rg +(ur —ug)-nln

by noting that

(u, - m)[(uz + ug) - nn + 2 {(u, - n)*[uy — (uz - n)n] + (u, - n)"[ug — (ug - n)n}}
= (w - n)(ug + ug) + [, - 0| {(uy —ug) — [(uy — ug) - njn}

= (u. -m)(uz +ug) — [u, -nf[(uy —ug) XN xXn

since
v=(v-mn—-(vxn)xn forany veR. (157)

Moreover, by integrating (154) on €; and by applying the Gauss law, we obtain

d
= fg | gt x)dx + ) fr A(n;j)qds = 0.

F;_,c{)Q,- ij

By supposing that g(z,x) is constant and equal to g;(¥) in €); and by approximating the flux A(m)g with
A(n;j)qrp;; on each edge I';;, we obtain the (semi-discrete) Godunov finite volume scheme

d
Qg+ ), 005" =0
FijC(')Ql‘
where

(ll* 'Il,'j) [}’i + rj + (l.ll' —llj) 'Ilij]

QU .=
1] :
(u, - m;)) [(ui +u)) +(ri — i’j)nij] = |u, - nj [(lli —uj) X nij] X

(158)

4 (lli+llj)'llij+l"i—l"j

2M

[}’i +rj+ (u; — llj) . Ilij] n;;
Let us remark that by using (157), we can define t;; in such a way
[(lli -u))- tij] tij=(u—uy) - [(lli -u))- nij] nj; = — [(lli —uj) X nij] xm;j (Il = Land t;; L ny).

(159)
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Thus, (158) is equivalent to

(u, - n;j) [Fi +rj+ @ —uy)- nij]

ool = L
1] ° 2
(u, - n;)) [(lli +u)) + (ri — rj)nij] + |u, - nyj [(lli -u;)- tij] t;;
(160)
a (u,'+uj)-n,'j+r,~—rj
+
2M

[I’i + rj + (lll' —llj) 'Ill'j]n,'j

The problem with (160) is that in 3D, t;; depends on u; — u; which leads to think that (160) is non-linear.
As a consequence, we prefer to use (158) in 3D. Nevertheless, t;; only depends on n;; in 2D. Thus, we can
use (158) as well as (160) in 2D. At last, in 1D, the transverse diffusion does not exist, and we can use (160)
with t;; := 0. In this paper, we use (158) except in the proof of Theorem 6.1 where (160) is used.

B. The all Mach Roe scheme in the barotropic and subsonic case

We firstly construct the Roe scheme applied to the barotropic Euler system (2) when the flow is subsonic.
Then, we explicite the all Mach version of this scheme deduced from (133) and (134). Finally, we write the
dimensionless version of this all Mach Roe scheme used in the asymptotic expansion proposed in Section
7.

B.1. The Roe scheme in the barotropic and subsonic case
Let us apply the finite volume scheme

ifﬂ(t,x)dx+ Z ff(fu)-nds:o (161)
dt Q; rijC()Qi r,'_/'

to the barotropic Euler system (2) written in 3D. In (161), U := (p,pu)’ and the flux £(/) is the 4 x 3
matrix

T
_ ru _.
£(U) = ( sl ) = (£, 1.)
(1 is the identity matrix in R¥?). Thus, the flux in the direction n is defined by
pu-n pu-n
3 | puxu-n+pn, |
f(U) -n = (nfy + nyfy + n L) (U) = puu-n+pn, |~ | p-n)u+pn

pu UM+ png
The Roe scheme is an approximation of (161) given by
QiU+ D Tl =0 (162)
T;;CO0;
where d)f}‘)e is an approximation on the interface I';; of f(2) - n. Since the Roe scheme is an upwind scheme
[19], (1)506 is given by
(U + U VA, (U U]

n;;
2 50 2

O = (U - U, (163)



DE(U) - n;;
In (163), An,;(U;, U;) is an approximation on [';; of the jacobian matrix Ap,;(U) := # More pre-

cisely, An,.j(‘L(i, U;) = Ay, j(‘Lli ;) where U;; is an average state on I';; which will be defined latter. Moreover,

4

for any (Ur, Ug,n), |An(UL, UR)| := Z |[Ak|rr ®1; where A are the eigenvalues of A (UL, Ug), associated
k=1

with the left eigenvectors I; and to the right eigenvectors ry such that 1, - r, = ,,, (6, is the Kronecker

symbol). The jacobian matrix A, () is given by
0 n’

An(U) = = A.

an—(u-n)u u®n+@-n)l

In order to find the eigen elements of A, let A be an eigenvalue and q := (g1,g2,93,94)" an associated
eigenvector, and let us define qq := (¢2,¢3,¢4)" . Then Aq = Aq is equivalent to

A1, (164)
Aqu. (165)

qu N

[azn—(u-n)u]ql +(qu-mu+ (u-n)qy

Taking the dot product of (165) with n and replacing q - n by its value from (164), we obtain
[a2 —(a- n)2 — /12] q1 +2Agiu-n =0,
which implies that either g; = 0 or A solves
2 -2u-n-d*+@u-n? =0,

the solutions of which are 4; = u-n—a and A4 = u-n+a. When ¢g; = 0, then (164) implies that q,-n = 0 and
then, (165) implies that 4 = u - n is an eigenvalue with multiplicity two. Let t, and t; be such that (n, t,, t;)
is an orthonormal basis of R®. Then, the condition qy - n = 0 implies that two eigenvectors associated with
A3 =0arer; = (0,t,)" and r3 = (0,t,)". When A = A, then replacing q, - n by (u-n—a)q; in (165)
yields (azn - au) q1 + aqy = 0, and thus an associated eigenvector is r; = (1,u — an)’. In the same way,
we find that an eigenvector associated with A4 isry = (1, u+ an)”. Let P be the matrix of right eigenvectors

( 1 0 O 1 )
P = .
u—-an t, t, u+an

We have

1 Lumn n’
2 2a 2a

—t,-u t!

pl=

—t,-u t]
1 u-n nf
2 2a 2a



Letus define A = P"'AP, the diagonal matrix of the eigenvalues of A, and denote by |A| := diag(|41], |12], |43], |14]).
Thus, we have |A| = PJA|P~!. In the subsonic case, it holds that [1;| = @ —u - n and |A4] = a + u - n, so that

a (u-n)? (a—u-n) ;
- — - n

2 2a 2a
1 —|ju-njt, - u lu - n|t]
AP =
—|u-njt, - u lu-njt]

a (u-n)? (@a+u-n) ;
n

2 2a 2a

FRCI
(u-n) ,HnT). The lower left 3 x 1 block of

The first line of |A| is easy to compute and is equal to (a -
a a

|A] is equal to

[a (u-n)?

a (u-n)
2 2a

(u+an) =

2 2a

](u—an)—|u~nl(ta-uta+tb-utb)+

(u-n)?

u+u-n(uxn)xn

since every vector v € R3 may be written v = (v-n)n + (v - t,)t, + (v-tp)t, = (v-n)n — (v X n) X n. Finally,
the lower right 3 x 3 block of |A| is equal to

a—u-n a+u-n
—g(u—an)®n+|u-n|(ta®ta+tb®tb)+g(u+an)®n =
2a 2a
u-n
—u®n+an®n+|u-n(l-n®n)
a

since it holds thatn®n + t, ® t, + t, ® t;, = 1. The final expression of |A,(U)| = |A| is thus

2

(u-n) u-n_,
a-— —n
a a

|An(U)| = ) .
[a—(u n) utfu-n@xmxn “luen+(@-lu-n)nen+u-nl
a

The matrix |An(Uz, Ug)| in (163) is defined by

|An(Ur, Ur)l = |An(ULr)
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where U g is computed with the Roe average state [19]

PLR = PLPR;

" \/p_Lux,L + \/p_Rux,R
LR = ,
: VL + NP

" VoLy.L + \PrUyR
’,LR = ’
: VPL +

" \/p_Luz,L + \/p_R”z,R
LR = ,
‘ VoL + \pPr

a%R = ap

Ap

with the notation A(-) = () — (-). Now, we have to compute |A,(Uz, UR)| - (Ap, A(pu))”. One of the
features of the Roe scheme is that the mean states (orr, uzr) satisfy the relation

A(pu) = prrAu + (Ap)ugg.
Therefore, the first element of |A, (U, Ur)| - (Ap, A(pw))! is equal to

2
Uk - N Uk - N Up - N
(aLR _ (uzg -m) ) Ap + LR LR

A (pll) ‘n= aLRAp + PLR Au-n (166)

arr arr arr

while the last three elements of |An(Uz, Ug)| - (Ap, A(pu))T are equal to

2
AP{ arg — M} uzg + [urg - m| (uzg X n) X n} +
arr
usr-n
A(pu) -n L A(pu) -n(arg — [uzg -n))n + [uzg - njA (pu). (167)
LR

Now, we use the following equalities

2
Wz n W -n Wz n
R e+ A Gow) 2 P = prdu 02 Dy (168)
arr arRr arr
on the one hand, and
Aplugg -m|(azg X ) Xn + |uzg -njA(pu) = Apluzg -n|[(urg X n) X0+ uzgr] + prrlurg - n|Au

Apluzg -0l (uzg - n)n + prrlug - njAu

(169)
and
A(pw) -n(arg — [ugg -n))n = (urg - nAp + prrAu - n) (arg — ugg -n)n (170)
on the other hand. From (168)—(170), we obtain that (167) is equal to
usr N
arrAp urg + prrAu-n KR ap + PLRIULR -MAU + a;puzg - nAp n

arr
—prrluzg -nj(Au-n)n + arrprr (Au-n)n

u/r-N
= (aLRAP +pLrRAU - n ) uzg +arg (ug - nAp + prrAu - n)n

arr
—prrluzg - n| (Au X n) X n.
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Gathering (166) and (171), we obtain that

1 0 uR-n 1
[An(Ur, UR)l - (Ur —UL) = aLRAP( Wk )+GLR(ULR'H)AP( n )+PLR LR Au-n( )

arr usr
0 0
torrargAu-m{ | = prelucg - 0| (Auxm)xn |’
(171)
Thus, by using (162), (163) and (171)) we obtain
d 1 Pij -
—pit+ 5= Z ITij1 4 (piw; + pjuy) - my; + —(w;; - m)(w; —uy) - ny; + a;j(pi —pj) ¢ =0, (a)
dt 2| S0, aij
ij i
d 1
—(piw) + — 1] {Pi(ui ‘M) + pj(u; - mipa; + aij(ei — pj) [uij + (g - nij)nij]
dt 2|19
F,‘jC(')Qi
—pijlw;j - njjl [(lli —uj) X nij] Xmjj + % [(Ui —-uj)- nij] u;; (b
ij
+ [Pi +pj+pijaij(u; — ;) - nij] nij} =0
(172)
with py = p(px) and a;; = Pi p].
Pi—Pj

B.2. The all Mach Roe scheme in the barotropic and subsonic case

We deduce from (133), (134) and (172) that the all Mach Roe scheme in the barotropic and subsonic
case is given by

d 1 Pij
—pit+ 5 I {(Piui + pu5) - mjj + = (uy; - M)W — ) -y + a(p; —Pj)} =0, (@)
dt 2|Ql‘| .50, aij
ij i
d 1
7 (piui) + 200 I {pi(ui M)W+ p (- + a;ii(pi — pj) [uij + (u; - nij)nij]
! F,‘jC(?Q,‘

pij(u;j - njj) [

ar (u; —u;) - nij] u;; (b)

—pijluij - njjl [(lli —uj) X nij] Xmjj +

+ [p,' +pj+0ijpijaij(u; —u;) - nij] nij} =0
(173)

u‘ .

with 6;; = 6(M;;) := min(M;;, 1) and M;; = M The difference between (172) and (173) is only in the last
a,-j

term of the left hand side of (172)(b) and (173)(b).
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B.3.

Dimensionless version of the all Mach Roe scheme in the barotropic and subsonic case

The dimensionless version of (173) is obtained by replacing in (173) p;, p; and a;; respectively by

pi/Mz, pj/M2 and a;;/M where M is an order of the local Mach number M;;. This gives

T TTO Z I {(Pilli +pup) - i+ M= (w;; - mj)(w; — w;) - mg + ﬁ(ﬁi —/Oj)} =0,
! I“,-jcc?Ql- al‘]

d 1 aij

d—t(Pilli) + 2 Z T3l {pi(u; - mjpu; + pj(u; - mipu; + M(Pi —pj) [uij + (uj; - nij)nij]

T jC@Q[

pij(u;j - 1))
—pijlu;; - njl [(lli —u;) X nij] Xn;j + MT[(W —uj) - n;jlu;;
ij

@
M

1
+ W(pi +pj) + —pijaij(a; —u;) - ni/] nij} =0

(174)
|

with eij = H(Mij) = min(Mij, 1) and Mij = M—

aijj
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