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CHECKERBOARD MODES AND WAVE EQUATION

STEPHANE DELLACHERIE*

Abstract. Checkerboard modes are unphysical oscillations that sometime appear when the
incompressible Navier-Stokes system is solved with a colocated scheme. In this paper, we study
the rate of dissipation of these modes when the pressure and the velocity are solution of the lin-
ear wave equation solved with a Godunov scheme on a cartesian mesh. More precisely, we show
that the checkerboard modes are the fastest diffused modes when we use the Godunov scheme in
monodimensional geometry and that they are constant modes when the Godunov scheme is modified
by centering the discretization of the pressure gradient. This study underlines that, on a cartesian
mesh, the checkerboard modes do not exist at low Mach number when the compressible Navier-Stokes
system is solved with a Godunov type scheme and may appear at large Reynolds number when the
Godunov type scheme is modified to obtain an accurate scheme at low Mach number.
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1. Introduction. Many numerical experiments show that Godunov type schemes
applied to the numerical resolution of the compressible Euler or Navier-Stokes system
are not accurate at low Mach number [12, 13, 14]. Some recent results show also that
this inaccuracy is more important on a quadrangular mesh than on a triangular mesh
[17]. Moreover, other colocated schemes suffer from this loss of accuracy at low Mach
number [19]. In [6], we have shown that the inaccuracy of Godunov type schemes
applied to the compressible Euler system at low Mach number can be explained by
studying the equivalent equation solved on [0, +-00[x§ (where Q C R?, d € {1,2,3})

L
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q(t =0,2) = q"(x)

L
associated to the Godunov scheme applied to the linear wave equation 0;q + 7= 0

Z ), %q: % gru ) The constant a is
a strictly positive constant of order 1 and M < 1 is the Mach number (a/M is the
sound velocity). The unknows r and u are respectively the pressure perturbation and
the velocity of the fluid. Moreover, the term B,q is linked to the numerical diffusion.

In 3D, it reads

on a cartesian mesh. In (1.1), ¢ := (
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where v, = vy, = Vpum 1= af—ﬁ (Vnum 1s the numerical viscosity, Az is the space step

supposed to be identical in each direction and Ar is the laplacian operator applied to
r). More precisely, we have linked the inaccuracy of Godunov scheme in the case of
the linear wave equation to the following invariance property verified by the spaces

e={q:=( " ) e (L2(T?)* such that Vr =0 and V-u =0},
u

&t = {q = ( Z ) € (L?(T4))'*4 such that /Td rdz =0 and 3¢ € HY (T, u = V¢
(1.3)
where the Hilbert space (L?(T4))!+4 .= {q = ( Z ) such that /I[‘d ridz + /]I"i |ul|[Pdz < —l—oo}
is equipped with the classical inner product (g1, qe) = fw q1qodzx:

LEMMA 1.1. We have:
1) when Q = T4=1: VI > 0, the spaces & and &+ are invariant for the equation (1.1);
2) when Q = TI€{2:3}: WK > 0, the spaces & and &L are invariant for the equation
(1.1) if and only if v, = 0.

In (1.3) and in the lemma 1.1, T¢ is the torus T% := [a1,b1] X ... X [ag, bg] in R? (in
other words, we apply periodic boundary conditions on 9Q) and vy, := (Vy, )k=1,...d-
Let us note that the spaces € and &+ verify [3, 15]:

LEMMA 1.2.
E@ &t = (LA(TH)™  and & L&
In other words, any q € (L*(T%))'*¢ can be decomposed with
¢g=q+q" where (G qt) e & x et (1.4)

and this decomposition is unique. Thus, we can define the projection P — named Hodge
projection — with q := P(q).

The Hodge decomposition (1.4) allows to define the energies

E = |lq|* = total energy,
Eine = |[g]|> = incompressible energy, (1.5)
E.. = |l¢*||* = acoustic (or compressible) energy.

Let us remark that E = F;,. + E4e since & L &L, The lemma 1.1 shows that the
1D-case and the 2D(or 3D)-case are very different: this difference is due to the fact
that, when v, # 0, the velocity diffusive term in (1.2) is isotropic if and only if the
space dimension is equal to one. The lemma 1.1 allows to write the following theorem:

THEOREM 1.3. Let q(t,z) be solution of (1.1) on Q = T4€{1:2:3} " Then:
I =P(")l[ =0) = llg=P(°)l[(t > 0) = O(M) (1.6)

if and only if one of the two following conditions are valid:
1) Q =T=! gnd K > 0;
2) Q =T33} £ >0 and v, =0.
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The theorem 1.3 means that if we modify the Godunov scheme applied to the lin-
ear wave equation by deleting the numerical diffusion on the velocity equation, this
modified Godunov scheme should not create any spurious pressure waves of order
O(MAz). This condition is a necessary condition to obtain an accurate scheme at
low Mach number [6, 12, 13, 14]. Then, we have proposed to extend the theorem 1.3
to the non-linear case and to any colocated scheme with the following conjecture [6]:

CONJECTURE 1.4. Let X be a colocated scheme of Godunov type (X = Roe for
example) or not (X = kinetic scheme for example [16]) applied to the compressible
Euler system on any 2D (or 3D) mesh. We suppose that the scheme X is stable at
low Mach number. Let us modify the scheme X in using the center differences:

1) to discretize the momentum fluz;

2) or to discretize only the pressure gradient in the momentum flux when it is possible
(X = VFRoe [}, 11, 13, 14] or X = FDS [1, 5] for example).

Then, at low Mach number:

i) the modified X scheme remains stable;

it) the modified X scheme does not create any spurious pressure wave of order O(M Ax)
and, thus, is accurate at low Mach number.

This modified X scheme is named “low Mach X scheme”.

In [6, 7], we have justified the conjecture 1.4 with numerical results. Nevertheless,
we do not have studied the problem of checkerboard modes. These modes are not
the spurious pressure waves mentioned in the conjecture 1.4. They are unphysical
oscillations that sometimes appear when the incompressible Navier-Stokes system is
solved with a colocated scheme [2, 9, 10]. We want to study the possible existence
of checkerboard modes at low Mach number when the compressible Euler or Navier-
Stokes system is solved with a X scheme of Godunov type or with a low Mach X
scheme. Nevertheless, we again limit the analysis to the case of the linear wave

L
equation 0;q + Mq = 0 solved on a cartesian mesh with a Godunov scheme. We will

consider the boundary condition (instead of periodic boundary conditions)

Vr(t,z) -n(z)lao =0, (a)
(1.7)
u(t,z) -n(z)loa =0  (b)

where n(z) is the outer normal on the boundary 0€2. Let us note that for regular

L
solutions of 0,q + ik 0, (1.7)(a) is a consequence of (1.7)(b).

2. Checkerboard modes on a cartesian mesh. We now clearly define the
checkerboard modes. Let us underline that this notion has a sense only at the discrete
level. This is not the case for the spurious pressure waves mentioned in the conjecture
1.4. This means that we have to define the spaces & and &L at the discrete level,
and that we cannot study the notion of checkerboard modes by studying the equation
(1.1) at the continuous level.

2.1. Definitions and basic properties at the continuous level. As we solve
the linear wave equation with the boundary condition (1.7), the definition (1.3) has
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to be replaced by

= {q = ( Z ) € (L3(2))**? such that Vr =0,V - u = 0 and u(x) - n(z)|aq = 0

(2.1)

and
et = {q = ( Z ) € (L*(€))**? such that / rdr =0 and 3¢ € H'(Q),u = V¢} .
! (2.2)

Let us note that € = KerL. Of course, the Hodge decomposition — see lemma 1.2 — is
valid when (1.3) is replaced by (2.1) and (2.2). At last, we recall the classical relation

(u, Vry = —(V -u,r) + / ru - ndo. (2.3)
o0

In the sequel, we will write the definitions (2.1)(2.2) and the relation (2.3) at the

discrete level in the 1D-case. We will also obtain the discrete formulation of the lemma

1.1. Let us underline that when the mesh is cartesian, the study of the checkerboard

modes in the 2D(or 3D)-case may be deduced from the study in the 1D-case.

2.2. Discretization of the spaces & and &*. The space (L%(Q))'*¢ is re-

placed by RY2 that is equipped with the inner product (g, g2) = (71, 72)+{u1, uz)
N

where ¢ := (r,u) € RM2 and (f1, fo) = Zfl’ifg’i is the inner product in R™. The
i=1
euclidian norm is noted || - || in RY2 and in RY. The discrete version of (2.1) is given
by
€ ={q:= (r,u) € R"? such that Dr =0 and D - u = 0}. (2.4)

The discrete divergence operator noted D- applied to f = (fi)izlm.,N € RV is given
by l

fotf1
2Az

Dy f
D-f= : (2.5)
Dn_1f

_ Intinoa
2Ax

where Dy, f = %, k e€{2,...,N—1}. The boundary condition (1.7)(b) in (2.1)
is taken into account in (2.5) through the boundary terms f;Zicl and — fN;Af;’“ . The
discrete gradient operator D is defined with

famfa
2Ax

D,f
Df = : . (2.6)
Dy_1f

In=fn-1
2Ax

The boundary terms % and %

relation be satisfied [8]
V(r,u) €e RN2 . (u,Dr) = —(D -u,r). (2.7)

in (2.6) are chosen so that the following
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The relation (2.7) is the discrete version of (2.3) with the boundary condition (1.7)(b).
Let us note that the definition (2.4) is equivalent to the definition

& = {q:=(r,u) € RV:2 such that r; = C§* and ug; = —ug;1 = C5°}
Vect{1} x Vect{e}

where 1 = (1,1,1,1,... )T and e = (—1,1,—-1,1,.. .)T. Thus, the orthogonal of € in

R™:2 is given by

&t ={q:= (r,u) € RN? such that Zri =0 and Zugi = Z ugiy1}.  (2.8)
i 2 2i+1

The space €+ defined with (2.8) is the discrete version of (2.2). Indeed, we have [8]:
LEMMA 2.1. The definition (2.8) is equivalent to the definition

&+ ={q:= (p,u) € RY? such that Zpi =0 and 3¢ € RN ,u = D¢} (2.9)

where D is the discrete gradient operator defined with (2.6).

By using the lemma 2.1, we easily obtain the discrete version of the Hodge decom-
position ¢ = ¢+ ¢+ and of the Hodge projection P (see lemma 1.2). This allows to
define also the incompressible and acoustic discrete energies with (1.5).

2.3. Definition of the checkerboard modes. We now define

& = {r € RY such that Dr =0}
= {r € RY such that r; = C*%¢}
= Vect{1}, (2.10)
&+ = {r e RY such that Y r; =0}
and
&, = {ueRY such that D-u =0}
= {u € RY such that ug; = —ug;41 = C*¢}
= Vect{e}, (211)
Ei_ = {u S RN such that Zu% = Z U21‘+1}.
2 2i+1

Of course, we have &€ = €, x &, and €+ = &X x €. We propose the following
definition:

DEFINITION 2.2. The space of checkerboard modes is defined with
€ checkerboard = {0} X &Ey.
Moreover, we define the space of constant modes with
& constant := € x {0}.

Then, 8constu,nt 2] Echeckerboard =¢E.
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Let us note that, due to the discrete Hodge decomposition, any ¢ € R™:?2 may be
written with ¢ = (7,0) + (0,%) + ¢ where (7,0) is a constant mode, (0,) is a
checkerboard mode and ¢+ is an acoustic mode. Let us also underline that r and u
do not play symmetric roles because of the boundary condition u(z) - n(z)|gq (more
precisely, D- # D). If the boundary condition was periodic, the variables r and u
would have played symmetric roles.

3. Time behavior of the checkerboard modes. We now study the time
behavior of the checkerboard modes ¢ := (r,u) € € checkerboard := {0} X €, when the
wave equation is discretized with the 1D colocated scheme

ir‘ O Uipl — Ui — . Tit1 — 2T +Ti—1
"' M 2Ax " Ax? ’
(3.1)
d a Tig1 — i1 U1 — 2U; + Ui—q
dt Ui + M  2Azx = Yu Ax?

where ¢ € {1,..., N} is the space subscript and Az the space step. The boundary
condition (1.7) is discretized with

ro=r1 and TNy =TN, (a) (3.2)
up=—u; and uy41 = —un. (b) )
The Godunov scheme is obtained when (v, 1) = Vpum(1,1) where vy = “Qﬁf

The low Mach Godunov scheme — deduced from the conjecture 1.4 — is obtained when
(Vry Vi) = Vnum(1,0). The scheme (3.1) with the initial condition ¢" := (r°,u°) can
be rewritten as

d L L, 0
-4 -—54=Y,
q(t=0) =¢°

where v := (v, 1), L, :=L — B, and

]Lq = a(D'uva)v (a)
(3.4)
M
B,gq = @(VTBTT,I/HB“U). (b)

In (3.4)(a), the discrete operators D- and D are defined with (2.5) and (2.6). The
discrete operators B, and B, are the classical diffusion matrices in R™V-Y that take
into account the boundary condition (3.2). They are defined as

-1 1 0O 0 0 -3 1 0 0 O
1 -2 1 0 0 1 -2 1 0
0 1 -2 1 0 0 1 -2 1 0
B, = - and B, =
01 -2 1 0 0 1
o o0 1 -2 1 0 0
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3.1. Basic properties. We have the following classical property:

LEMMA 3.1. The discrete operators L, B,., B, and B, verify:
1) the operator L is antisymmetric;

2) the symmetric operators B, and B, verify for any (f, f) e RN:2;

N-1
<]?73rf> = _Z(ﬁﬂ—ﬁ')(fiﬂ—fi)» (a)
i=1
N-1

(f.B.f) = (fier = F)(fisr — ) = 2(fnfn + fif). (B)

i=1

Thus, KerBB, = &, and KerB, = {0};

3) the operator B, is symmetric negative-semidefinite when v € RT x RT and verifies
for any q == (r,u) € RNV:2;

N—1

D (g —wi)® +2(uf + u?)]

i=1

M N-1
(¢.B.q) = TALL {Vr Z(Tz’+1 —ri)? + v

i=1

(3.6)
The first point of lemma 3.1 is a direct consequence of (2.7). Let us note that
Kerll = € as in the continuous case. Nevertheless, Kerl, C E.

3.2. Time behavior. We deduce from the lemma 3.1:

LEMMA 3.2. Let q(t) := (r,u)(t) be solution of (3.3). Then:

Y(G,q°) € ExRYE Vv e R?: (G, 9)(t) = (§,¢°) + (@, u®) [exp (— ZX/;;S) - 1} (3.7

where q := (7, ).
By taking ¢° = (1,0), ¢° = (0,e) and ¢° € &, we deduce from this lemma:

COROLLARY 3.3. For any v € R2, the spaces € constant; € checherboarda 0Nd € are
invariant spaces for the equation (3.8).

We now precise the result obtained in lemma 3.2:

THEOREM 3.4. Let q(t) be solution of (3.3). Then:
1) the checkerboard mode energy is equal to

ub
ol =)ex (% )

2) when (v, v,) € RT XRT, the acoustic energy is a decreasing function that is always
greater than

8 max (v, V)t
Eac(t = 0) exp (_A(I'Q)> ]

3) when v, > v, > 0, the checkerboard mode is the fastest diffused mode.
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This result shows that numerical diffusion prevents from detecting any checkerboard
mode at low Mach number when the compressible Euler or Navier-Stokes systems is
solved with a Godunov type scheme. However, it shows also that by using a low Mach
X scheme (cf. conjecture 1.4), it could be possible to detect a chekerboard mode at
large Reynolds number — i.e. when the physical diffusion is not large — although the
scheme remains diffusive (it only diffuses the acoustic mode in that case).

Proof of lemma 3.2: For any ¢ € R™2, we have M%(@ q) = —(q,Lq)+(q,B,q). Then

d . ~ M ~ ~
M@<Qa Q> - <H-‘Q7q> + Txg (VT<Ta BT‘T> + Vu(“aBuu>) .

On the other hand, we have
Lg=0 (since KerL = &),

Vg e é&:
(r,Byr) =0 (since KerB, = &,).
Then
vice: Lo =2 iw B,
dt A2t
Moreover, we deduce from (3.5)(b) that (e, B,u) = —4{e,u). Thus, Yu € &, :
(U, Byu) = —4(u,u). This implies that Vg € € : 4£(q,q) = — 32 (t,u). We con-

d
clude the proof by taking g € €, x {0} and ¢ € {0} x &,.00

Proof of theorem 38.4: Let us define Egheckerboard() .— ||5(¢)[|? (checkerboard mode
energy). Taking ¢ = (0,e) and noting that the dimension of € cpeckerboard 1S equal to
one, we deduce from lemma 3.2 that Egheckertoard(t) — ||70(|2 exp (—52L). On the

other hand, since %E(t) = 2(q, %q), we obtain, by using the lemma 3.1, that

(3.8)
Thus, the inequality %E(t) < 0 is satisfied by the acoustic energy F,.(t) since £* is
invariant (¢f. corollary 3.3). Moreover, the relation (3.8) can be rewritten as

d 8 N N
fhally 2y _— ) 2 2] =
o (t) + A7 (1/7 ;rz +Vuiz_;ul> A

N-1
+ vy Z (ui_H + ui)Q}. Thus

i=1

N—-1
> (uipr — wi)® + 2(uiy + u})

i=1

p 5 N-1
ZEW=-%5 {Vr > (rigr i)’ + v

i=1

N N
L B(t) + <25 max(vy, vy) (Z 2+ 3 uf) > X that implies that
; i=1

<
Il
-

8
%E(t) + m maX(Vr; Vu)E(t) >0 (39)

since A > 0. The inequality (3.9) is valid for the acoustic energy Eq.(t) since £t is
invariant (¢f. corollary 3.3). Thus, by using the Gronwall’s lemma, we obtain that

E.e(t) > Eue(t = 0)exp (7%). Statement &) is a direct consequence of 1)
and 2).0
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4. Numerical results. We choose the initial conditions r® = (sin(87iAx));=1 N
and v’ = § with Q = [0,1], Az = 1/N and N = 100 (thus, (7°,2°) = (0,u") and
(rLO,uJ-O) = (r°,0)). The sound velocity a/M is equal to 1 and the time step is
given by At = 0,15 x Az (we use an explicit Euler scheme for the time discretization
of (3.3)). The figures 1 and 2 show that the checkerboard mode § is diffused when
(Vry Vi) = Vnum(1,1) and is a constant mode when (v, v,) = Vpum(1,0). Let us note
that for these two test-cases, 7"2% = 0 and that ut"™’ # 0 although ut? = 0. On the
figures 3 and 4, we show the incompressible energy E;,.(n), the acoustic energy E,.(n)
(normalized by the initial condition) and the function ¢ (n) = exp(— 2maxtuyynaty

A
The figures 3 and 4 confirm the theorem 3.4. ’

Fig. 1: vy = v = Vpum Fig. 2: v, =0 and v, = Vnum
u(n =100, 2) (V) and r(n = 100,z) (o)

Fig. 3: vy = vr = Vpum Fig. 4: v, =0 and v, = Vpum

Eine(n) (V), Eae(n) (o) and 9(n) (=) (0 < n < 32)

5. Conclusion. In [6, 7], we have proposed a class of colocated schemes that
allow to solve the compressible Navier-Stokes system with accuracy at low Mach
number. This class of colocated schemes is obtained by modifying Godunov type
schemes in a simple way. The modification consists in centering the discretization
of the pressure gradient in the velocity equation, the rest of the scheme remaining
unchanged. Let us note that this modification may be applied to colocated schemes
that are not of Godunov type. This method is justified by a theoretical study of
the Godunov scheme applied to the linear wave equation and by numerical results in
the non-linear case as well. Nevertheless, we have not studied in [6, 7] the possible
existence of checkerboard modes at low Mach number although this question is classi-
cal in the field of colocated schemes solving the incompressible Navier-Stokes system.
Therefore, we have studied in this paper the checkerboard modes in the case of the
linear wave equation solved with a Godunov scheme on a cartesian mesh. We have
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shown that the checkerboard modes are the fastest modes diffused by the Godunov
scheme and that these modes are constant modes when the Godunov scheme is mod-
ified by centering the discretization of the pressure gradient. This study underlines
that, for any Reynolds number, it is impossible to detect any checkerboard mode at
low Mach number when the compressible Navier-Stokes system is solved with a Go-
dunov type scheme. Moreover, it shows that by using a low Mach X scheme at large
Reynolds number on a cartesian mesh and at low Mach number, it could be possible
to detect chekerboard modes although the scheme remains diffusive.

(1]

2]
(3]

(4]

[6]

7]

(8]

(9]
(10]
(11]
(12]
(13]

14]

(15]
(16]

(17]

(18]

(19]

REFERENCES

Beccantini A. — Colella-Glaz splitting scheme for thermally perfect gases—In Godunov Methods:
Theory and Application, E.F. Toro (Ed.), Kluwer Academic/Plenum Publishers, New York,
p- 89-95, 2001.

Auteri F., Guermond J.L. and Parolini N. — Role of the LBB Condition in Weak Spectral
Projection Methods — J. Comput. Phys., 174, p. 405-420, 2001.

Boyer F. and Fabrie P. — Eléments d’analyse pour ’étude de quelques modéles d’écoulements
de fluides visqueux incompressibles — Mathématiques & Applications, Springer, 2006.
Buffard T., Gallouét T. and Hérard J.M. — A sequel to a rough Godunov scheme: application

to real gases — Computers and Fluids, 29, p. 813-847, 2000.

Colella P. and Glaz H. — Efficient solution algorithms for the Riemann problem for real gases
— J. Comput. Phys., 59, p. 264-289, 1985.

Dellacherie S. — Analysis of Godunov type schemes applied to the compressible Fuler sys-
tem at low Mach number — Submitted. See also: Dellacherie S. — Analyse a bas nombre
de Mach du schéma de Roe appliqué & Euler compressible. PARTIE I : Construction
d’une classe de schémas colocalisés précis a bas nombre de Mach — CEA technical report,
DM2S/SFME/LETR/RT/08-004/A, 2008.

Dellacherie S. and Fillion P. — On a low Mach Roe scheme applied to the compressible Navier-
Stokes system — Submitted. See also: Dellacherie S., Fillion P. and Mekkas A. — Contribu-
tion a la validation du code de calcul FLICA-OVARP : simulations 2D et 3D d’écoulements
compressibles monophasiques stationnaires a bas nombre de Mach — CEA technical report,
DM2S/SFME/LETR/RT/08-003/A, 2008.

Dellacherie S. — Analyse a bas nombre de Mach du schéma de Roe appliqué a Euler compressible.
PARTIE II : Analyse monodimensionnelle des modes en échiquier — CEA technical report,
SFME/LETR/RT/08-005/A, 2008.

Eymard R., Herbin R. and Latché J.C. — On a stabilized colocated finite volume scheme for
the Stokes problem — Math. Model. and Num. Anal., 40(3), p. 501-527, 2006.

Faure S. — Stability of a colocated finite volume scheme for the Navier-Stokes equations — Num.
Meth. for Partial Diff. Eq., 21(2), p. 242-271, 2005.

Faille 1., Gallouét T. and Masella J.M. — On an Approzimate Godunov Scheme — Int. J. of
Comput. Fluid. Dyn., 12, p. 133-149, 1999.

Guillard H. and Viozat C. — On the behavior of upwind schemes in the low Mach number limit
— Computers and Fluids, 28, p. 63-86, 1999.

Guillard H. and Murrone A. — On the behavior of upwind schemes in the low Mach number
limit: II. Godunov type schemes — Computers and Fluids, 33, p. 63-86, 2004.

Guillard H. and Murrone A. — Behavior of upwind scheme in the low Mach number limit: III.
Preconditioned dissipation for a five equation two phase model — Computers and Fluids,
37(10), p. 1209-1224, 2008.

Minion M.L. — A projection method for locally refined grids—J. Comput. Phys., 127, p. 158-178,
1996.

Perthame B. — Boltzmann type schemes for gas dynamics and the entropy property — SIAM J.
Num. Anal., 27, p. 1405-1421, 1990.

Rieper F. — Influence of cell geometry on the behaviour of the first-order Roe scheme in the low
Mach number regime — Proceedings of the 5th International Symposium on Finite Volumes
for Complex Applications, Wiley, p. 625-632, 2008.

Roe P.L. — Approximate Riemann solvers, parameter vectors and difference schemes — J. Com-
put. Phys., 43, p. 357-372, 1981.

Volpe G. — Performance of compressible flow codes at low Mach number — AIAA Journal,
31(1), p. 49-56, 1993.



