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Abstract

In this paper, we propose a modification of an acoustic-transport operator splitting Lagrange-projection method for
simulating compressible flows with gravity. The original method involves two steps that respectively account for
acoustic and transport effects. Our work proposes a simple modification of the transport step, and the resulting mod-
ified scheme turns out to be a flux-splitting method. This new numerical method is less computationally expensive,
more memory efficient, and easier to implement than the original one. We prove stability properties for this new
scheme by showing that under classical CFL conditions, the method is positivity preserving for mass, energy and en-
tropy satisfying. The flexible flux-splitting structure of the method enables straightforward extensions of the method
to multi-dimensional problems (with respect to space) and high-order discretizations that are presented in this work.
We also propose an interpretation of the flux-splitting solver as a relaxation approximation. Both the stability and
the accuracy of the new method are tested against one-dimensional and two-dimensional numerical experiments that
involve highly compressible flows and low-Mach regimes.

1. Introduction

In this work, we consider the approximation of the compressible Euler equations in the presence of source terms
derived from a smooth potential using a finite volume method. This paper aims to showcase the recasting of an Opera-
tor Splitting Lagrange-Projection (OSLP) finite volume algorithm into a corresponding flux-splitting method (FSLP).
The flux-splitting method we consider here has several computational and implementation advantages compared to
OSLP. It requires a smaller stencil, no intermediate state storage, and can be implemented as a fully explicit flux-
based solver. The simplicity of the FSLP method allows us to combine effortlessly with standard means to derive
higher-order methods such as MUSCL, ENO, WENO, and MOOD frameworks.

The OSLP algorithm we use as ground material for implementing an FSLP method is presented in [1]]. It relies
on a separate treatment of acoustic and transport effects, and it enjoys several interesting properties: it is stable under
a CFL condition so that it ensures positivity for mass and internal energy and satisfies a discrete entropy inequality.
The treatment of the source term in [1]] allows us to preserve stationary solution profiles at the discrete level so
that the OSLP scheme satisfies a well-balanced property (see e.g. [2 3L 14} 15,16} [7) 18 9} 110} [11}, 12} [13} (14} [15 {16}
17, 18], [19], 201 [1), 211, 22 23] 24]]). Moreover, when the Mach number that characterizes the ratio of the material
velocity to the sound velocity is low, cell-centered finite volume methods may suffer an important loss of accuracy
[251 2611277, [28]]. This question is connected to several delicate issues like the influence of the mesh geometry [29,[30],
the numerical diffusion (see for example [31} 28 32|33} 134} 135]]) or the Asymptotic Preserving property with respect
to incompressible models [36, 37, [34} 138}, 139, 140} |41}, 42]] and has been extensively investigated in the literature for
the past years through several approaches (see also [43] 27, 144 145] 146l 47, 48| 149]). Although it does not address
the full spectrum of problems connected to the simulation of flows in the low Mach regime, a simple modification of
the OSLP method ensures a uniform truncation error with respect to the Mach number[32 [1]]. The resulting FSLP
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algorithm we obtain performs equally concerning these aspects. Moreover, it profits from all the advantages of FSLP
methods over OSLP mentioned above. It is also less computationally expensive, requiring fewer sweeps over the
numerical solution to reach the same physical time. The derivation of the stability properties of the FSLP method
requires novel mathematical developments that we present in this study.

The paper is organized as follows: we first introduce the set of equations with the thermodynamical-related hy-
potheses that support the stability properties of the model, and we present the stationary profiles and difficult regimes
we will be interested in. Then, we will recall the OSLP method we aim to recast into its FSLP version. We will
modify the transport step in the original OSLP method so that both steps are revamped into one that can be viewed as
a flux-splitting step. We will then provide proof of stability for the FSLP method we obtained. We examine standard
ways to extend the FSLP method to higher-order discretizations and multi-dimensional problems. Then we will see
that the FSLP method can be connected to a new relaxation approximation of the Euler equations that proposes a
single-step but separate treatment of the acoustic and transport effects. Finally, we will present one-dimensional and
two-dimensional numerical experiments that demonstrate the good behavior of the scheme.

2. Flow model

For the sake of clarity but without loss of generality, we focus on one-dimensional problems. We consider the
Euler equations supplemented with a smooth potential source term x — @(x),

3,U +0,FU)=SU,¢), forxeR,t>0, (1

with U = (p, pu, pE)T, F(U) = (pu, upu+ p, upE+ pu)" and S(U, ¢) = —pd,¢(0, 1, u)” where ¢ is smooth enough
so that we can consider that d,¢ is also regular and bounded.

Although (T)) is not strictly limited to flows accounting for gravitational forces, the stationary potential x > ¢(x)
will be referred to as the gravitational potential. The fields p, u, p, and E respectively denote the density, velocity,
pressure, and specific total energy of the fluid. If e = E — u?/2 is the specific internal energy, we define the set of
admissible states

Q ={(p.pu.pE) e R*| p> 0, e > 0} 2)

Let s be the specific entropy of the fluid. We consider an Equation Of State (EOS) in the form of a mapping
(1/p, s) = €B05(1/p, s) that satisfies the classic Weyl assumptions [50} [32]:

aeEOS aeEOS aZeEOS
<0, > 0, — >0, 3a
a(1/p) Os a(1/p)? (3a)
82 eEOS 826EOS 82 eEOS QZeEOS 2 63 eEOS
— >0, s — < 0. 3b
o7 [aa/p)ZH P } g [asa(l/m} Aoy o)

The temperature T and the pressure p of the fluids are related to the other parameters, respectively by T = TEOS(1/p, s)
9e"05 [3s and p = pEOS(1/p, ) = — 3e*S[a(1/p). It is possible to define a mapping (1/p,¢) > s2°5(1/p, ¢) such
that e = eFOS(1/p, s) if s = sFO5(1/p, e) so that we have the Gibbs relation

de + pd(1/p) = Tds. 4

Note that (3)) imply that —sB0S(1/ p,e) and eFOS(1/ p, s) are strictly convex functions. Relations (3)) also ensure that

o pEOS

a(1/p)

(1/p,s) <0, ®

so that the sound velocity ¢ = p~!' /= dpEOS(1/p, 5)/d(1/p) is real valued. Let us recall now that the dimensionless
quantity Ma = |u|/c is called the Mach number. We also make the classic assumption [51] that

MsV | M, E|M)=S(H,V,E), ©6)
2



where the (non-specific) entropy (A, 7, &) v~ S(A,V,&) is a strictly concave homogeneous first-order function.
Let us note that as (42, V,&) = SV | M, E| M) = VJTES(V | M, E|4) > 0, then & +— S(M,V,E)is a
strictly increasing function for a fixed .# and 7.

Weak solutions of (T)) also satisfy the entropy inequality

0,(ps) + 0, (ups) = 0, @)

where the inequality (7) is indeed an equality in the case of smooth solutions (see [52, 53 54} [53]]).
We also are interested in the study of particular steady-state solutions of (I)) called the hydrostatic equilibria that
are classically defined by

0xp = —po:9, u=0. ®

For many years, significant efforts have been dedicated to developing so-called well-balanced numerical methods (see
e.g. [20 13114, 150160 17, 1819, [10, (114 1124 113 (14} (154 [16k (17, [18) {19} 1204 1} 21} 22] 23] 124]) that allow preserving discrete
equivalents of equilibrium solutions like (8)). In the present work, we intend to investigate well-balanced finite volume
approximations of (I) that are compatible with discrete equivalents of (7) and ensure that the fluid states (o, pu, pE)
remain in Q.

Before going any further, let us introduce the notations for our space-time discretization: we consider a strictly
increasing sequence (xj;+1,2) jez and divide the real line into cells where the 7 cell is the interval (x 1725 Xj41 /2). The

space step of jM cell is Ax; = xj.1/2 — xj-1/2 > O that we suppose constant and equal to Ax for the sake of simplicity.
We note At > 0 the time step such that #*! — * = At with n € N. For a given initial condition x — U%(x), we
consider a discrete initial data U9 defined by U} = 3; xxi:/]: > U%x)dx, for j € Z. The algorithm proposed in this
paper aims at computing a first-order accurate (in both spajce and time) approximation of the cell-averaged values Ut

of - fx X’:/Iz/ U (x,1")dx where x — U (x,1") is the exact solution of (T at time * by means of a conservative finite
-

volume discretization of (T]) of the form

" . At
Uj+1 —Uj +E(Fj+1/2—Fj_1/2):AtSj. ©)]

3. The original Operator Splitting Lagrange-Projection (OSLP) strategy

Operator splitting strategies allow simpler derivation of numerical methods by solving parts of the system sep-
arately and successively. However, this requires storing intermediate state values and may also necessitate specific
treatments to implement higher order extension (see, for example [56, 157, 22| 24])).

In this section, we recall the properties of the OSLP method presented in [[1]]. It combines the all-regime method
for gas dynamic proposed by [32] and the well-balanced treatment of source terms introduced in [[16] in the context of
the shallow water system. We chose to re-introduce all the discretization as the goal of the present paper is to recast
this particular OSLP algorithm into a flux-splitting Lagrange-Projection (FSLP) finite volume method, using very
similar expressions. We emphasize that the algorithm presented in this section is not new and comes entirely from
[32} (16} [1] and that the novelty of our work lies in a modification of this algorithm that will be detailed in section E}
The method is based on the splitting of (I)) into an acoustic sub-system:

00 + poyu =0, (10a)
0i(pu) + pudu + 0p = —p0, 9, (10b)
O(PE) + pEdu + 0x(pu) = —pud.p, (10c)
and a transport sub-system:
00 + ud,p =0, (11a)
0:(pu) + ud,(pu) = 0, (11b)
0:(pE) + ud«(pE) = 0. (11c)

Given a fluid state U", this operator splitting algorithm can be decomposed as follows.

3



1. Update the fluid state U”" to the value U™*!~ by approximating the solution of (T0):

Liptt= =, (12a)
At
n+l— _ n *,0 *,0 n
Lytpu)™'™ = Gpu = 5= (T3, = I}, ) - Arkpd. (120)
At
n+l— n *,0 * #,0 * n
LipE)]" ™ = (0EYj — (T3, i1y = 05, i1 2) = Atloud ), (12¢)
At * *
Lj=1+5(uj+1/2—uj_1/2). (12d)

2. Update the fluid state U"*!~ to the value U"*! by approximating the solution of (TT)): for ¢ € {o, pu, pE}

At
1 _ 1- * 1- * 1-
¢ = L+ (412955072 = )1 2) (13)
with the upwind choice
1- : *
90rg+1— — ‘pl]'+ ’ lfI’tj+l/2 >0, (14)
SR g, i, , <0
LIS 2 S

and the following formulas for the interface pressures and velocities

Wi = (M7+12+ ”7) B 2a,~il/z (P'}H -pl+ M(q}y” - ¢;’.)J, (15a)
I, = M ~ 0L (- 1), (15b)
as well as the source terms discretization:
ool = {p0B}j+1/2 -; {,03x¢}j—1/2, (162)
ot - Wi p(P0xB) ji1/2 er u;_l/z{pax(ﬁ}j—l/Z’ (16b)
{009} j+1/2 = P;f+12+ Fi ¢j+lA; ¢j. (16¢)

The constant parameter a1/, is a local choice of an approximate acoustic impedance a associated with each interface
J + 1/2. Tt should be chosen large enough so that (Z0) is satisfied, guaranteeing stability for the acoustic step. In
practice, we choose

aj = Kmax (pichph cl,y)  withK > 1. (17)

In the tests of section[8 we will use K = 1.1.

The parameter 6 enables the implementation of a low-Mach flux correction that ensures a control of the numerical
diffusion in the momentum equation. This simple strategy is modeled after [31} 28l 33]. Depending on the choice of
0, this correction takes effect whenever Ma < 1. In our case, its sole purpose is to help preserve the accuracy in the
low-Mach regions of the computational domain by providing a uniform control of the truncation error with respect to
Ma. We need to emphasize that this approach does not aim at addressing the full complexity of simulating flows in
the low-Mach regime that has been widely investigated in the literature and spans for example: from the study of the
influence of the grid [29} [30], the potential development of spurious modes[38, 159], the development of asymptotic
preserving methods [36} 137, [34) 1381 39, 40, 41} 142]], implicit-explicit methods [32} 45, 146} |47, 48] multi-dimensional
control of the numerical diffusion [35], use of preconditioning methods [25} 126} 43| 27, i44]] to the study of acoustics
in low-Mach regime [49].



The discretization of the gravitational source term allows to exactly preserve the following discrete equivalent of
the hydrostatic equilibrium (8)):

n
j+1

P tp
M, — 10 = —————($41 = $)), ' =0, VjeZ,V¥neN. (18)

Note that the resolution of the acoustic system is performed via a Suliciu-type relaxation [60} 61}, 162} |63]] following
[321[16]]. Both steps can be rewritten as a fully conservative update formula:

At * 1- * -
o= e Ax (5120507 = 51 2P0 ) (192)
At
1 * 1- 0,%
(pu);!+ = (ou)} + — (uj+1/2(pu)7j:1/2 + Hj+1/2 uj_ 1/z(pl/t)j 12~ ] 1/2) Atlpd ), (19b)
- * - 0, *
(PEY}* = (0E); + ( W1 pPEY i + T gt o = iy p N, = H,‘71/2”j—1/2) — Atlpudg};.  (19¢)

The scheme (T9) is proven to be positivity preserving for the density and the internal energy as well as entropy stable
when At verifies both the acoustic CFL condition:

At 1
o max (max (1], 1pf ) as) < 5. (20)
and the transport CFL condition:
+ _
At max ((u*, 1 ) - (u‘ﬁ 1 ) ) < Arx, @1)
i€z =2 I+3
granted that the following inequality:
L Bos ( +o a2 U= 0y (”J’H - ”j)2 o
—ﬁ(p (7% ) — )+ < <0, k=jj+1, (22)

where Tj = l/p u”.,o ( j.+1/2 uj) and Tj+1 1/pj+1 awz (u;+1 - ”j’+1/2) is satisfied at each interface j + 1/2.
In section[d} we discuss how a simple modification of the transport step allows recasting this two-step OSLP algo-
rithm into a one-step FSLP method while keeping the interesting properties of the original method: the well-balanced

property, the accuracy in the low Mach regime, mass, and energy positivity and the discrete entropy inequality.

4. Recasting the OSLP method into a flux-splitting Lagrange-Projection (FSLP) method; a modification of the
transport step

In this section, we discuss how a simple modification of the transport step (TI3)) of the OSLP method (T9) proposed
by [[L6] leads to a much simpler, FSLP algorithm. Flux-splitting methods have been used in many application contexts
thanks to their ease of implementation that relies on building a discrete evaluation of the fluxes (see, for example,
[64] l65] 166l 67, [68]). These methods have been extensively developed for several decades (see, for example, [69}
70, (714 [72L 1721 [73], (74} [75, [76, [77] and the references therein) yielding efficient simulation tools. Unfortunately,
deriving theoretical results that ensure the good behavior of these methods is difficult, which contrasts with their good
performance in practice. Before going any further, let us mention that the question of building Eulerian numerical
fluxes relying on a Lagrangian approximation of the flow equations has been successfully investigated in the literature
with different approaches [[78l[79] 80, 76, [81].

A key contribution of the present paper is the derivation of stability properties for the flux-splitting algorithm.
These proofs are based on the following observation; let us consider a given hyperbolic problem with a source term for
which the set of admissible states is convex (e.g. Euler’s equations of gas dynamic or ideal Magneto-hydrodynamics);

0,U+ 0, F(U)=SU) (23)



We design a separation of the flux and source term into N parts (F ), S ,)1<p<y SO that:
N N
D F,U) = FU), YS,(U) =S, (24)
p=1 p=1

as well as a series of coefficients & €]0, 1] that sums up to 1; Zg:l a/f = 1 for each cell j. Let us assume that we
can build a discretization for each part where the sub-fluxes and sub-source terms are multiplied by the inverses of the
coeflicients

Ug,11+1 —ur 1 1
A7 - a—,,[(?pr(U)]j = J[SP(U)],' VYp e [1,N]. (25)
Moreover, let us assume that each of these discretizations is stable under their respective local CFL condition:
A
At <P (26)
j
Vp

where v{, is the local characteristic velocity associated with the discretization of the p-th flux/source term. By re-
assembling the result of each part with the convex combination defined by the coefficients o,

N
Uil = Z a?Uh"! 27)
p=0

we obtain a discretization consistent with (23)), regardless of the value of the coefficients &” €]0, 1[. The full update is
stable as a convex combination of the stable sub-updates (25). This means we can freely choose the coefficients a” to
optimize the CFL condition. Indeed, the update (27) is stable as long as each sub-update is stable i.e., the optimum is
reached for:

. Ax Ax
At < max |min al—l,...,aN—N . (28)
al,...aV V. V.
j J
that corresponds to the values of o? that satisfies o' e" = azé—;‘ =...=a" AX 7 and provides the following local CFL
J J
condition: A
X
At < . 2. . .N (29)
Vit Vit
Indeed, if & = ———F for p = 1,...,N, then min(“—,’f) = min( : 21 N) = - 21 ~. In this work, we
Vp Vi +v +- +v P v; P Vitvitety) VitViety;

separate the system 1nt0 N = 2 parts corresponding to the pressure and advection terms. This type of splitting is
not new and can be found in [70, 82, (77, I83]] without entropy stability theorems. Discretization techniques that also
feature a separate treatment for the pressure and advection effects have been proposed for fractional step methods
[841 185,186} 87, 32| 16 88 [1]].

By modifying the transport step of the original operator splitting algorithm (T9) by computing the fluxes on the
initial states n instead of the acoustic state n + 1—:

n+1 n+l—

At o, ,
o; =y Lj- Ax (“j+1/2‘»07+1/2 - ”j—1/290771/2) (30)

we obtain the following fully conservative update that we refer to as our FSLP method:

n+1

At * n * 71
pj =Pt 5 (5120112 = 5108 10)
(ow)*! = (pu); + ( Wisy 2 (OU) ey o + H,+1/2 Wiy pp(pu)i_y ) = H?fl/z) - Atfpdg}], G

1 *
(pE)n+ = (PE)n ( ]+1/2(pE)j+1/2 + Hj+l/2”]+l/2 u; 1/2(pE)J 1727 j 1/2uj—1/2) B At{pu@x(]ﬁ}'}.
6



Note that we keep the upwind choice for the transport scheme:

; ¢ iful,, 20,
L= A 32
i1 { @ i, , <0, 32)
where (u, I1)* are given by (15). We provide the CFL condition associated with the new method:
AT max (2 max (17, 1/ ) (e, )) < 33
O s ) (1)) o

This CFL condition is indeed of the form (29) with N = 2. It has the same characteristic speeds as the acoustic
condition in (Z0) and the transport condition in (ZI]), except that they are summed rather than checked separately. The
new method has several advantages compared to the original numerical scheme (I9):

1. The implementation of the flux-splitting version is much simpler than the operator-splitting version. Indeed, it
can be implemented as a standard, simple flux-based finite volume method with the following numerical flux

formula: .
U PLR
FSY (UL, Ug) = Ju(ou) g + 1177 (34)
u*(pE) g + 00"
with

ifu* >0,
PLr = {SDL . (35)
¢r  otherwise.

We can see in (34) that the flux evaluation clearly separates the pressure-related terms from the advection terms
so that it can be affiliated with a family of methods proposed in the literature like [70} 82, [77} [83]].

2. As the method can be implemented as a simple flux-based solver, it can be seamlessly combined with any
existing flux-based high-order algorithm such as MUSCL[89,190, 91, 192]], (W)ENO [93,194]] or MOOD methods
(95, 96]. We detail the procedure for the extension to second order in section [6.2] and give some numerical
examples in section Note, however, that the well-balanced treatment of gravity is not straightforward to
extend to high order and requires a careful examination that is beyond the scope of this paper. Also, using the
low-Mach correction 8 combined with a highly accurate high-order method can amplify numerical instabilities
that already exist at first-order (checkerboard modes, for example). We do not address this issue in this paper,
as our focus is on demonstrating the recasting of the OSLP method into the FSLP method.

3. The FSLP method is more computationally efficient than the original OSLP method. The OSLP method requires
two update loops per time step to compute a time step of size ~ Ax/ max(v, ¢), where v and ¢ are the velocities
associated with transport and acoustic effects, respectively, as they appear in the CFL conditions. In contrast,
the FSLP method only requires one loop per time step of size ~ Ax/(v + ¢). This means that the FSLP method
requires fewer sweeps to reach the same physical time, especially in the low-Mach regime where v < ¢ or in
the hypersonic regime where v > ¢, where it is roughly two times more efficient. If v = ¢, both methods are
equally efficient.

4. The new update formula eliminates the need to store the intermediate state U"*!~, as it can be computed in a
single sweep. This reduces the algorithm’s memory footprint by approximately 2/3, and reduces the stencil ra-
dius from two to one cell. The decrease in memory storage requirements can improve performance by reducing
the time spent accessing the data arrays.

Despite the update formula being very similar, the mathematical background required to derive the stability prop-
erties of (T9) is new. It is the object of the next section 5]



5. Derivation of the stability properties for our new method

In this section, we focus on deriving the stability properties of our new FSLP scheme (BI)). To this end, we will
perform a Suliciu-type relaxation [60, |61} 62} [63] of the pressure term and introduce a surrogate specific volume.
We then isolate two new sub-systems, the advection and pressure sub-systems, for which we derive numerical fluxes.
We then re-obtain our new method and derive its stability properties by performing a convex combination of the two
fluxes. Note that the proof of stability for the pressure subsystem is similar to the acoustic sub-system in [32]. For
this reason, we only recall this proof in the appendix for completeness.

5.1. Relaxation and flux-splitting

We first apply a relaxation of the original Euler system. Manipulations of smooth solutions of (I) gives d,(op) +
d,(upp) + p>c*0,u = 0. We choose to perform a Suliciu-type approximation of the system (T)) for t € [¢",#!) by
introducing a surrogate pressure I1 and considering the relaxed system:

0ip + 0x(pu) = 0,
0/(pu) + 0x (upu + I1) = —pds,
0/(pE) + 0x(upE + Tlu) = —pud, 4,
3,(pI1) + O, (uplIl + a*u) = pA(p —ID).

(36)

The parameter A is a frequency that characterizes the strength of the source term that drives IT towards the equi-
librium IT = p. In the regime A — co, we formally recover (). In our numerical solver context, we classically mimic
the 4 — oo regime by enforcing I} = pEOS(1 /p;f, e?) at each time step and then solving (36) with A = 0, which will
be the case in all computations below without any ambiguities. We now introduce another auxiliary variable 7~ and
impose that it verifies

0:(p7) =0. 37

We suppose that 7 (t = 0) = 1/p(¢ = 0) at the initial instant so that 7 (x, f) is equal to the specific volume 1/p(x, t) for
all x and 7 > 0. Let us now re-write the system (36)-(37) in order to highlight three different operators that compose
the flux and the source term of (36)-(37) following similar lines as [70, [82] [83]]

P pu 0 0
pu pu? II P
0| pE |+ 0y |pEu|+ 0| Hu | = — | pu|0,¢. (38)
pll pllu a’u 0
T u —u 0

Let us underline that both IT and p7~ are only mathematical intermediates used to derive the scheme’s stability prop-
erties. Indeed, these variables do not appear in the update formula (3T)), so that there is no need to evaluate and store
them while implementing the algorithm. Let us introduce the convex combination parameter @ €]0, 1[ and two sub-
systems associated with different parts of the fluxes and source terms featured in (38)). The first system gathers the
source term and the flux associated with pressure terms ponderated by 1/«

alp = 0$
1 1
0:(pu) + —0, (I) = ——pd, ¢,
a a
1 1
0/(pE) + aax(Hu) = —Epuaxqb, (39)

1
0i(pIl) + —d(a*u) = 0,
a

1
Ou(pT) = ~dsu = 0.



We will refer to (39) as the pressure system. The second sub-system is composed of the remaining terms that pertain
to transport effects ponderated by 1/1 — a, it reads

1
at(pgp) + l_ax(up‘)p) = O’ @ € {1’ u, Ev H}
@ (40)

1
0(pT )+ ——0u=0,
1-a

and will be called the advection system.

The pressure system (39) is hyperbolic and involves the characteristic velocities {J_rﬁa/p, 0,0, 0} that are all as-
sociated with linearly degenerate fields. The advection system {@0) is only weakly hyperbolic as its Jacobian matrix
admits (1 — a)u as multiple eigenvalues but is not diagonalizable. Nevertheless, let us underline that the algorithms we
will consider for approximating the solutions of {0) will verify a local maximum principle under a CFL condition so
that stability will be ensured for the advection step (see section 5.2).

Before continuing, let us comment on equations (39) and (36). The factors @ and 1 — « that appear in the fluxes
and source terms of these equations correspond to the case N = 2 of the flux splitting stability argument presented at
the beginning of section [4]

Then, although the trivial equation stationary is now split into two non-stationary parts within (39) and (39),
the overall scheme will indeed guarantee that (07~ )’J? =1forjeZandneN.

5.2. The convex combination

We propose the following discretization strategy:

1. Compute Uj.) as the update of the initial state U’ by approximating the solution of (39):
o} =pl,
(o)} = (pu = 2 (102, , T4, ) = < Ao,
(0E)] = (pE)] - é% (M52 12 = T ) = ZI,A’ loud @l (41)

1 At
P 2 * 2 *
(pID)] = (pI1); = — == (@1 510 = @1 1 12)

1A, . .
(.07-);) =1+ > Ax (”j+1/2 - “j—1/2)'

2. Compute U;‘ as the update of the initial state U’ by approximating the solution of @0): for ¢ € {1, u, E, IT}

(e = o - ﬁ% (4501 209}12 = 1 (0P 1 o) W)
(PT)j = T} = ﬁ% (512 = #112)
3. Evaluate U_’]?” as the convex combination of U? and U%:
Ut = aUf + (1 - )U} 43)

It can be verified that the update in @3)) is equivalent to the FSLP scheme in (31)), for any value of « €]0, 1[. This
means that the flux of the FSLP scheme can be expressed as an arbitrary convex combination of the fluxes involved in
the update. As explained at the beginning of section 4] this interpretation allows us to choose @ optimally in order to
obtain the least restrictive CFL condition, given by (33).



5.3. Stability of the pressure step

In this section, we prove the stability of the pressure step. We chose to move all the derivations in the appendix
as the arguments we use are already present in [16] in the proof of the stability of the acoustic step (I2) of the OSLP
method (T9). We introduce the CFL condition associated with the pressure step.

1 At 1

A I?Eazx(max(l/pj,1/pj+1)aj+1/2) > (44)

It is identical to the acoustic CFL (20) but 1/« times as restrictive.

Proposition 5.1. Suppose that a is chosen large enough so that () is verified and that both T} > 0, T > 0 from
are positive. Suppose also that the low-Mach correction 0 is chosen large enough so that (C7)) is valid. Under
the CFL condition [@4) we have that:

1. the density and the internal energy verify pf > 0 and ef > 0, forall j,

2. the discretization @) satisfies the entropy inequality

n t n n
p.] EOS(TP P) P,S(l/,O,, e+ x(qj+1/2—qj_1/2)20, (45)

with ¢} = qA(U U 1), where qy is a flux function consistent with 0 as At, Ax — 0.

Proof. The positivity of the internal energy and the entropy inequality of ([@3) are direct consequences of the approx-
imate Riemann solver properties of proposition and the consistency in the integral sense [61]. O

The condition (C.7) is identical to the OSLP low-Mach stability condition (Z2) but with the surrogate density 7~
instead of 1/p. In practice, conditions for stability for the pressure update are strictly the same as for the acoustic step
(T2) from [32] apart from the factor 1/« in the CFL condition.

5.4. Stability of the advection step

We introduce the CFL condition associated with the advection step.

1 At <\ <\
raae () () )< @9
It is identical to the transport CFL (21)) but 1/1 — « times as restrictive.

Proposition 5.2. Under the CFL condition [@6)), the discretization @2) of the advection subsystem verifies the follow-
ing properties.

U} and U}

A
1. U is a positive linear combination of U, {nE

_1)
2. Under the CFL conditions @) b? is a convex combination ofb’;_l, b;f and b’}H forbe{u,E, T}
3. Under the CFL conditions (46): if ¢} > 0 for all j € Z then e;.‘ > 0forall j€Z,

4. The discretization [&2)) satisfies the entropy inequality

1 At/ , .
pis" (T e)) = s + T—aAx (5120125012 = 1o 1o 172) 2 0 @7
Proof. The advection scheme {@Z)) can be recast into
1 At 1 At 1 At
A — * - *,+ *,—
Ui =—1aaemn Un * g ay i Ui+ (Lm0 m e ~ jl/z)] Ujs (“48)

which proves 1. One can also write
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A n n n
(L) =i () a2 () )
Pl 7\l e e
with

oL A p’}ﬂ 20 [y o LA e NPT e LA (Pl
N I A P A T—aAx 2~ M Al T T l—aAx T pA S
J J

(50)
By (@8) we have that
1 At 1 At 1 At
A _ *— * *y *,— n
P = T A P * T ax i P+ 1= Ty Wi~ “j—n/z)] Pl 6D

so that /15.”) + /120) + /1371) = 1, which proves that b’j* is a convex combination of b"

1 b;f and b;fH for b € {u, E}. Letus
now consider the case of 7. By [@2), we have that

71

P AV | 1 At 1 lAtHl 1 At 1

‘7’ T”————u. — - us +— +———u’ . (52)
pA 1-—aAx J””p? 1—aAx J+1/2p;‘ 1-—aAx “j- 1/2p;‘ 1 —aAx “j- 1/2p;1
However, since we chose p’}‘TJf’ =1 for all i € Z, We can write that
I 1 At P 1 At o 1 At 1 Ar P
gA_gnd & A sw Tigm wo I 1+_ 28 Fi- 17'" by L
s Tpt l-aAx AT T T—aAx R I * aAx T2 pt L—aAx 12pt7)
(53)
(+1) (-1 )

= /1+ T;‘H /lj T.in—l +/1j ‘7'1’7. (54)

Consequently '7“;‘ is also a convex combination of ‘T” T” and 77, ,, which proves 2. For statement 3, we consider

the concave function K introduced in the proof of lemma ppendix A.l} and we have that e‘}‘ =K (u;‘, E;‘). Thanks
to statement 2. we can thus write that.

A _ (k) (k) (k) _ (k)
b= K| D AP, A E;’+k) > Y AK(wLEL) = D aPe, >0, (55)
k=0,+1 k=0,x1 k=0,x1 k=0,x1

which proves statement 3.

Now using the lemma[Appendix A.1] we have that

(T}, €)= UT ' uf, Ef) = {Z AT S AP, S aPE, (56)
k=0,%1 k=0,x1 k=0,+1
A% n (k)
= Z (LI((]_J'”(’ Ui j+1< Z /l (T j+k’ j+k)' (57)
k=0,+1 k=0,%1

This inequality also reads

i1 A P 1 At Pl 1 At P 1 At . P
A A n_J *,+ J n *, JHon #,+ J=1 n u® TJn
S(Tj.€j) 2 YA T Toa Ax”m/zp] T T ax e Tpr T e A T A P T A
(58)
If the CFL condition [@6) is met then p/} > 0 and by multiplying ([&8) by p} we get @&J). O
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5.5. Stability of the FSLP method

Proposition 5.3. If the following conditions are met
1. The CFL condition (33)) is met,
2. the parameter a is large enough so that (I7)) is verified and T; > 0, T > 0 in forall jeZ,
3. both density and internal energies are positive, i.e. p’]? > 0 and e;? > 0forall jeZ,
4. the parameter 0 is large enough so that (C.1)) is valid at each interface,
then the flux-splitting update (31))
(b) preserves positivity for both density and internal energy i.e. p;?“ > 0 and e;?” > 0forall jeZ,

(c) is endowed with the following entropy inequality:

At
P st et = plis(Upl, e + = (Q,+1/2 Qj-112) 2 0, (59)

with Qjiiya = Wiy nP1 S T D
Proof. (a) Let us start by ensuring that the CFL conditions ([@4), [@6) are satisfied so that the advection and pres-
+ -
sure steps are stable. By choosing a so that ac; = (1 — @)v; = v; + ¢; where v; = ((u: ,) — (u’; 1) ) and
2 JT2
¢; = 2max [max (1/p’%_1, 1/p;f) aj_l/z,max(l/p?, l/p’;+])aj+1/2], it is straightforward that (#4)), @6) are equivalent
and corresponds to . This choice of a seems local as it depends on the characteristic speed of each cell consid-
ered. However, it can be chosen globally as the minimizer of f(«) = max(acj, (1 —a)v;) = ¢; +v; where i is the index
J

of the cell with the largest speed sum of the simulation domain.
Thanks to the propositions and we have p* > 0, p© > 0, ¢* > 0 and ¢’ > 0 thus, the positivity
is straightforward for the density as p’f“ = (pf.‘ + pl,’ )/2 > 0. For the internal energy, we consider the function

A((p, pu, pE)) = (0E) — (p") , that is proven to be concave in|Appendix A.1| We have that:

((ouy1+!)?
ZPT—]
= A((1 = a)pf + apt. (1 = @)pu)} + a(ou)?. (1 = )(pE)} + a(pE)})
> (1 - )A(pf. (owy}, (0EY}) + aA(pf. (o). (pE)!) = (1 - a)(pe)} + alpe); > 0. (60)

(,Oe);ﬁ-l - (pE);H-l _ - A(p?“,(pu);”,(pE);”)

by concavity.
For (b): propositions [5.2] and [5.1] ensure that both entropy inequalities #3) and @7) are satisfied. We then use

o7 (PE) _ (pu?
P 207

(p‘i');?” = a(pT)? + (1 = a)(pT )} = 1. Noting " = @ and o* = 1 - @, we have:

the concavity of the function n(p, o7, pu, pE) = ps( that is proven in[Appendix A.l|and the fact that

n+l’ n+1

n+1 nt+142
1 0B _l(woj
I 2

i ] J =0} 1, (o)} (PE)T)

n+1s(1/pn+l’ n+1) _ ljl+1
Pj

=0, T (ou)i™ (pEY) = n[ Dbk, 3T D afeuf, Y afE)| 61

k=A,P k=A,P k=A,P k=A,P

Py s e 2 Y dhnlph 0T (ol EY) = ) atpls(T. ). (62)

k=A,P k=A,P

12



by concavity. Using (@3)) and @7)), we get:

At At
1 1 1 * *
s e ) 2 ps(Ue ) = i = dap) = 5 WhapliapSian — wappiapsiap), (63)

which proves (b). O

6. Low Mach behavior, extension to multi-dimensional and higher order of accuracy

In this section, we briefly address the behavior of the scheme in the low Mach regime and propose simple means
to extend the FSLP method to multi-dimensional problems and improve its accuracy with higher-order techniques.

6.1. Low Mach behavior

Many simulation cases involve flows in which the material velocity is relatively low compared to the sound veloc-
ity. A common way to characterize this situation is to consider the numbers L, ty, po, 4o, Po, Yo = PoLo, Co = \ Po/pPo
and (0,¢) that are the characteristic magnitudes for length, time, density, velocity, pressure, sound velocity, and 9.¢,
respectively. We then introduce the following non-dimensional variables: ¥ = x/L, = t/ty, p = p/po, it = u/ug,
é = eley, p = plpo, ((9,7) = 0,¢/(0:$)o, and we define the Mach number Ma and the Froude number Fr by
Ma = uy/co and Fr = uy/ +/L(0,¢)9. Following [38, 197, we consider a particular flow regime such that Ma = Fr
so that the system (T)) takes the following non-dimensional form

0D+ 0PI = 0, 0P + 05T+ ——(05p + p0:9)) = 0. OHpE) + 0x(pE+ pi) = D). (64
a

Thanks to system (64), one can see that in the limit Ma — 0, a singularity may appear in the momentum equation.
Supposing now that Ma < 1, this suggests to distinguish two cases similarly as in [32]: in the first case the term
0xp + ﬁ((%c/_\qﬁ/) will always remain of magnitude O(Ma?), so that p, ii and E will also remain of order O(Ma®). In
this case, we will say that the system is in the low Mach regime. In the second case, the term 0zp + /3((9)7) will not
remain of magnitude O(Ma?) in such way that iz, may experience large variations from O(Ma?) to O(Ma®), yielding
significant growth of Ma and thus a change in the Mach regime. These variations characterize all-regime flows with
respect to the Mach number. Let us remark that the finer definition of well-prepared initial conditions used in [38]]
verifies the looser notion of low Mach regime considered in this work.

As it was mentioned earlier, the behavior of the Euler equations in the low Mach regime and adapted simulation
strategies raise issues that have been intensively investigated for many years and are still very actively studied (see
[25 126,143} 27 144} 291 31}, 28l 361 37, 30} 32} [33] 134, 135, 134}, 138}, (39}, 140, [41}, 42}, 45| 491, 46| 47| 48] and the references
therein). In this work, we propose transposing the low-Mach error analysis of the OSLP method presented in [32]]
to the FSLP scheme. This task is straightforward, although it requires lengthy and tedious calculations. Therefore,
for the sake of brevity, we only recall the main points of this approach. We consider a non-dimensional expression
of the FSLP solver for a one-dimensional problem and evaluate tlgir/uncation error obtained with a smooth solution
of that satisfies the low Mach regime hypothesis. d:p + p(9,¢) = O(Ma?). Similarly to the OSLP scheme,
the magnitudes of the resulting truncation error estimates are uniform with respect to Ma except for the momentum
equation that features an error term of order O(6Ax/ Ma). Consequently , choosing § = O(Ma) when Ma <« 1 will
help the scheme preserve a uniform truncation error with respect to Ma. A well-known consequence of this choice is
that in regions where Ma < 1, the non-centered part of the pressure term IT7, n will be moderated.

The numerical tests proposed in sections and show that this simple correction work similarly for
both FSLP OSLP methods: in the low Mach regime, both schemes provide accurate results. Nevertheless, we need
to emphasize that the modification of the scheme induced by 6 is not flawless and should be considered with care.
Spurious oscillations may occur [58}/59] and the inequality that ensures the entropy property of the scheme may
not be verified in the limit Ma — 0.

Let us finally highlight that as in [32} 1] the present approach is rather pragmatic and does not provide reliable
analysis and explanation for the low Mach issues. Indeed, we do not study the delicate question of the asymptotic
regime Ma — 0 [36} [37) 34, 38| [39} 40, 411 42]], we neither address the strong time step limitation due to the CFL
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conditions (#4) when Ma < 1 that can be circumvented by using Implicit-Explicit strategies[32} [45] 46| 47, [48]].
Moreover, the present lines are derived within a one-dimensional setting that does not allow fully expressing issues
related to low Mach flows.

6.2. Extension to higher order

The FSLP algorithm can be implemented thanks to a simple single-step evaluation of numerical fluxes. This
enables the use of classical high-order enhancements that are available in the literature for finite volume methods such
as MUSCL-Hancock [89} 190, 91},192, 198, 53], (W)ENO [93,194]] or MOOD [95, 96]. For the sake of simplicity, in this
paper, we will only show numerical results with the MUSCL method for which the positivity can be proven under a
half CFL condition. Let us consider a linear reconstruction of the primitive variables V = (p, u, p) in each cells

Vi(x) = Vi + (x = x))p}

where the slopes pi=p' Vi, V5, Vi) are obtained using a standard slope limiter such as the minmod function
[99]]. Let us introduce the function H : V +— U that converts a state’s conservative representation into its correspond-
ing set of primitive variables. The reconstruction provides a second-order evaluation of the conserved quantities at
each interface with

Ui, = HV" (xj10), U = HV " (x0)), (65)

that we use to evaluate the FSLP flux function (34) at each interface by setting:

JH1/2,=> 7 j+1/2,+ J=1/2,=> 7 j-1/2,+ JH1/2,=> 7 j+1/2,4° 7 j-1/2,=> % j-1/2,+
(66)
The gravity source term can also be computed with the same formula as in the first-order method by replacing cell-
averaged values with the high-precision face-centered values:

At
U?+1 _ U;l + A_X(FFSLP(Un,HO Un,HO )_ FFSLP(U’?’HO Ut?,HO )) — AZSJ'(U”’HO Un,HO Ul?,HO Urf,HO )

0
n,HO n,HO n,HO n,HO _ n,HO
Sj(Uj+1/2,—’ Uj+1/2,+’ Uj—1/2,—’ Uj—1/2,+) - {p@xqﬁ}j HO
{puax(ﬁ}?,
{p0x¢}n'H0 _ (Pt%d))ffl/ﬁ(p@uﬁ)ﬂ,z
j 2
{pud ¢}n,H0 _ “;ﬂt/)z(pﬁﬁz’)ﬁol/2*“;ﬁ(/]2(pﬁ—r¢)jltol/2 (67)
X i -
wo _ B
— J+ = J+ "=
(p6x¢)j+l/2 - f(ax@jﬂ/z
where (0,¢)"9 , is a second-order accurate evaluation of the derivative of the gravitational potential at the interface

Jljz L S . .
Xjr172. Note that if the potential is known explicitly, it can be computed exactly at the interfaces. The extension

of the well-balanced property is not straightforward and beyond the scope of this paper. Second-order well-balanced
methods can be found in [97]]. The second-order extension (66) of the FSLP scheme is positive for density and internal
energy as long as it is ensured that:

AL ax (2 max (1707, 1/" Y o))<k 68
2 o 7 s+ ) () )< o
The stability of the second-order method under the conditions above is a direct consequence of the stability of the
first-order method. For the second-order extension in time, one can use either the SSP-RK2 method [100} [101]] or a
classical Hancock update [92].
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6.3. Multidimensional extension

Before going any further, let us introduce the notations for our 2D space discretization: we consider two strictly
increasing sequences (xi+1,2)iez and (¥j+1/2) jez and divide the real plane into cells where the i th cell is the interval

(xi_l/z, xi+1/2)x(yj_1/2, x]-+1/2). The space steps of the ijth cell are Ax = Xi+1/2—Xi-1/2 > 0 and ij =Yj12=Yj-1/2 > 0.

We consider a discrete initial data Uy, defined by UY; = m I X:/’; ’ ;’T:é > U%x, y)dxdy, for (i, j) € Z2. Let us introduce
T J i— J—

the Euler equations of gas dynamics in two dimensions of space:
a,U + 8, F(U) +0,GU) = S(U,¢),  for (x.y) e R 1 > 0, (69)
with U = (o, pu, pv, pE)T, F(U) = (pu, upu + p, upw, upE + pu)", GU) = (pv, vpu,vow + p, voE + pv), and
SWU,¢) = —pdp(0,1,0,u)” — pdy$(0,0,1,v)" where v is the velocity in the y direction and ¢ is smooth enough so

that we can consider that 8,6, d,¢ are also regular and bounded. We take advantage of the rotational invariance of the
2D Euler system and discretize the fluxes direction by direction:

n+1

At . At .
pPij = .07,‘,' + Ax (ui+1/2,jp?+1/2,j - ui—l/z,jp;l—l/z,j) + A_y (Vi,j+1/2pzr‘fj+1/2 - Vi—1/2,jp?—l/2,j)’
At x

+1 _ * AR * 6" *

(ow);" = (pw);; + Ax (ui+1/2,j(pu)?+l/2,j +IL )~ Uiy, Py ;= T 12, ,)
At .
+ A_y (Vi,j+1/2(p“)zr‘fj+l/2 - Vi,j—l/z(pu)zj;l/z) - {Pax¢}?j,

n+l _ n At * n * n (70)

(PV)i,j = (PV)i,j + Ax <Mi+1/2,j(pv)i+l/2,j - ”i71/2,j(PV)i71/2,j)
At o, @ % * @

+ A_y (Vi,j+1/2(pv)?,j+1/2 +10; g2 T i,j—1/2(pv)?,j—1/2 Hl] 1/2) {Pay‘ﬁ}?j’

At x .
n+1 n * n 0F % % % n 0 * %
PE)j = E);; + (12 JOE N2+ T 2 = i Py = T 1 27)

At ~ & ~ 5 O % &
+ Ay (Vi.j+1/2(pE)Zj+1/2 + 1L aVieyz = Vijo12PE) o1 — Hi,j—l/zvi,j—l/Z) — {(pudy + pvoy)e});.

with
5 _ u;’+l,j+u:‘1.j 1 n :+1 _/ l_/
W2 = 72 7 Zamn, \Pixnj ~ pu + —5—(dir1,j — 9ij) )
ViV .
* — el i) 1 n -} ’JA/H 0L R
Viel2j = = 2 a2 (pi,j+1 P+ =51 — dij)) a1
#,0% — PP Iy Qit1/2 (M” — )
i+1/2,j 2 i+1/2,j 2 i+1,j ij)?
y o +pt . a; ;
#,0 = PPy gy ij+1/2, (I/ln —u )
ij+1/2 2 ij+1/27 2 ij+1 ij)>

as well as the source terms discretization:

(po,p):, = LoD 0D

x

{pd, ¢}u (pdy ¢),,+1/z+(pa B)i i Y

{pua ¢} _ Lt,+1/2,(P!3 ¢)z+l/” U 1/2j(P3x¢), 1

g 2 >

{puayqb}?j _ v,-,j+1/2(P3y¢)xz.f+1/2*2-v,;,>1/z(ﬂﬁ)ﬂ»f,,q/z7 (72)
Pl Pl bivi =i

(ol = ot
p‘ + l ¢1 +1—¢1

POy P)ijs172 = =2 ‘2 b B,

7. flux-splitting as a relaxation approximation

The goal of this section is to highlight the connection between the FSLP flux-splitting approach and a relaxation
approximation. In the previous sections, we concluded that the FSLP approach could be expressed as an averaging
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procedure (@3)) where U ;’ and U;.‘ are defined as approximate solutions of two systems (39) and (40) that respectively
only account for the pressure and the advection effects. We propose to translate that three-step process thanks to a
relaxation approximation. Suppose that @ € (0, 1) is a constant and let v be a positive parameter, we consider the

system

[ pf 0 0 I ap’ + (1 - a)p? —p
pfuf mn’ of apuf + (1 — a)ptu? — pfu®
PP P, P P, P PP A A
p'E 1. (" 11p"u _ |epPE" + (1 — a)p*EA - p"E”
6, pPHP + ax aZMP 0 ax¢ =V pEOS(l/pP, eP) _ HP (73av)
p'Tr —uf 0 1= pP7P
1) 0 0 0
N ptu” ap +(1—ap —p
phut | prutu® aptuf + (1 — a)pu? — prut
9, | pAEA +(1—)8x PpAEAUP =v|apPE? + (1 — a)p"EA — pAE4|. (73b,)
pAHA -—a pAHAMP pEOS(l/pA,eA) _HA
,,DATA_ MP 1 _pATA

The system ) features a pair of duplicate conservative variables (U P UA) and 4 other variables: I17, T4, 74 and
7P, The variables I1” and I1* are surrogate for the thermodynamical pressure, while 74 and 77 play the role of a
pseudo-specific volume. It is possible to view (73},) as a Suliciu relaxation approximation with a separation of the
acoustic and transport operators. Indeed, (73},) implies that

pAu’ 0
oAutu? + 1P | =| —pP |0,0

AEAP + TP —oPu?

ap’ + (1 - a)p?
9| apfuf + (1 — a)pu?
ap’EP + (1 — a)p?EA

(74a)

O[T +(1 - )p T | + 0 (p" U +a?u”) = v[apEOS(i e )+(1 a/)pEOS( ! A)—QHP—(I—Q)HA], (74b)
p’ o

6,[apPTP +(1- a')pA‘TA] = v[l —ap’TP - (1- a)pATA]. (74¢)

Takmg the limit v — +oo formally enforces that U” = U = U = (p, pu, pE)" and IT* = IT1* = pE9S(1/p, e), so
that (74a) enables to retrieve the Euler system (I). This suggests that we can use the relaxation system (73},) as an
approximation of (I in the limit v — +oco. The equation plays here a similar role as the surrogate pressure
equation in the classic Suliciu approximation [60, |62} [63]. The sole purpose of equation is to ensure that
apTP+(1-a)p"T4 = 1in the regime v — co. In our discretization strategy, we classically mimic the v — oo regime
for t € [1", ), by enforcing @t 0, 74, U4, T, 7Y@ = ") = (U, pEOS(l/p, e),1/p,U, pEOS(l/p, e),1/p)t=1"
and by solving the relaxation off-equilibrium system (73},-¢). The properties of the off-equilibrium system (73},-)
are briefly summarized in the following proposition whose proof is given in[Appendix D]

P

(with an

u
Proposition 7.1. The system _0 ) is hyperbolic with a set of characteristic velocities given by: 1

algebraic multiplicity 4), 0 (with an algebraic multiplicity 5) and +L Moreover, -0) only involves linearly
ap®
degenerate fields.

The relaxation formulation (73},) sheds some more light on the similarities between the flux-splitting we propose
here and the acoustic/transport operator splitting strategy presented in [1]]. Indeed, the source term and pressure effects
can be treated separately from the advection terms. The difference is that although the operators are separated, they
are re-distributed within a larger single system instead of two separate systems.

By discretizing the pressure and advection parts of (9 identically than in section[5.2] we re-obtain the same update
formula (3T)), which yields the FSLP scheme (34). Finally, let us mention that it is possible to build an alternate flux-
splitting method for the system (T)) by seeking the solution of the Riemann problem for (73},-o). This option is not
studied in the present work.
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8. Numerical experiments

In this section, we consider that the fluid is a perfect gas with the EOS p = (y — 1)pe and that the potential ¢ takes
the form ¢(x, y) = —gy for tests that involve the source term.

We will present numerical experiments with the FSLP method and the HLLC Riemann solver [92] using first and
second-order discretizations. The second-order accuracy is achieved using a MUSCL-Hancock strategy [92] for both
the HLLC and FSLP solvers. Let us mention that the slope reconstruction is performed on the primitive variables with
a minmod slope limiter [54} 153} [92]. For the OSLP method. Noting (a/p) ;.12 = max (l/p']?, l/p;?H)ajH/z, the time
steps At is computed as follows:

1

At = C°F Ax - —, (75)
maxjez, [max {2 max [(a/,O)j—l/z, (a/,D)j—l/z] , ((Mj_l) - (“;1) )}]
For the FSLP method, it is computed as follows:
1
At = CT Ax (76)

+ — o
maxiez [2max [(@lp)jas @l + ((w0,) = (w,,) )|
J=3 ]+2
where the parameter C™ is given by the table|l|so that the CFL conditions (20) and(21)) for the OSLP method, (33)
for the first-order FSLP method and (68)) for the second-order FSLP method are all checked. For the HLLC solver,
the standard CFL from [[102]] is used.

Numerical scheme | first-order | second-order
OSLP 1.0 N.A.
FSLP 1.0 1/2
HLLC 1.0 1/2

Table 1: Values for C°FL used in the simulations.

The parameter 6 related to the low Mach correction is defined at each interface (i + 1/2, j) and (i, j + 1/2) by
6i41)2,; = Max (Mi,j/Ci, Mi+1,j/Ci+1,j) , 93 11/2 = Max (Vi,j/Ci, Mi,j+1/6‘i,j+1)- )

8.1. Sod shock tube test case

We consider here the classical Sod shock tube test case [103}[92]: we set y = 1.4 and the initial conditions are:

(1,0, 1) if x<0.5,
(0,16, P 1= 0) = {(0.125, 0,0.1) if x>05
The goal of this test is to study the ability of our solver to handle different wave types. The initial discontinuity
generates three waves: a leftward going rarefaction, a contact discontinuity, and a shock that both travel towards the
right of the computational domain. Figure [I]shows the profile obtained at r = 0.2s with five different solvers: OSLP,
FSLP/HLLC for the first and second-order methods. At first order, the HLLC solver provides the sharpest resolution
of the shock and contact discontinuity. The differences between the FSLP and OSLP methods are hardly visible. None
of the schemes suffers from spurious oscillations and both the position and the amplitude of the waves match the exact
solution.
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Figure 1: Sod shock tube test case. Profile at t = 0.2s of the density (top left), velocity (top right), pressure (bottom left), and specific internal
energy (bottom right). The results are obtained with the OSLP method, first and second-order FSLP method, first and second-order HLLC scheme,

and the exact solution on a 100-cell grid.
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Figure 2: Two-rarefaction test case. Profile at # = 0.1s of the density (top left), velocity (top right), pressure (bottom left), and specific internal
energy (bottom right). The results are obtained with the OSLP method, the first and second-order FSLP method, and the exact solution on a 100-cell
grid.

8.2. Two-rarefaction test case

We now consider the two-rarefaction test proposed by Einfeldt [104] for a perfect gas with y = 1.4. The initial
conditions are
1, -2, 04), ifx<0.5,
Lu, p)x,t=0) = ]
(0.1t )X )= \(1 2. 04),  ifx>05.
The resulting wave pattern features two rarefaction waves that split from the position x = 0.5, traveling towards each
end of the computational domain. As a result, a near vacuum region presenting low densities and pressures appears in
the middle of the domain.
Figure 2] shows that all methods are robust enough to preserve positivity for mass, pressure, and energy so that
they are able to reach the end of the simulation. Moreover, none of the numerical schemes exhibit entropy-related
issues like the apparition of nonphysical shocks within the wave pattern.

8.3. The Gresho Vortex

The Gresho vortex [103] involves a a stationary vortex that can be parameterized by the maximum value of the
Mach number M, across the computational domain. Therefore this test is very useful for studying the performance of
numerical schemes in the low-Mach regime. We consider a perfect gas with y = 1.4. Using polar coordinates (r, 8),
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Figure 3: Comparison of the final velocity magnitude map for the Gresho vortex test case with Ma = 107! obtained with the FSLP, OSLP, and
HLLC solvers on a 128 x 128-cell grid at = 0.1s.

the initial conditions read:

p(r,0,t=0) =1, (78a)
(0,5r) if0<r<0.2,
(U, ug) (r,0,t =0)=4(0,2-5r) if0.2<r<04, (78b)
(0,0) if04<r,
po + 12.572 if0<r<0.2,
p(r,6,t =0) =3 py+ 12,57 + 4 —20r + 41n(5r) if0.2 <r <04, (78¢)
po—2+4In2 if04<r,
where py = L For the simulations, we will use three different values for the reference Mach number: Ma €

Mg
{1071,1073, 107%}. We will compare the distributions of the velocity magnitude obtained at = 10725 with the initial
conditions.

Figures [3 @] [5] give us the final velocity magnitude map for the Gresho vortex obtained with different solvers
and Mach numbers. For M, = 107!, we can see in figure [3| that on all three simulations, the initial velocity ring
is preserved. Figure El displays the results for M, = 1073: one can see that the FSLP and OSLP methods can both
preserve the velocity ring thanks to the low Mach correction while the HLLC methods fail to do so. The same behavior
is observed for Ma = 107 (see ﬁgureEI). In order to measure the effect of the solver’s numerical diffusion, we evaluate
the ratio ey, / egin of the kinetic energy obtained at the final instant and the initial instant with

exin = Z %p;((u;)z +(V12)Ax, & = Z %p?((u?)z +(02)Ax%, (79)
J J

The results are displayed in table 2] They show that both FSLP and OSLP solvers better preserve the kinetic energy
than the HLLC method in the low Mach regime.

8.4. Two-dimensional Riemann problems
We now intend to study the ability of the FSLP method to capture more complex wave patterns in a two-
dimensional setting, including shocks and rarefaction waves. To that end, we consider the popular 2D Riemann prob-
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Table 2: Gresho vortex test case: evaluation of the kinetic energy in the computational domain for different values of the Mach number M,,.

Ma=10"" [ Ma=107 | Ma =10
exin/€Y. (att = 10-2) — OSLP scheme 0.9966 0.9966 0.9966
exin/ €}, (att = 10~2) — FSLP scheme 0.9966 0.9966 0.9966
exin/€l, (att =10"2) — HLLC scheme | 0.9762 0.5262 0.5167

3.144
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2.358
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0.0 1.572
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0.2 4
0.786

0.4 4

T T 0.000
0.4 0.2 0.0 —0.2 —0.4

Figure 6: 2D Riemann problem. Mapping of the Mach number as ¢ = 0.8s. The reference simulation is obtained with a second-order HLLC method
on a 384 x 384-cell mesh.

S

lem of the literature referred to as Configuration 3 in [[106]. The computational domain is the rectangle [0, 1] x [0, 1],
with the initial conditions

(0.138, 1.206, 1.206, 0.029) if x <0.8,y <0.8 (bottom left)

(0.5323, 0.0, 1.206, 0.3) if x> 0.8,y < 0.8 (bottom right)
(o, u, v, p)(x,y,t=0) = : (80)
(0.5323, 1.206, 0.0, 0.3) ifx<0.8,y>08 (topleft)

(1.5, 0.0, 0.0 1.5) if x>0.8,y>08 (top right).

We impose homogeneous Neumann conditions at the boundaries. We compute a reference solution thanks to a second-
order HLLC method on a 384 x 384-grid. The waves at play produce a jet that propagates along the diagonal x = y
creating an important low Mach region in the center and the top right part of the domain (see figure [6)).

Figure [7] shows a mapping of the density obtained with the OSLP (first-order), the FSLP (first and second-order),
and the HLLC (first and second-order) schemes using a 128 x 128-cell mesh. One can see that the overall wave pattern
is rendered successfully by all numerical schemes. The results of the FSLP, OSLP and HLLC schemes for first-order
methods are similar. second-order methods all better succeed in capturing the shape of the jet as depicted in figure[8]
Nevertheless, we can note that spurious oscillations appear in the simulation performed with the second-order FSLP
scheme with low-Mach correction. These spurious waves propagate along the x and y axes in the top right part of
the domain. We believe they are caused by the lack of numerical dissipation around the low-Mach shocks due to the
combination of the low-Mach correction and the second-order reconstruction. A more careful choice of 6 than (77) is
required to ensure the discrete entropy inequality (see (22))). Improving the second-order discretization for the FSLP
scheme would, for example, require proposing a better choice for 6 but such a task is beyond the scope of the present
work.

8.5. Hydrostatic equilibrium test

In order to challenge the well-balanced ability of the FSLP scheme, we consider the atmosphere at rest test (see,
for example [1]]). It involves a fluid column of a perfect gas in a rectangular [0, 2] X [0, 1] domain. For this test, the
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gravity acceleration is set to g = —1 so that ¢(x,y) = —y. For the EOS of the fluid, we sety = 5/3 and ¢, = 1, where ¢,
is the heat capacity at constant volume so that the temperature 7' of the gas is given by e = ¢, T. We consider periodic
boundary conditions for the left and right sides of the domain. At the top and bottom of the domain, wall boundaries
are imposed for the normal velocity, while the temperature is linearly extrapolated. The initial condition is built by
imposing a linear temperature profile as follows

T(x,y =0, =0) = 3.78565, VT(x,y,t=0)=(0,-1.2)", (81a)
plx,y=0,t=0)=1, Vic,(y — DpT)(x,y,t = 0) = (0, pg)". (81b)
The computational domain is discretized over a 100 x 50 on which we let the solver evolve the profile for ¢ €

[0, 100s]. Table (3| displays the value of the max; ; |VZJ-| at t+ = 100s and shows that both the OSLP and the FSLP
first-order methods preserve the velocity magnitude at zero-machine precision.

Table 3: Hydrostatic equilibrium test. Measure of the velocity magnitude at r = 100s

Solver OSLP FSLP
Average speed | 1.342x 107 | 2.056 x 107

It is important to mention that a direct second-order extension of the well-balanced method, as presented in sec-
tion[6.2]will fail to preserve the hydrostatic equilibrium. This question of designing a well-balanced high-order method
has been successfully investigated in the literature [[19] 22| 24]. Adapting these techniques to the FSLP scheme is be-
yond the scope of this paper.

8.6. Rayleigh-Taylor instability

We now consider the Rayleigh-Taylor test performed in [1]]: the computational domain is [-1/4, 1/4]x[-3/4,3/4]
and the fluid is a perfect gas with y = 5/3. At ¢ = 0 a dense layer of fluid lies on top of a lighter layer so that the
configuration is unstable. The gravity acceleration is g = —0.1 thus ¢(x, y) = —0.1 X y. The initial conditions are given
by

1 fory<O,
Py 1=0)= {2 fory >0, (822)
px,y,t=0) = —pg, (82b)
(u,v)(x,y,t =0) = (0, % (1 + cos (47x)) (1 + cos (3ny))). (82¢)

The initial velocity imposes a single-mode perturbation of magnitude C = 0.01 that will break the hydrostatic
equilibrium.

This test allows measuring and comparing the effect of the numerical diffusion of each method as it tends to limit
the development of high-frequency modes in the instability. Figure[I0|and [Q]respectively show the density and Mach
number of a reference second-order HLLC simulation obtained with a 200 x 600-cell mesh. We observe a sharp
transition between both fluid layers, and the interface presents lateral arms with secondary rolls.

Figure [I0] shows simulations ran with both the FSLP solver and the HLLC solver on a coarse 50 x 150-cell
mesh obtained with first and second-order methods. The HLLC method presents an important amount of numerical
diffusion: it only shows a single mode growth, and no lateral arm is created. On the other hand, The FSLP method
with low-Mach correction can produce the arms that appear on the reference HLLC simulation. It shows that our new
method can better capture high-frequency flow features with much lower resolution than the classic HLLC solver,
similar to OSLP. This is due to the low-Mach nature of this test: as displayed in figure [0 one can indeed see that
M, € [0,0.165]. Therefore the low-Mach correction at play in the FSLP solver has an important effect on the
result. Note, however how this correction does not fix the important amount of numerical diffusion that appears at
the interface between both layers with the FSLP solver. At second-order, the HLLC solution shown in ﬁgure does
present lateral arms, similar to the first-order FSLP method. The second-order FSLP method presents many secondary
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Figure 9: Rayleigh-Taylor instability: mapping of the Mach number profile for reference solution obtained with a second-order HLLC method on

a 200 x 300-cell mesh at t = 12.4s.

rolls both on the front of the main mode and on the lateral arms. This agreement with the reference solution displayed
in figure [10] shows the higher accuracy of the second-order FSLP method. Finally, let us mention that the results
obtained with the OSLP in figure [I0]resemble the first-order FSLP simulation of figure[T0]

8.7. The stationary vortex in a gravitational field

The stationary vortex in a gravity field test [97] is a modified version of the Gresho vortex [105] where a grav-
itational field and a background hydrostatic equilibrium state are added. It allows testing the low-Mach properties
of numerical methods. We consider the sub-case of the setup proposed in [97] with Fr = Ma, RT = 1/Ma, and an
adiabatic index y = 5/3. The potential and the initial conditions are given by:

12.57? if r<02
0.5 —1n(0.2) + In(r) if 02<r<04
P =1 In@)- 052 +2.5- L r— 125122 if Od<r<r.
In(2) - 0.5 + 1,251 it >
with r. = 0.5. The density is given by:
P = exp (—Ma2d3) , (83)
The radial velocity is null, and the tangential velocity is given by
Sr if r<02
ug(r)y=—1< 2-5r if 02<r<04 (84)
“1o it r>04
The pressure is p = p/Ma® + p, with:
1 [ pu®) if r<02
pa(r) = = P21(0.2) + pao(r) if 02<r<04 (85)
u
r r>04

p21(0.2) + p2n(0.4) if

where u, = 0.4 and
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Figure 11: Comparison of the initial Mach number distribution for the Gresho vortex test case with Ma = 1072 and Ma = 1073 obtained with the
FSLP method with resolutions 402

p(r) = (1 —exp (—12.5Ma2r2))
_ 1 _ 2
P2 = o5 ma) P ((=0.5 +n(0.2))Md*) 6)
(r" (Ma'(r(10 = 12.5r) = 2) - 4Ma*(y = 1)* + Ma*(r(12.5r - 20) + 6))

+exp (- In(0.2)Ma’) (4 - 2.5Ma* + 0.5Ma*)).

We consider the domain [0, 1]? and define the radius from the center r = (x — 0.5)%> + (y — 0.5)2. The initial Mach
number distribution is shown for two configurations corresponding to Ma = 1072 and Ma = 1073 in ﬁgure We let
the vortex evolve until £ = 1 s corresponds to a full revolution and display the final Mach number distribution with
different resolutions in figures[3} [T3] We also give the final to initial kinetic energy ratio in table[d} It is clear from the
figures and the table that the numerical diffusion is indeed roughly independent of the Mach regime.

Table 4: Vortex in a gravitational potential test case: evaluation of the ratio kinetic energies e, /egin att = ls in the computational domain for
different values of the Mach number M,,.

Ma=10"2 | Ma=1073
407 0.5723 0.5727
802 0.7261 0.7258
1607 0.8386 0.8388

Reproducing the numerical experiments and figures

All the simulations shown in this paper were performed with the open source code ARK?-MHD, which can be
found athttps://gitlab.erc-atmo.eu/remi.bourgeois/ark-2-mhd/-/tree/test_case_unsplit_paper_
%232. All parameter files and plotting scripts can be found in the folder|/test_case_unsplit_paper.

9. Conclusion

We have presented the recasting of an operator splitting Lagrange-Projection solver for gas dynamics into a corre-
sponding flux-splitting finite-volume method. This FSLP method is obtained thanks to a simple modification: it only
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Figure 12: Comparison of the Mach number distribution for the Gresho vortex test case with Ma = 1072 obtained with the FSLP method with
resolutions 402,802 1602 at ¢ = 1s.
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differs from the OSLP method in the states used to compute the transport step. The method relies on a flux evaluation
that separates pressure-related terms from the advection terms in the spirit of [[70} 82} [77, |83]. Two different interpre-
tations of this flux-splitting scheme were proposed to understand better and analyze the resulting method. First, we
showed that the FSLP discretization could be written as a convex combination of two updated states resulting from
approximating two subsystems that respectively account for pressure and advection effects. This approach allowed
us to derive the stability properties of the proposed algorithm. Second, we discussed the interpretation of the FSLP
method as the result of the discretization of a larger relaxation system that accounts separately for pressure and ad-
vection terms within a single step. We showed that the FSLP method is more computationally efficient than the OSLP
method. As a flux-based solver, the resulting FSLP method was straightforwardly extended to multiple dimensions of
space and to a high order of accuracy thanks to a standard MUSCL method.

The initial OSLP solver has several interesting numerical advantages: a well-balanced treatment of the source
term and a low Mach fix that provides a uniform truncation error with respect to the Mach number. Both properties
were preserved through the recasting process. The robustness and accuracy of our new flux-splitting method were
tested against a set of benchmark problems, including one and two-dimensional problems, high and low Mach flows
with first and second-order discretizations. The results further confirm the numerical stability of our approach.

In the future, we plan to perform a similar recasting by considering an Implicit-Explicit OSLP solver to prevent
the severe CFL limitations imposed by the sound velocity in the low Mach regime. The methods can also be extended
to several other flow models like two-phase flow models, magneto-hydrodynamics and the M1 model for radiative
transfer.
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Appendix A. A few classic convexity properties

We recall hereafter a few classic convexity/concavity properties related to admissible states, entropy, and energy
of our flow model that can be found in the literature (see for example [98]]). We propose short self-contained proofs
of these properties for the sake of completeness.

Lemma Appendix A.1. We have the following properties.
(a) The function A : U = (p, pu, pE) € [0, +o0) X R X [0, +c0) > A(U) = (pE) — (szp)z is concave.
(b) The set Q defined by @) is convex.

(¢) The function U : (T ,u,E) — s(T,E — 2 is strictly concave.
2 y
(d) The functionn : (o, pT", pu, pE) — ps( 2L, LE) _ —V’”f is strictly concave.
P’ P 2p

Proof. Let0; =1—-6, € [0,1] and Uy, € [0, +00) X R X [0, +00) for k = 1,2, we have

6,6, [o2 i
A U | - OAUy) = O(PE) + —[(Pu)l — — (pu) —} >0, (A.1)
k;z Z 1;1;2 Z OOk P P2
=12

k=12
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which proves (a). For (b), consider again 6; = 1 -6, € [0,1] and Uy € Q, k = 1,2. If we note U = };_;, Uk,
then U € Q. Indeed, we have that };_;, ko > 0, and as pe = A(U) 2> -1, OAUr) = 2yo12 Okprex = 0, where

e, = E — (u,%)/Z. This implies that e > 0.

For (c) : The function KX : (u, E) — E—u?/2 is strictly concave and we have U(7 ", u, E) = s(7", K(u, E)). Consider

A €]0,1] and let us note A = A; and 1, = 1 — A. We have that

(L{(Z AT Z Akt Z ﬁkEk] - Z AU Tk, ug, Ey)

k=12 k=12 k=12 k=12

= s[z T {Z et Z akEk]] = D Aes(Ti, K(ug, Ep))
k=12 k=12 k=12

= s[z n,K{Z Py AkEk]] - s[Z Thr Y MK, Ex)
k=12 k=12 k=12 k=12 k=12

* {Z Uy AkK<uk,Ek>] = > (T K, EL).

k=12 k=12 k=12
As K is concave, we get that
K{Z Akt Z /lkEk] > Z A K (ug, Ey).
k=12 k=12 k=12

By (3) we know that ¢’ > 5598 (7., ¢') is increasing so that

S(Z TkK[Z Aot Y A ]— S[Z T Y /le(uk,Ek)] > 0.

k=12 k=12 k=12 k=12 k=12

We also know that s is concave therefore

s[z Tis ), K E)| = > Aes(Ti Ka, E) 2 0.

=12 k=12 k=12
By replacing and (A7) into (A:4)) we obtain that

W[Z ATk, Z Arlig, Z /lkEk] > Z AUTw, w, Ey).

k=12 k=12 k=12 k=12
for (d): If we note again U = (p, pu, pE), by (6)), we have

pT (PE)  (pu)*
U(P»PT»P’/"PE) :ps(T’ T - 2p2 =S p’PT’PE -

Now we consider Uy = (o, ok, ok Er) € Qand 73 > 0, k = 1,2, we have

[ngpk, ZGkPka, ngpkuk» ZQkPkEk] - Z ok, Pk T ks Prik, PrEx)

k=12 k=12 k=12 k=12

(pu)*
2p

= S[Z Opi D 0upiTio A > 04U ]— D" S (or 1T s AUL)
k=12 k=12 k=12 k=12
= S[Z Oxpr ngpk(rk,l\ Z O Ui ]— S[Z Oxor ngpk(/_k, Z A (Uy)
k=12 k=12 k=12 k=12 k=12 k=12
+ S(Z Opis D 0uoiTis D O [ = D" 68 (oo pi T, AUL)
k=12 k=12 k=12 k=12
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) =8 (0, p7, A(U)).

(A2)

(A.3)

(A4)

(A.5)

(A.6)

(A7)

(A.8)

(A.9)

(A.10)



As A is concave, we have A(Zk:l,z HkUk) > Y12 AUy and as & - § @, 7V,&)is increasing, we have

S(Z Ours ) OoxTis N ) ekUk}

k=12 k=12 k=12

Using the fact that S is concave, we also get

- S(Z Opis ) OoxTis Y AU |20
k=12

> 0. (A.11)
k=1,2 k=1,2

(Z Oupxs Zekpm, Z @A(Uk)) Z 0cS (pxs kT AUL) 2 0.
k=12

(A.12)
Injecting (A-11) and (A-12)) into (A-T0) provides
(ngpk, ZGkPka, ngpkuka ngpkEk] Z On1(oks Pk T ks PrUks PrEx)- (A.13)
k=12 k=12
O

Appendix B. Approximate Riemann solver for the pressure subsystem

In this section, we present the derivation of an approximate Riemann solver for the pressure subsystem (39)
following the lines of [32,[1]]. We express (39) in the following compact form

0,U +20,P(U) = S(U),

A1 + 8,(2d%u) =
where P(U)T =

3,(pT) -20,uf =0 9,0 = 0. (B.1)

(0, I1, ITu). Let Ax; > 0, Axg > 0, we consider X € R and the following piecewise initial data

(01T .0) 1 = 0) = {(UL,HL,‘TL, g ifr<i,

. _ (B.2)
(UR,HR,TR,(ﬁR) if x > X,
that verifies the equilibrium relations:

1 1
(Ui, Ty, Th 1) = [(pk,pkuk,Ek)T,pEOS(p—k,ek),— m] k=L,R, (B.3)

with ¢, = z- j_() Ay, $F + ) dxand ¢ = £ fOAXR (X + x)dx. We seek a self-similar function (Urp, Ilgp, Trp, $rP)
composed of four constant states separated by three discontinuities as follows

(UL9 HL9 TL’(DL)9 if == 1 < —

=T
(Urp, Tgp, Trp, ¢ )( L UL LT ¢, U, Tk, T ¢) Wi BT O lf_“ T s0 (B.4)
RP»> 11RP> / RP> ¥RP LA L, J L, @PL, YR, L1Rs J Ry PR (U*,H;,T;’(I)R), if()<x%5‘<2_‘” B

~ PR
(Ug, IR, Tr, Dp), iffz)—f: < =1

s
where the intermediate states U}, IT; and 7" are required to satisfy the four following properties

1. The approximate Riemann solver should be consistent in the integral sense with the pressure subsystem (B-T)
for At such that mm < % min(Axy, Axg), we have

2P (Ug) -2P((UL) 2a U, -U, Ur - Uy
2y —uy)  |=-— (pH)L (pIDL + — | (pIDg — (pH)R + (Axp + Axg) (S}, (B.5)
~Qu, — 2u}) PLAOT): = (0T)L] PR 0Tk = 0T
with {S} a function that is a consistent approximation of S, that is to say
li S} =S, = X). B.6
(ZL’(DIX% o {S} =S, ¢)(x = %) (B.6)

(Up.TIg). (UL J1)—(U,p5 (5.2))
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2. Inthe case ¢;, = ¢, it should be degenerate to an approximate Riemann for the homogeneous problem obtained
with (B.I) when S = 0.

3. If Uy and Uy, satisfy the following discrete version of the hydrostatic condition (8):

_PLTPR
2

then (U}, IT;) = (U, T1,) and (U, ITy) = (U, TIg).

HR—HLZ

(Pr — ¢1), up = ug =0, (B.7)

Let us build the states (U, ITy) and (U}, I1;) so that they verify the above properties. We note
IT, - II; + M =0. (B.8)

First, we impose that p; and pj, are consistent with the exact solution of (B.I)) by setting p; = p, and pj = pg. Then
we also require that the Rankine-Hugoniot jump conditions obtained in the case S = 0 are valid across the waves of
velocity —2a/py and +2a/pg

| Ui-U 2P(U;) —2P(Uy) 5a|  Ur—Uy 2P (Ug) - 2P(U;;)
— | Iy = ID [+ 2a%u; —2a%u;, |=0, ——|(@IDr—(IDx | +| 24%ug —24°u, |=0  (B.9)
PL (0T, = (0T —2u + 2y PR\ (0T )k = (0T “Dug + il

Finally, we postulate that the velocity is continuous across the stationary wave by setting
u; =up=u", (B.10)

and we also impose that (ITw); = IT;u; = IT;u*, k = L, R. Then, relations (B.5), (B.9), yield

pz =PL, p; = PR (Blla)
1 1
Ez =E; — - ((H* + %)M* —Iu; |, E; =Ep+ - (H* - %)M* — Izug|, (B.11b)
a a
« « « ugr + uj, 1 M " HR+HL a
u =MR=ML: B —Z(HR—HL)—%, I1 =T—§(MR—ML), (BllC)
H;:H*+A—/(, H};:H*—M, (B.11d)
2 2
. 1 I, . 1 1,
T, =—+ - —uy), Tr=—-—-W —up), (B.11e)
pL a PR 4

where the jump M can be identifed as

Axp + A Axp + A
M= DXL+ AXR (000} , Mu* = DXL+ AXR
2 2
At this point, the functions {p0,¢} and {pud,¢} are still yet to be specified. Let us consider the constraint 3: if it is
satisfied then for a state that verifies (B.7) the jumps M and Mu* necessarily take the value M = —(IIg — II;) and

Mu* = 0. A simple choice that fulfills this requirement is
Or —PL

Axp + Axg ’

{oud. ¢} . (B.12)

Or—OL

—_ B.13
Axp + Axg ( 2)

{00¢} = (oL + pR) {000} = (oL + pr)u*

Relations (B.IT)) and (B:13a) give a complete definition of the approximate Riemann solver (B.4). This solver yields
a definition for the conservative numerical flux Po(Uy,I1;, ¢y, Ug, g, #g) and a source term discretization (located
at the interface) SA(Up, Iy, ¢1, Ug, g, ¢r) thanks to the consistency in the integral sense. We get

PUg,I1g) + P(UL,I1})
PA(Up, 11y, ¢, Ug, g, ¢g) = kK > b L

SA(UL, 1L, ¢, Ug, Tk, ¢r) = [0, {000}, —{pud. 41", (B.14b)
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so that for two neighbouring states (ULIT}, ¢)) and (25w

the cell j and the cell j + 1, the numerical conservative flux (0, H;‘. 120

(O, Hj‘+1/27 j‘+1/2’4;+1/2) = PA(UY, H;h ?j U;H, HI;H, ¢j+1), (B.15)

H’; 1> ®j+1) across the cell interface j + 1/2 that separates

Hj’+1/2“j‘+1/2) is defined by

and the discrete souce term §; within the cell j is given by

Axj_12
2ix- Sj-172: Sir12 =SaWU} I, ¢, UL I ). (B.16)
J

_Axjap

S
J 2ij

Sit12 +

Let us now give some properties of the approximate Riemann solver. Let us note e; = E; — (u,t)2 /2 , the following
lemma is a direct consequence of (B.9) that exhibits a reminiscent property associated with the Riemann invariants
associated of the system (B.I) when S = 0.

Lemma Appendix B.1.

I,

H*Z 11 2 H*
L (319 T — =7+ =, k=LR. (B.17)
a a

e = €
ko 2g2 2a% "’

The following positivity result is a direct consequence of (B.TTe).
Proposition Appendix B.1.
1. Ifais chosen large enough then 7 > 0 and T} > 0.
2. T >0and T > 0is equivalent touyp — a¥p = up —a/py < u* <ug +aTr = ug + a/pg.

Following the lines of [16]], we first prove two preliminary stability-related results. The differences from Lemma
1 of [16] is that the Riemann states we are dealing with here depend on the M terms and that the specific volume we
use is 7~ instead of 1/p (that are different in the sub-system framework). However, the proof turns out to be almost
identical.

Proposition Appendix B.2. Consider the intermediate states defined by (B.11).
and noting s; = sFO5(T%, si), we have

(pEOS (7-;’ Sk) _ HZ)z

e; — &5 (T i) - 5 >0, (B.18)
*2
with e; = Ef — .
Proof. We only describe the case kK = R. Consider the function:
2
EOS 2 EOS T g )
_ _EOS )4 (7, sr) EOS (- 4 ( R>°R
X(T) =e (T, SR)— 2—(,12 — € (TR,SR)+ 2—512
. EOS (7" s ) . pEOS T;, SR
+ pEOS (77, sp) |7+ 23R " LS g —(a2 ) . (B.19)

One can check that y/(77) = (pEOS (7';, sR) - pEOS (T, sR)) (1 — P2 (T, sR) /az). We have d7p < 0 from we
also assume that a is large enough. We have two different cases:
Tr<T <Tr = X (T)>0 = x(Tg) <x(T) <x(Tg).

| , ¢ (B.20)
Te>T >Tg = X'(T)<0 = x(Tg) <x(T) <x(Tr)
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As x(T5) = 0, we have x(7%) > 0, in both cases. Accounting for (B.17), we get

2
PEOS (Tg, sr)? P (TR’ SR)

0 < x(Tg) = €95 (T, sg) — — P05 (T2, s0) +

2a? 2a?
) EOS (7% sz) . pEOS (T3, sk
+ 0P8 (T 50) | T + azR =T~ (az )
2 2
(H;;) pEOS ( * SR) I pEOS (7-*’ SR)
_ EOS * R EOS . R R
_eR_F_e (TR7SR)+T+p (Tx>5R) 2 2
2
EOS * *
. y P TR’ SR)— HR
= e — " (TR,sR)—( ( 2a2) ) : (B.21)
Similar lines can be used for k = L. O

We present a result concerning the behavior of the numerical scheme in the low Mach regime defined in section[6.1}
we consider a one-dimensional smooth solution of the pressure subsystem (B.I)) such that dzp + ,5((9)(/\(;7) = O(Ma?).
Then, we proceed as in [32] by evaluating the truncation error (in the sense of the Finite Difference) obtained by
substituting these low Mach flow parameters into the finite volume update formula derived from the fluxes (B.15). We
obtain the following results.

Proposition Appendix B.3. In the low Mach regime, the rescaled discretization of the pressure system is consistent
with

0p=0, 0:pi)+ ﬁ(axﬁ +5(0:9)) = O(AD) + O (%’;) O:PE) + 0:(pit) = OAD) + OMa A%).  (B.22)
a

If one performs a similar evaluation for the full FSLP scheme, one can see that the truncation error term O (I\AT’;)
that appears in the momentum equation of (B.22)) will be the only error term whose magnitude is not uniform with
respect to Ma. Similarly as in [28} 132} (1} 133]], this truncation error term can be traced back to the non-centered part of

H; 112~ To tackle this issue, we adopt the modification used in [32, [I] by replacing Hj. 172 With

1 ajri/2
#,0 J+1/
=5 (m+1m,,) - Ojrip =~ () —u), (B.23)

where 6,1/ € [0, 1]. This results in the update relation (I2)) that is a finite approximation of (B.I)) with the flux defi-
nition (T3). We will see in[Appendix_C|how this resulting modified flux can still be associated with an Approximate
Riemann solver.

Appendix C. All-regime approximate Riemann solver for the pressure subsystem

Following similar lines as in [32]]: although the modified pressure scheme (I3) is defined as a flux scheme, it is
possible to find an approximate Riemann solver (U%,, T1% Tgp) that enables to retrieve the numerical flux P? =

RP’ HIRP
*,0 *,0 * :
(0,117, ,, T, 15, ). We suppose that (U5, T80, T2,) has the same structure as (Ugp, Igp, Trp), We consider

P
UL T 0, i 5F <2,
= (U*,F), H*ﬁ, 7-*,6’ q)L), if_l < X=X < 0,
Ul s Tios ) 3 U T, T 0, U Tl T ) = Ly e T cl
( RP> 44RP> / RP ¢RP) P L, J L ¢L R>11R, J R ¢R (U;’Q,HZ’G,TE’G,@R), if0<x—;xSpiR, ( )
(Ug, g, Tk, ©R), if = < =
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where IIy, 7 and @y verify (B:3), k = L,R. The states w, HZ’H, ‘7';’9), k = L,R are yet to be defined. First, we
impose that (Urp, [Igp, Trp) verifies the consistency in the integral sense

+P(Ur)— P(UL) U’ -U, 2 148}
L2 S up) | = = | (I — (oI |+~ | (oD — oIy | + 2L A% ; Axe | ‘ : (C2)
~(Gur = ) WL Ty = Tl R T - Ty 0

We then enforce that the numerical flux resulting from (C.2) is P4, which boils down to require that

ip) P(Ug,TIg)+P(U.,I1;) Uy -U, Ug - U
L2 UL 11, ¢, Ug, TIg, ¢r) = a*ug + a*uy, - —| (pID); — (pI), |- —{ (pIDg — (PID | (C.3)
—— (g + ur) P, - 0] PRl - 0Ty

Choosing p;* = px, k = L, R, relation (C:2) and (C3) provide a linear system with respect to u;, IT’, 7/ and E;”,
k = 1,2 whose solution is

pz =PL, p;} = PR (C4a)
£ =B -1 -0y E{ = Eg+(1- )=, (C.4b)
w = - (-9, i =+ (1= )= E (C40)
I =113, I = I, (C.4d)
7.0 =77 Ti' =T (Cde)

e e . . . * k. * 2 M
We now turn to positivity-preserving related properties. Let us note ek’g =FE k’g - uk’g /2, we have the following result.
Proposition Appendix C.1. Assuming again that a is large enough, we have

(PP 5) -6 (- 0P - w)?

0. C.5
2a? 8 - €3

0 0
ez, _ (FOS (Tk* , Sk) _

Proof. Let us consider the case k = R, by (C.4) we get

* . X P U B
eR"9 —ep = ER’G -Ep - E(uR’g - uRz)
ug —ug 1[5 2 (ug — up)? 2
=(1-0)——u"— W) +u"(1 = (ug —ur) + (1 - )" ———— — (u")
2 2 4
1
= —g (1= 0 (up — ). (C.6)
Using (B.T8), we obtain
* * * % * * 1 * *
eR’e — FOS (TR’G, sR) = eR’e —eptep— 08 (TR’Q, sR) = _§(1 — 0 (ug — ur)* + ep — 08 (TR’Q, sR)
EOS #,6 #,0 2
1 2 , (P70 s) - 1)
> —g(l - 9) (MR —u) + o) .
Similar lines can be used for the case k = L. O
The relation (C.5) highlights the role of the inequality
1 i a2 (1=0)%(ug —up)?
5 (PP s - ) - e — 20 k=LR (C.7)

in obtaining stability properties for the modified scheme. We have the following proposition.
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Proposition Appendix C.2. Let us note: 57" = s05(7°, e, if (C 1) is satisfied, then
e the modified approximate Riemann solver (C.I) preserves the positivity of the internal energy, that is to say:
e’ >0k=R,L
. . . , .0
e the modified approximate Riemann solver (C.)) verifies s;” > s, k = R, L,

e the modified approximate Riemann solver (C.1)) is entropy satisfying in the sense that

—a(sZ’g —s1) +a(sg — s;;’g) > 0. (C.8)
Proof. If (Appendix C.2) is satisfied, then eZ’g > P08 (Tk*’g, sk). By the assumption on the EOS, we have that
ez’g > 0. Now, considering a fixed 7 > 0, by (B) we know that ¢’ — sEOS(T™, ¢') is increasing, thus we deduce that
SEOS(T 0, EOS(T Y, 50%)) = 507 > sPOS(T0, ePOS(T, 1)) = sk k = L, R. This implies (C:3). m

Appendix D. Eigenstructure of the off-equilibrium (73} -)

We propose in this section to study the eigenstructure of the relaxation system (73},-¢). Let us first express the
acoustic part of (73|,-¢) using a change of variables: accounting for e’ = E — (u”)?/2, the evolution equations for

EP, for IT” and 7% in (73a, o) yield

A ey + 211 H,u” = 0, 20’ = 8,(o 11" Ja?). (D.1)
We thus obtain the stationary equations
HP 2 HP
B,eP—( ) =0, TP+ —=|=0. (D.2)
2a? &2
So now the acoustic subsystem (73a, - o)) takes the simple form
P p_ (7Y
0,0=0, 0,p"=0, 0;|e — =0, (D.3a)
2a?
HP
3, ufy +20,11° + 2070, ¢"=0, 3,(o" 1Y) + 2a*0,u’=0, |7+ —|=0. (D.3b)
a

We now turn to the advection part of (73},-): the subsystem ([73b, — o) takes the simple form

PHP
" + 8,20 u) = 0, (9,[pATA _F - } =0, bt +2uPo.b" =0, b e {ut, EA,TIA). (D.4)
a
Therefore if we set
HP 2 HP PHP
WT = MP,HP»pP9¢7eP_ ( ) 57~P+ _’pATA - p_’uA,HA»EA7pA s (DS)
2a? a? a?

we can see that (73},-¢) can be recast into the following quasilinear system

0 p% 02000 O 0 0 0
2a®
— 0 00000 O 0 0 0
Je
0 0O 00 0 OO0 O 0 0 0
0 0O 00 0 OO0O O 0 0 0
oW+ M(W)o,W =0, MWw)y=| 0 0O 00 O0OO0O O 0 0 0 (D.6)
0 0O 00 O OO O 0 0 0
0 0O 00 0 OO O 0 0 0
0 0 00 00O 245 0 0 0
0 0 000 0O O 2% 0 0
0 0O 00 0 OO0 O 0 24° 0
| 20" 0 0 0 0 0 0 O 0 0 2uf

~
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It is then straightforward to see that the eigenvalues of M(W) are 2u” (with an algebraic multiplicity 4), 0 (with an

algebraic multiplicity 5) and +2a/p".
The eigenvectors ( (&)

o} =1,...,

i =10,0,1,0,0,0,0,0,0,0,0]7,
‘ﬁ =10,0,0,0,1,0,0,0,0,0,0]",
<$ =10,0,0,0,0,0,1,0,0,0,0]",
‘” =10,0,0,0,0,0,0,1,0,0,0]",
<” =10,0,0,0,0,0,0,0,0,1,0]",

ry = 17070505050’0’0’0’0’ pPpr:l )

r? =[0,-p",0,1,0,0,0,0,0,0,0]",

) =10,0,0,0,0,1,0,0,0,0,0]"

@ =[0,0,0,0,0,0,0,0,1,0,0]",
<“ =1[0,0,0,0,0,0,0,0,0,0,1]7,

A.p 1T
nzp;%aaaaaaaa—{ﬂl—

pPuf +a

so that is hyperbolic and only involves linearly degenerate fields.
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r, )k Ly (r(u];))k_l . and r, that are respectively associated with 0, 2u” and +2a/p" are

(D.7a)
(D.7b)
(D.7¢)
(D.7d)
(D.7¢)

(D.7f)
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