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Abstract

In this note, we introduce a new finite volume scheme for Euler equations with source
terms: the gravity and the friction. The classical finite volume schemes are not able to cap-
ture correctly the dynamic induced by the balance between convective terms and external
forces. Firstly, by plugging the source terms in the fluxes with the Jin-Levermore procedure,
we modify the Lagrangian+remap scheme to obtain a method able to capture the asymp-
totic limit induced by the friction (asymptotic preserving scheme) and discretize with good
accuracy the steady state linked to the gravity (well-balanced scheme). Secondly we will give
some properties about this scheme and introduce a modification which allows us to obtain an
arbitrary high order discretization of the hydrostatic steady state.

1 Introduction

In many applications, like gas dynamics [9], astrophysics [26], chemotaxis [24] or neutronic and
photonic [6], the hyperbolic systems with source terms appear. Indeed, these systems modelize
the balance between the convective effects, the acoustic effects and the external forces. A classical
example of this type of problem is the Euler equations with friction and gravity used for the
astrophysics applications (for example atmospheric phenomena) and is an interesting nonlinear
model to begin the study of more complicated multi-fluid and multi-phases flows

Op + div(pu) =0
Opu + div(pu @ u) + Vp = —pV¢ — opu (1)
dpe + div(pue) + div(pu) = —p(Ve-u) —op || u ||?

with ¢ the gravity potential in general given by the elliptic equation A¢ = 4mpG. The presence
of the source terms can be modify the behavior of the model. In this work, we are interested
subsets of solutions induced by the balanced between the hyperbolic system and the source terms.
To analyze these subset of solutions we introduce the following scaling ¢ = ¢“t and & = = (with
v = a+ ). Plugging this scaling in the Euler equation

1
615/) + 5701 le(,Ou) =0
1 . 1 1 o
Orpu + — div(pu®@u) + g—an = fE—Qpng — (2)
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At the numerical level, it is known that the classical schemes are not efficient to capture the
behavior induced by the balance between the source terms and the hyperbolic part. Since some
years, specific numerical methods have been designed, in particular the asymptotic preserving
schemes which capture the asymptotic limit independently of the relaxation parameter ¢ and
well-balanced schemes which discretize the steady states with a high accuracy.

The system satisfies the following properties:

e The entropy inequality 0;(pS) + div(puS) > 0, is satisfied for weak solutions

e For @ =1 and v = 2, when ¢ tends to zero the system tends to

Orp + div(pu) = 0,
Orpe + div(pue) + pdiv(u) = 0,

)

e For v =1, a = 0 when ¢ tends to zero

e For v =0, a = 1, when ¢ tends to zero

(t’ X) =0,
{ Vp(t,x) = —p(t,x)V(x). (5)

The first subset of solutions correspond to the long time limit and high friction limit. In this
case, the presence of the friction modify the dynamic of the solutions which can approximate
the diffusion solutions of . The second subset of solutions correspond to the high friction
limit which generate steady solution since the velocity is null for all time. The last subset of
solutions corresponds to the long time limit with u = 0. We are interested by these solutions
called "hydrostatic equilibirum" which are important for astrophysics simulations, but we does
not consider the long time solutions for u = cts. In this work, we propose to design a scheme
which captures and preserves these solutions at the discrete level. In general, to discretize a
hyperbolic nonlinear system, as the Euler equations, one uses first order Godunov-Type schemes
(i.e. Rusanov scheme, entropic Roe scheme, Lagrange-+remap schemes, etc.). These types of
method satisfy by construction the entropic inequality and therefore the positivity of the density
and the energy. Additionally, their stability and robustness to approximate the discontinuous
solutions, have make them very popular. Nonetheless, for relaxation models with dissipative
source terms which generate an asymptotic limit, these methods are not very adapted. Indeed, at
the end one obtains a consistency error homogeneous to O(%) (which comes from the numerical
viscosity) and the CFL condition is constrained by . To solve the problem, some techniques have
been introduced to modify the scheme in order to construct asymptotic preserving (AP) methods.
The latter conserves the same property of stability (dissipation of entropy, positivity) but admits a
consistency error homogeneous to O(Ax) and its CFL condition is not constrained by €. Another
problem comes from the discretization of the steady state (hydrostatic equilibrium of high friction
limit in this case). This is specially important in some applications, like astrophysical flows, where
approximating with good accuracy the steady state is essential. For example, when we consider
flows with very small velocity, the numerical error generates spurious velocities (homogeneous
to O(Ax)) which are larger than the physical velocities. In this case, it is difficult to correctly
capture the physical flows. To treat the discretization of these steady states, some technic called
Well-Balanced schemes [20]-[14]-[15] have been introduced to discretize exactly of with a high
accuracy these solutions. Some AP schemes [8]-[9] and Well Balanced schemes [26] for Euler
equations have been introduced recently. Observing the methods proposed in these papers we



obtain that the "well balanced" and "asymptotic preserving" methods are chased on the same idea
which consist to incorporate the source terms in the finite volumes schemes to capture the effects
associated. Consequently using one method we propose to construct and analyze an adapted
semi-implicit scheme (with a CFL independent of ) for the Euler equation with friction and
gravity which preserves the different subset of solutions defined by . Finally, we modify
the method to obtain a good accuracy in the diffusion regime as well as in the steady states. In
section [2] we introduce the scheme in 1D, showing in details how to construct it as well as how
the scheme conserves the AP properties. The final Well-Balanced scheme is presented, followed
by some numerical results. An extension for 2D unstructured meshes can be found in section
where the modifications for the Euler equation and the high order discretization of the hydrostatic
equilibrium [5| are presented. This 2D version was also numerically tested and the results can
be found in the same section. At the end we use the same scheme to discretize the subset of
solutions studied. However in the literature, the scheme which treat the diffusion solutions (3|) are
called "asymptotic preserving scheme" and the scheme which treat the diffusion solutions are
called "well-balanced scheme". Consequently in this paper we will talk of "asymptotic preserving
property" for the diffusion solutions and "well-balanced property" for steady solutions. The scheme
will be call "asymptotic preserving scheme".

2 Scheme in 1D

To construct the asymptotic preserving scheme we propose to use a one step Lagrange+remap (LR)
scheme. The idea of the LR scheme is to solve firstly the equation in the Lagrangian formulation
(fluid coordinates) on mobile mesh and after apply a projection on the first mesh to the quantities
obtained at the end of the Lagrangian step. The Lagrangian fluxes (Lagrangian velocity and
pressure at the interface) are computed using the linearized Riemann problem associated with the
Lagrangian model. The remap scheme is equivalent to an advection of the conservative quantities
at the Lagrangian velocity. Normally, for this scheme, the two steps are split. In our study we use
a version without splitting where we sum the Lagrangian and the advection fluxes. We use this
scheme because it is easy to separate the effect of the pressure terms (important for the asymptotic
properties) and the convective terms.

2.1 Construction of the scheme in 1D

We consider an irregular 1D mesh. For the j-th cell, the nodes are denoted by T;o1 and TipL, its

middle point by x;, its volume by Axz; = \ijr% —xj7%| and its dual volume by ij+% = |zj41—z;|
Thus, we can notice that %(A:vj +Azji) =Ax i1 The quantities at a node correspond to the

J
average value in the cell defined for a quantity f by

1 Ti+d
fi=ay | s ()

For first and second order discretizations, we can associate the average value in the cell and

the punctual value at the middle of the cell since | f(z;) — £= f;”lé f(t,x)dx |< Ch? with h the
J ij

step mesh.
Using these notations we can rewrite the system as follows:

UitsPitvs — Yi-3Pi-3

Oep; =0
tPj + é‘O‘AJZj
uj+l(PU)j+l - uj—l(PU)j—l Pj+i —Dj-1 1 o
O(pu); + — YN T AL T 2 (Pi(0:0)i + i)
J J
ujpa(pe)jr —uj_a(pe)j_1  pjauir —pjoauy 1 1 o 9
hlpe)s + —— EZOCAl‘j ) 2 ) gzaA:vj - 7670‘(%%(8”)7' + Zﬁpjuj)

(7)



with the Lagrangian fluxes defined by

(uy + ujen) + ——( )

Ujpd = 5 Uy T Ujr1) T 5 \Pj — Pj+1

T3 2 2pcj+% (8)
1 PCi+3

Piry = 5(Pi + pj1) + =57 (45 — uj1)

The upwind fluxes denoted by fj+% are defined by fj+% = f; if uj 1 >0 and fj+% = fjq1 if
U1 < 0 with f = p, pu or pe. The notation (9,¢); corresponds to a discrete gradient of ¢ at the
point x;. The Lagrangian speed wave PCjt1 is given by the arithmetic mean %(pjcj + pj1Cit1)
or a non centred approximation pc; 1= picj. Actually, this scheme is not asymptotic preserving
nor well-balanced. To modify the scheme we propose to use the Jin-Levermore method [19] which
consists to incorporate the source terms into the fluxes to capture the behaviour they induce. We
begin by writing the Lagrangian fluxes on the following form

{ Pj+y FPCj41 UL = P T PC1 LU 9)
Pj+i = PC4+4Uj+d = Pit1 = PG4 Uj+1

This form corresponds to Riemann invariant associated to linearization of the Lagrangian
system. Now, we want to introduce into the fluxes, the balance law between source terms and
convective term which describe the asymptotic regime and the hydrostatic equilibrium.

The asymptotic analysis for the Euler equations shows that u = O(g). Thus we obtain an
important relation for the asymptotic regime is pu = %(—pg — 0zp) + 0(e7). To introduce this

relation in the Lagrangian fluxes we propose to use the following equalities which come from a
Taylor expansion:

p(xj) ~ p(%q—%) - B) mp(xj-i-%) and p(zj11) =~ p(xj—&-%) + 9 xp(xj—&-%)'

For the following we define a discrete quantity at the interface called (p0.¢) jaue We use these
Taylor expansions the first order relation in € between the gradient of p and the source terms and
Lagrangian fluxes to obtain

Azjiy P Ti+3 _ \
Piry trcipstipy — —5— ((p02d)j4s + =57 pjr3uiry) = Pi+ A1 10)
Az, i+

1 g
Dj+d — PCi4Li U1+ D) : ((p8x¢)j+% + ETPﬁ%Uﬁ%) =Pj+1 — PC41Uj+1

with p; 1 = 3(pj + pj+1) and (p81¢)j+% approximations of pd,¢ at the interface. These two
relations give the following fluxes

1 1
Pivy = 505 +pi1) + 5Py (uj = ujn)

2
(pj —pj+1 — Azypy (p8x¢)j+;)>

) 1 (11)
Uiy = Mypy | 5 +ujp) +

2 2pcj+%

2pc-+;aﬂ
and M., 1 = Lz .
Jts 2pc]+%EB+A$j+%U]+%pJ+%

These modifications allow us to correct the Lagrangian velocity and the numerical pressure
viscosity to obtain the asymptotic preserving property. Indeed the coefficient M modifies the
numerical viscosity and when ¢ is small the Lagrangian velocity gives the gradient of the pressure
with the good diffusion coefficient (the numerical viscosity is not homogeneous to % in this case).



In the previous work we have noticed that to obtain an entropic scheme and to capture the steady
states, it will important the modification of the fluxes is not compatible with the discretization of
the source terms. For this reason, we propose to modify the latter to obtain the following scheme:

* *
u. 1 — U s 1
j+1Pi+3 j-1Pi—%

9, . =0
tpj * EO‘A.Z‘]‘
* *
J e*Ax; e*Ax;
1 Ujfé *
" 9ea (p8$¢) i+3 + P]+1UJ+1 + (P3x¢) ijféu',%
Bulpe)y + Pt “?f%(pe”*% P Ry
J e*Ax; e*Ax;
1 J+ * a’jfl *,2
T 9ea <u;+é(93x¢)j+; + ﬂQ Pjiit +% +uj,%(p6x¢)j—% + szjféuj,%
(12)

The scheme is given by —. When we analyse the scheme obtained, we observe that it is
very close to the Lagrange+remap scheme proposed in [9]. The main difference comes from to the
original LR scheme. In [9] the authors use classical splitting Lagrange+remap scheme, whereas our
scheme consists on: computing the Lagrangian phase, moving the mesh and, finally remapping
the quantities on the original mesh. In our version, we write directly a Euler scheme without
splitting. The second difference is that our scheme is written in non uniform grid to prepare for
the 2D extension.

2.2 Diffusion limit solutions: AP property

In [4], for the linear case, we have shown that this type of discretization is not sufficient to obtain
a scheme with a CFL independent of €. To obtain this property, we propose to reformulate the
scheme to obtain a local source term in the cell for the momentum equation. This formulation
allows us to use a local implicit time scheme in the cell, which yields a stability independent of ¢.
We rewrite the scheme , but splitting the pressure terms into two terms, each with an associated

weight: Mji% and 1 — Mji%. Firstly, we define

(1- Mj+l)pj+ 1 041
— 2 2
Aj""% - 5anj 260‘ (p]+ ( Id))j-&-% + ,3 p]+2 J+ )
and Bj+% = AjJr%u;‘erl. A quick computation shows that
2
* Azjis
U1 = M yujn = Mjys 2pc,+ ( z¢)J+1 (13)

with 1 the classical Lagrangian velocity. Therefore, plugging in the last term of A, 1

M. 10.,1p..1 pc. 1
and using ity 2:;5 AT . ijjf% (1= M;, 1) for the gravity term, we obtain
Ay = - MWy Ly B g o P gy S0
Itz eYAx; 2¢a” T2 Ag * EO‘Al‘j+% It2700%s Axy
Thus, we have
A =My piy + ey (- My ujy 1 leﬁz( 0o
itz — e*Ax; 2¢” 7t Ag PO
1—M,_1)p;,_r—pc;_1 (1 —M,_1)u;_1 1 Ax,; 1
A-_;:( J 2).7 3 J 2( J 2) J—3 _7M'_l J 2(paz¢)<_1
I3 e*Ax; 2e> 772 Az, I73



Using the definitions of the fluxes p; 41 and u; 4101t yields
2

_ *
and Bj+% —B._1 = AH_%uj

J—3 —%
scheme
Pjti —u; —1Pj—3
Oy + 1t -0
t0; + EO‘Al'J
By + wipi(pu)jps —ui_i(pu)j_s Pry —pj s My, —Mj_%p
I s”‘AxJ e*Ax; e*Ax J
1 [Azjs j+3 Ar;_s i—3%
- M a:v N N 2 2N 893 . L 2
2e ( Az, 54 ((PDe0)s14 T piay ef ug) + Ax; 5-4((PD:0);4 iy ef us)
Bu(pe); + uj+%(pe)j+1 —ujié(pe)j_; Pyt p;fiéu;fé B _(1—Mj+;)u;+% (1—- M,
/ e*Aw; e*Ax; e*Ax
1 [(Azjy Ti+1 Az;_y "
2670‘ ( ij2 J+lu ((pal¢)]+1 +pj+2 552 ]) + ijQ Mj—%ujfé((pald)%—l +p]—l
(14)
with the modified Lagrangian fluxes
PL% = Mj+% (%(Pj +pj1) + %pCjJrl(uj - Uj+1)> (15)

U;+% = Mj+§ (%(“J +ujp1) + gpc (pJ Pj+1— ij+§(ﬂax¢)j+§>
Since M = O(?), we have just one stiff term. This term is the term of friction for the

momentum equation. With this new formulation we can write a local implicit friction source term

in the cell, substituting u; by % in the momentum equation. Using a implicit time scheme

for this term we can obtain a CFL independent of €. This property will be verify only numerically
in this paper. The final scheme is given by . - . Let us prove formally that the scheme is
asymptotic preserving. When we compute formally the limit of our scheme we obtain a diffusion
scheme with the good diffusion coefficient consistant with the limit diffusion equation.

Lemma 2.1. We suppose that the discrete density and internal energy are strictly positive. We
assume that « = f = 1. When ¢ tends to zero, the scheme - tends to

J
u?, 1 (pe) j+1 uf_a(pe)j_1 ui, . —ulg
+ j J +
di(pe); + -2 Az Iz =+ 2Ax —Zp; =0
J J
) 1 Dj+1 — Dj
thut,, =— ! J 0z ) .



2pCi4 3 M1

Proof. We begin by defining M;‘ 1= . When introducing these
2

B = 2P
2pc; 180 H0 1P L AT, 1 €
new coefficients in the scheme and in the fluxes, it follows that

. . /1 1
Piry =M 505 +pi) + 50001 (45 — uj)

* * 1
Uil = M+ (2(Uj +ujp) + 5

Pt (pj —pj+1 — Amj+§(ﬁaw¢)j+;)>
2

2pc. 1
. it+s
When ¢ tend to zero, the coefficient M* ;, ~ %ﬁ.
Itz 53R 18T
Now we use a Hilbert expansion. For each variable we use a expansion like p; = p? + spjl +&? p? +
o(e?).

1. (0 0 0_ _ 0
Term =: (ijr%M;‘Jr%JjJr% +pj7%M;l%O'j7%> u; = 0, consequently u; = 0°.
Term O(1):

L = ML G0 )

Pj+s i+3 5P P

* o (000), (10
Uj_i_l = — 0 A +
’ Tj+3Pj+125+5  Pi+i%5+4
x 1pq 1~ U 1,0Q 1
9, 00 Jt3 its 2 i7"
tpj + A.’l?j
Pjyy 7P Mg _MJ—% _
Az Ax; Pi

1 ij+%M* 9.6)\° 1 ij_%M* 9-6)0 1
"2\ Tag, Mira P00y ¥ Piay iy ) TR EMI (00:0)) 4 g0y )

* 0 * 0 * *
du(pe); + Uiy (Pe)jy —ui s (Pe)j_y L Yi+s “j—%pj —0
Al’j Al’j

(17)

0 0 OpP) iy 1
The first and third equations of |l and uj b1 == L ng P — % x¢)]+§ gives the

: Ti+dPiptBTirs  Piri0isd
limit scheme. O

This formula shows that at the limit, we get a scheme with the good diffusion coefficient and a
gradient at the interface consistant on non uniform grid (if we apply this formal expansion to the
classical scheme we obtain a diffusion coefficient which depend of ¢ and a gradient at the interface
not consistant). Consequently, formally the scheme capture correctly (error independent of £) the
diffusion solutions (3)). In the literature of asymptotic preserving scheme, this is known as the
"magic" coefficient Mji% which allows us to modify and to correct the diffusion coefficient and
the pressure gradient at the interface.

2.3 Steady solutions: Well-Balanced property

When we use a classical Godunov type scheme to treat the steady states like 0,p = —pd,¢ and
u = 0 obtain with @« = 1 and § = 0 and also the steady solutions for § = 1 and «, some
spurious numerical velocities homogeneous to O(Axz) appear. For nearly uniform flows (example:
atmospheric flow) this numerical artefacts are larger that physical velocities and can destroy the
accuracy of the simulation. Consequently it is important to design a numerical method adapted to
treat steady states. In this section we will discuss the steady solutions associated to the long



time behavior. Indeed the steady solutions associated to the subset of solutions[]is more simple ti
study. Study the solutions we remark that the velocity is homogeneous to O(¢?). Study the fluxes
we remark that the numerical velocity at the interface is homogeneous to O(Ax || Ozp ||). For
the new scheme called LR-AP scheme , the presence of the coefficient M allows to obtain a
numerical velocity at the interface to O(e” || 9,p ||). We will validate this remark in the numerical
section.

Now we study the steady states given by called hydrostatic equilibrium. For this the well-
balanced property as a scheme which discretize with a good accuracy the steady states. This type
of scheme allows us to reduce the spurious velocities. For equations with algebraic steady state
like Shallow-Water equations the well balanced scheme discretize exactly the equilibrium. For
Euler equations with gravity the hydrostatic equilibriums are differentials. This makes it difficult
to capture all this subset of solutions.

Definition 2.1 (Well-balanced property). A scheme is well-balanced if the scheme is exact for
a initial data given by the discrete steady states at the interfaces. For the Fuler equation with
gravity the discrete steady state is (3mp)j+% = f(p3m¢)j+% with (&Ep)jJr% a discrete gradient at
the interface and (p@xqzﬁ)ﬂ_% a discretization of pd.¢ at the interface.

With this definition we notice that the order of the error in space for the steady state is only
governed by the numerical error between the discrete steady state and the continuous steady
state. Indeed, if the initial error between the continuous steady state and discrete steady state is
homogeneous to O(AzP), the spatial error after the time would be of the same order. For example,
we have the scheme

Vil = v AtF (V™)
We take V* with F(V*) =0 and V" = V* + §V. In this case

VI = VT ALF(V) = V- AHF(VE) 4+ 6V(E (V) = V7 4 [ — AtF (V9)]aV

If 6V = O(AzP) and assuming that the scheme is stable (maxy || Iy — AtF' (V) ||< 1), the error
is homogeneous to O(Axz?). To obtain a good accuracy it is sufficient to work only on the discrete
steady state. This reduction of the problem allows us to design easily some numerical methods.

Proposition 2.2. We choose the explicit discretization of the scheme . We assume that the
initial data satisfies (8zp)j+% = —(,08I¢)j+% which is equivalent to pj41—p; = —ij+% (,oang)j_%%

and u; = 0 then p"*!

P = pj, uf T =0 and (pe)[t = pje;.

Proof. We begin by studying the following solver

i 1
Wi =My (2(uj +uj1) + (pj —pj+1 — Aéﬂj+;(/05m¢)j+;)>

2pCj+4
since u; = 0 and ’Z?f_—’;" = —(p@wcé)j+% it follows that
its
1
Gy = My g (00050 Ay = A4 (00:0);144) = 0
2
1
and p;”“l = p,, and (pe)?Jrl = pjej. To finish we notice that p;+% = Mj+%§(pj + pit1)),
consequently
Pivg Py My =My My (e —pi) + My (pj — pjm1)
2€O‘A.’L’j 6O‘ALE]' Pi EO‘Al‘j
- 7Mj+%ij+%(pax¢)j+% + Mjféijfé(pam(b)jf%
o 2A$j€a

The previous term of the fluxes is equal to the gravity source term. Since the friction source term
is equal to zero we obtain the result. O



For the hydrostatic steady states the numerical error associated with the LP-AP scheme (|14

comes from only the consistency error between d0,p = —p0d,¢ and (9.p); 1= —(p0:0) 4 1
with (0,p);411 = —B2=Li " Therefore to reduce the error for the steady states or around the
i+d

steady sates, we must reduce the error between the continuous steady states and the discrete
steady state. To begin we consider the following simple steady state 9,p = —pd,¢. Integrating
on the diamond cell [z}, zj41] it yields

i)~ pleg) = | T (@)0se(a).

i
The first possibility to approximate the previous integral is to use (paacgb)ﬁr 1= fAzJ+ 1041 L ( xqﬁ)ﬁ%

with ( mqb)ﬁ; = ¢”2+f’ and Pj+1 an average around the interface. We propose to use different
2

averages:

e (R1): p; 1= P In this case the scheme is exact for steady states with constant density
and converges with first order for the other steady states.

* (R2): pjy1 = 1(pj + pj+1). In this case the scheme converges with second order for the
steady states. The scheme is exact for linear density on a general grid if we initialize the
scheme with punctual values and not average values.

o (R3): pjy1 = m. In this case the scheme converges with second order for the
other steady states. The scheme is exact for exponential density on general grid if we initialize
the scheme with punctual values and not average values.

In the best case we obtain a second order discretization of the steady states (we will show
this in the section on the numerical results). Now we propose to modify the discrete steady
state to obtain easily an arbitrary high order discretization of the hydrostatic equilibrium. This
modification is just a modification of the source term and the numerical viscosity. For this reason,
this high order representation of the equilibrium should not generate Gibbs phenomenon and we
keep the properties of stability associated to the first order finite volume schemes. Integrating the
steady state on the diamond cell [z, z;41] it yields

Axj, ( A; /a <x>)=—m ( A; /:“pu)am(z))

Now we introduce three polynomials

q+1 q+1

Pj+al Zrkx Pj+3( Zpkx Pi+i Z¢kx

. T, 1 _ T, 1 _ T, 1 . .
with f’”zlj; piri(x) = Amp, f’”zlj; Pjsi(z) = Az and fx:é i1 (x) = Az with 1 € S(j)
(S(j) is a subset of cells around j with N the number of element). These definitions of the poly-
nomials and the conditions on the polynomials give linear systems which define the polynomials
coefficients. For example for P, 41 the coefficients ry are solutions of the n x n system AR = b
with

ml+% L

AkJ = / T, bl = Al‘lpl and Rk =Tk.
z17%

Using these polynomials leads to the new discrete steady states

1 Ti+1 1 Titr _
Ay <Aa:»+1 / 3xpj+;(l’)> =—Axj (Ax.+1 / Pj+;($)3x¢j+é(x)> :
Jjts Jzj JTg T




Now we must modify these steady states. Indeed to obtain a scheme which preserves the discrete
steady state, it is necessary to have the numerical pressure viscosity in the discrete steady states.
Indeed, we incorpore the discrete equilibrium into the fluxes combining the discrete gradient of
the pressure (numerical viscosity in the Lagrangian flux uji%) and in the discrete steady states.
At the end the g-th order discrete hydrostatic equilibrium is defined by

Pj+1 —P; = —Amj+%(ﬁ)8x¢)§i0%

with

1 Tjt1 B 1 $j+17 _ Pi+1 — Py
HO _ 1 i+ i+ -
(p9)1'G = <A$j+; </z 6wp]+2(m)> + <ij+§ /z PJ+2($)3E¢3+2(96)> Az )

J J

Using the new coefficient (,r)&cqzﬁ)ﬁol in the fluxes and the source terms of the scheme -
2

we obtain a scheme with high order reconstruction of the equilibrium.

2.4 Numerical results for AP properties

In this subsection we give some numerical results to validate the asymptotic preserving property

of the scheme - (15)).

High opacity asymptotic limit

With this first test case, we propose to validate the asymptotic preserving for the high opacity
limit (¢« = 0 and 8 = 1). For this we propose a Sod test case for ¢ > 1 and we will compare the
classical LR scheme and the LR-AP scheme for different values of . The domain is Q = [—1,1].
The final time is 7y = 0.2 and € = 1. The grid is a random grid. The initial data is given by

pt=0)=1u(t=0)=0,pt=0)=1,forz <0
p(t=0)=0.125, u(t =0) =0, p(t =0) = 0.1, for z > 0

When o tends to the infinity the stiff relaxation source term force u = 0 at the limit. Consequently
the initial solution is a stationary solution when o tends to the infinity.

In (Fig[l)), we compare the classical and AP scheme for e = 1. The two schemes give comparable
results. When ¢ are close to 1 the AP scheme is just the classical scheme where the numerical
viscosity and the discretization of the source terms have been modified. Consequently, it is normal
that the two schemes give close results.

In (Fig - (Fig[3]), we compare the classical and the AP scheme for small €. The solutions for
small € given by the LR-AP scheme is very close to the initial data (in red). Hence the LR-AP
scheme captures correctly the stationary solution which is the asymptotic limit. This is not the
case for the classical scheme. The velocity is homogeneous to é like for the LR-AP scheme. Yet,
unlike the LR-AP scheme, the density pressure and energy move in time. This behavior comes
from to the numerical viscosity of the Lagrangian velocity in the density and energy equations
which generate an error homogeneous to Az contrary to the LR-AP scheme where this Lagrangian
velocity is very close to zero. These results show that using an asymptotic preserving scheme allows
us to obtain better numerical results.

Diffusion asymptotic limit

With this second test case, we propose to validate the asymptotic preserving property for the high
opacity limit and for long time (o« = 1 and +ebta = 1). We propose a Sod test case with o = 1
and ¢ = 0.005 and we will compare the classical LR scheme and the LR-AP scheme for different
meshes. The domain is Q@ = [—1,1]. The final time is Ty = 0.005. The grid is uniform. The initial
data is given by

pt=0)=1u(t=0)=0,p(t=0)=1,forz <0
p(t=0)=0.125 u(t =0) =0, p(t =0) = 0.1, for x >0

10



Figure 1: At the top we have the numerical solution (black) and the initial data (red) for the LR
scheme and for o = 1. At the bottom we have the numerical solution (black) and the initial data
(red) for the LR-AP scheme and for ¢ = 1.

To validate the AP scheme, we propose to compare the solution given by the classical scheme on
fine grid (5000 cells) and the solutions given by the two schemes on coarse grids (50 and 100 cells).

Comparing the Figure (Fig. [)) and the figures (Fig. [f]) - (Fig. [6]), we remark that the LR-AP
scheme on coarse grids admit a time dynamic closer to the the time dynamic of the reference
solution (reference solution computed on fine grid Fig .4) than the classical scheme. Indeed the
time dynamic of the density and velocity profil given by the LR-AP are more close to the profiles
given by the reference solution. The difference between the two schemes come from to the fact
that the classical scheme admit a numerical viscosity homogeneous to % contrary to the LR-
AP scheme and will see on the figures that the classical scheme is more diffusive. The form of
profiles between the reference solution and the solution given by the AP scheme is not so close (the
reference solution is more smooth) but some computation for shorter time ( where the Cpu cost is

11
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Figure 2: At the top we have the numerical solution (black) and the initial data (red) for the LR
scheme and for e = 173. At the bottom we have the numerical solution (black) and the initial
data (red) for the LR-AP scheme and for ¢ = 173,

not too important) that the reference solution is closer to the AP solution when we decrease the
step mesh.

2.5 Numerical results for WB properties in 1D

In this subsection we give some numerical results to show that the scheme - is well-
balanced and that it captures correctly the hydrostatic equilibrium [5]

Spatial convergence for steady states

The LR AP scheme with p;, 1 and average (R1) is called LR-AP R1, the LR AP scheme with Pyl
and average (R2) is is called LR-AP R2, and lastly, the LR, AP scheme with p; 1 and average

12
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Figure 3: At the top we have the numerical solution (black) and the initial data (red) for the LR
scheme and for e = 107%. At the bottom we have the numerical solution (black) and the initial
data (red) for the LR-AP scheme and for ¢ = 1075.

(R3) is is called LR-AP O(e). The LR AP scheme with ¢ high order discretization of the steady
states is called LR-AP O(q). We consider a domain 2 = [a, b]. The difference test cases are given
by

The scheme LR-AP O(2) which corresponds to the AP scheme with the mean (R2) for p; 1
is exact for the linear density case only if we take the initial data with the punctual values of
the solution. But for all the test cases we initialize the test cases with the average values. On
non-uniform grids there is a difference between the punctual values and the averages values, for
this reason the scheme LR-AP O(2) is not exact for the test case with linear density.

Some remarks about the results for the different steady states. Firstly the classical scheme

converges for all test cases with order one. Secondly the scheme LR-AP (q) with ¢-th order ap-
proximation of the steady state (for variable or constant gravity) converges with the order ¢ as

13
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Figure 4: Solution given by the classical grid on fine grid (5000 cells).
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24

22
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16

14

1 09 -08 07 -06 -05 -04 03 -02 -01 0 01 02 03 04 05 06 07 08 03 1

Cells Uniform Grid Random Grid

Error Order Error Order
LR classic 20 0.0123 - 0.02781 -

40 0.00617 | 1.0 | 0.01532 | 0.86

80 0.00309 | 1.0 | 0.0071 1.11

160 0.00155 | 1.0 | 0.00396 | 0.85
" 20 8.3E-16 - 5.0E-16 -
= LR-AP R1 40 53F-16 | - | 3.8E-16 | -
= 80 1.6E-15 - 4.6E-15 -
n 160 1.7E-15 = 7.0E-15 =
20 8.2E-16 - 3.0E-16 -
LR-AP R2 40 5.3E-16 = 3.2E-16 =
80 1.5E-15 - 5.1E-15 -
160 1.6E-15 - 7.0E-15 -
20 3.0E-16 - 1.5E-16 -
LR-AP O(e) 40 3.4E-16 - 2.5E-16 -
80 1.4E-15 . 5.4E-15 -
160 1.6E-15 - 5.7E-15 -
20 3.0E-15 - 3.9E-15 -
LR-AP O(4) 40 6.8E-15 = 5.0E-15 =
80 8.8E-14 . 1.2E-14 .
160 2.0E-14 . 2.3E-14 .

Table 1: Test case with constant density. Err

the order of convergence.

expected (the average R1 corresponds to ¢ = 1, the average R2 corresponds to ¢ = 2). If the
density is a ¢ — 1 order polynomial the scheme is exact for the steady state, if the reconstruction
is correctly designed. The average R2 for example is exact for linear density on non-uniform grids
if we use the punctual values. Although it converges with second order if we average values at the
initialization of the scheme. Futhermore the scheme with average R3 converges with the second
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Figure 5: In top the solution given by the classical grid on coarse (50 cells). In bottom we have
the solution given by the AP grid on coarse grid (50 cells).

order for the general case and is exact for the exponential case on uniform grids. At the end we
observe that the final order of convergence is the same that the order of approximation used for
the discrete steady states. Thus, as expected, we notice that the numerical convergence in space
is only governed by the discrete steady states.
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0.03 4

Figure 6: In top the solution given by the classical grid on coarse (100 cells). In bottom we have
the solution given by the AP grid on coarse grid (100 cells).

3 Extension on 2D unstructured meshes

Now we propose to use the same technique coupled with finite volumes Nodal scheme to extend
our method in 2D on unstructured meshes. Equivalently to the 1D case, we propose to begin
with an one-step Lagrange+remap scheme (without splitting between Lagrangian and Remap
steps). In [4] we have shown for the linear case that the nodal methods, where the fluxes are
localized at the corner, in contrary to the classical schemes, are more adapted to design consistent
asymptotic preserving scheme on unstructured meshes. Indeed the limit diffusion associated with
the classical schemes (fluxes localized at the edge) is not consistant where the mesh does not
satisfies the Delaunay conditions. With the nodal method, we have a limit diffusion scheme
convergent on very distorted meshes. Consequently for the Euler equations we propose to begin
with the Lagrange+remap nodal scheme. An extension have been introduced quickly in [I2].
Now we propose to describe the construction of this extension and the properties of the method.
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Cell Uniform Grid Random Grid
els Error Order Error Order
. 20 0.0375 0.059
LR classic 40 0.0191 0.0309
80 0.0097 0.0154
160 0.0046 0.00795
. 20 0.0105
E LR-AP R1 40 0.0052
< 80 0.0026
2 160 0.0013
20 7.6E-16
LR-AP R2 40 1.0E-16
80 1.3E-15
160 2.0E-15
20 1.054
LR-AP O(e) 40 3.1E-5
80 8.0E-6
160 1.9E-6
20 6.2B-15
LR-AP O(4) 40 9.0E-15
80 1.7E-14
160 3.3E-14

Table 2: Test case with linear density. Err corresponds to the L1 error and ¢ to the order of
convergence.

Uniform Grid Random Grid

Cells Error Order Error Order
. 20 0.0172
LR classic 40 0.0083
80 0.0041
160 0.002
0 20 0.0002
2 LR-AP R2 40 A7TE-5
= 80 1.2E-5
0 160 3.0E-6
20 2.1E-16
LR-AP O(e) 40 4.3E-16
80 6.4E-16
160 7.0E-16
20 1.8E-5
LR-AP O(3) 40 2.0E-6
80 2.1E-7
160 2.8E-8
20 8.0E-7
LR-AP O(4) 40 4.6E-8
80 2.4E-9
160 1.3E-10

Table 3: Test case with exponential density. Err corresponds to the L1 error and ¢ to the order
of convergence.

Furthermore, we will extend the semi-implicit formulation and the high order reconstruction of

17



Cell Uniform Grid Random Grid
eHs Error Order Error Order
LR classic 20 0.9001 - 0.8335 -
40 0.4378 1.05 0.4010 1.05
80 0.2153 1.02 0.2065 0.96
160 0.1067 1.01 0.1014 1.02
©n 20 0.1880 - 0.1747 =
% LR-AP R1 40 0.0897 1.07 0.0867 1.01
5 80 0.0434 1.05 0.0435 0.99
n 160 0.0218 0.99 0.0218 0.99
20 0.00894 - 0.0101 -
LR-AP R2 40 0.0021 2.09 | 0.0027 1.91
80 0.0005 2.07 7.0E-4 1.95
160 1.2E-4 2.06 1.7E-4 2.04
20 0.0120 - 0.0126 -
LR-AP O(e) 40 0.0028 | 21 | 0.00332 | 1.92
80 0.0007 2.0 0.00088 1.91
160 0.00017 2.04 | 0.00022 2.04
20 0.0110 - 0.0079 -
LR-AP 0(3) 40 0.00121 3.18 8.4E-4 3.23
80 0.00011 3.46 7.7E-5 3.45
160 9.4E-6 3.55 7.0E-6 2.46
20 0.0089 - 0.0067 -
LR-AP 0(4) 40 2.1E-4 5.4 1.5E-4 5.48
80 5.1E-6 5.3 4.1E-6 5.19
160 2.0E-7 4.67 1.0E-7 5.36

Table 4: Test case with variable gravity potential . Err corresponds to the L1 error and ¢ to the
order of convergence.

the equilibrium in 2D.

3.1 Classical Lagrange+remap scheme and notations

The Lagrangian step is discretized with the nodal GLACE scheme defined in [I0]. For the remap
step we use a nodal advection scheme designed for the ALE method. We begin by introducing the
notations needed.

Let us consider an unstructured mesh in dimension 2. The mesh is defined by a finite number
of vertices x, and cells £2;. We denote x; a point arbitrarily chosen inside €2;. For convenience, we
will call this point the center of the cell. By convention the vertices are listed counter-clockwise
Xy_1,Xp, Xp41 With coordinates x,. = (., y,). We also define the geometric quantity

Cjr=Vx, | Q|

In dimension two, Cj, = l;,n;, with

1 1 —Yr—1+ Yr
lir = ) | Xr41 —%p—1 || and N, = 21 < T 11_ T ++11 : (18)
Jr T— T

The convention is that the length of a vector x € R? is denoted by || x ||. The scalar product
of two vectors is (x,y).

The C;, term satisfies > j Cjr = >, Cj, = 0. The geometrical consistency of scheme is given
by

1 1
| Qj |: & (vx | Qj |3X) = a Z(ijxr)

18



Figure 7: Notation for node formulation. The corner length [;. and the corner normal n;, are
defined in equation (18)). Notice that I;,n;, is equal to the orthogonal vector to the half of the
vector that starts at x,_; and finish at x,41. The center of the cell is an arbitrary point inside
the cell.

To finish we define the quantities defined at the center of the cells: p;, uj, e;, 7; and the fluxes at
the nodes u,, G;,. The quantities at the node correspond to the average value in the cell, defined

for a quantity f by
1

= ,X)dx
f] | Qj ‘ |Qj| f(t )

For first and second order discretizations we can associate the average value in the cell to the
punctual value at the middle of the cell since | f(x;) — ﬁ Jo. f(t,x)dx |< Ch?. Now we define
J J

the GLACE [I0]-[11] scheme for the classical Euler equation in Lagrangian formulation given by
Dyt —diva =0
Du+Vp=0 (19)
Die + div(up) =0

with the material derivative D; = 0; + u - V. To discretize this system, we recall the GLACE
scheme :

19 | psDim; =Y (Cjryur) =0
|Q; | pjDu;+> Gy =0 (20)
|9 | piDiej+ > (Gjryuy) =0

with the fluxes

Gjr = pjcjr + Tjrajr(uj - ur) (21)
(Ej rj,.aj,) w =305 P Chr + 32 ey,
where &, = %, and rj, the speed wave and D; the material derivative.
g

The first equation of correspond to the 1D Riemann invariant associated with the linearized
Lagrangian system, written in the direction of C;, and multiplied by C;,. The second equation
of 1] is obtain by plugging the Riemann invariant in the conservative constraints j Gj,. = 0.
Additionally, the speed wave r;, must be homogeneous to pc for the Euler equation. We propose
two possibilities

1
Tjr = PjCj, Tjr = W ZPM
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with N(r) the number of cell close to the node r. To finish the definition of the Lagrange+remap
scheme we must define an advection scheme. We propose an advection discretization using the
nodal localization for the fluxes. We denote f a quantity advected by the equation

8tf + le(af) = O

To discretize this equation we propose the following scheme
Ot + Y (Cjran) fi + Y (Cirrar) fuir) (22)
R+ R—

with R+ = (r/(Cj,a,) > 0), R— = (r/(Cjr,a,) < 0) and

Ej/(cjr,ar»o(cjr? a,)f;
Zj/(cjmar)>0(cjh ar)

This scheme is conservative. For constant a the scheme is stable in norm LP and preserves
the maximum principle. Some results are shown in the annexes. To finish we define a discrete
gradient operator localized at the corner introduced and studied in [4]:

Jrer) = (23)

J J

In [4], we have demonstrated that this discrete gradient is an consistant approximation of V f
at the corner. Now we define the classical one-step Lagrange-+remap scheme.

| 5 | Opj + Zujrpj + Zujrpk(r) =0
Ry R_

195 [ Qipju; + | D win(pw); + > wir(p)ey + Gy | =0 (25)
R+ R, T

| Q5 [ Dipjes+ | D wir(pe); + Y wir(pe)ry + > (Gjriuy) | =0
R+ R_ T

with the fluxes defined by the problem

Gjr = pjcjr + Tjrajr(uj - ur)

Z QiU = ijcjr + Z Tjr Qi U (26)
J J J

The wave speed is defined by r;. = pjc;. The expression of the flux u, comes from a
classical relation of the GLACE scheme: for the advection fluxes we define u;, = (Cj,,u,),

s 0 WirPi
Ry = (r/ujr >0), R = (r/ujr <0) and py(ry = M

. uj;
3/ujp>0 ar

3.2 Modified Lagrange+remap scheme for Euler equation

In this section we propose to modify the Lagrange+remap scheme introducing the balance law
between external forces and pressure effect on the fluxes. The method used is exactly the same that
in 1D (Jin-Levermore procedure [19]). The balance equation between source term and hyperbolic
part is div(pu ® u) + Vp = —pV¢ — Fpu. But the proof of the asymptotic limit shows that
div(pu ® u) is homogeneous to O(g”) in the limit. Indeed the previous equation shows that u =
O(£?), consequently the important relation for the diffusion regime is Vp+0(g7) = —pVo— ZFpu.
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To incorporate this relation into the fluxes we use a first order Taylor expansion and the balanced
law:

p(x;) = p(xr) + (x5 — %, V(7))
POxs) = pxr) = (5 = % p06) V6 0) + (e )ulxr).
Now we use the the discrete equivalent of the previous equation:
pj = pir — (X =%, (0V @)y + gﬂprur),

with (pV¢), a discretization of pV¢ at the node. Typically the first choice for (pV @), is (pV¢), =
prVy¢ with p,. average of the density around the node and V,.¢ the discrete gradient of ¢ at the
node r. If we consider that G, is homogeneous to p;, Cj,, this leads to G, ~ p;C;r —Bjrpr (Vro+
Fu,) with Bj,« = C,, ® (x, —x;). Then we get the new fluxes. We plug the previous relation in
the fluxes . To finish we use discretization localized to the interfaces of the cells for the source

term. To justify this discretization we use the following identity " Bjr =] Q; | I, introduced in
[4]. The following scheme is obtained

1
| | Oeps + D Wi+ > Wk | =0
Ry R_

1
9 | Dupyug + — (Do wyr(pw); + Y wie (P + D G
Ry R_ r

= 35 (090), + Zou,) (27)

604

1
| Q; | Oepje; + s ZUJT(Pe)j + ZujT(pe)k(r) + Z(Gjra u,)
R+ R, T

= _é (Z(Bjr(pv¢)rv u,) + gg Zpr(ura B\jrur))

r

with the fluxes

~ -~ g
Gjr = p;Cjr + 15rr (0 — ur) = B ((pVE)r + Z5prur)

_ 5 _ - (28)
> il + &%pr Y Bir | wr = piCor+ Y riediwy — (Y Bir)(pV9),
j j i i i

If we use an analogy with the 1D case, we have introduced the modification to obtain the
AP property in space . As in 1D, we have a scheme where the discretization of the source
terms is non local and the friction source term associated with the momentum equation is stiff.
Consequently, following the 1D procedure, we propose to reformulate the scheme to obtain a
local implicit discretization of the friction term for the momentum equation. Firstly we introduce
the 2D extension of the coefficient M present in the 1D scheme. In 2D this coefficient comes
from a local matrix associated with a node. This matrix contains the informations to modify
the diffusion coefficient and the geometrical discretization of the gradient associated with the
numerical viscosity. The correction by the matrix M, of the numerical viscosity allows us to
obtain a consistant limit diffusion scheme. We define

1
M, = Z ’I"jrajr + % Z B\jr Z Tjrajr . (29)
J J J
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Now we notice that u, = M,u’ and u, = M,u* — M,.(Zj Cj7-aj7-)_1(zj BjT.)(qub)r with u’

solution of
D il | = piCor+ Y ridieu; — (O Bir)(0V ),
J J J J
and u;* solution of
Z Tjrajr Ll;'::k = ij er + Z Tjraj,«llj
J J J
Now we introduce the definition of u, in function of u?* in the second equation of (28). We get

Gjr = p;Cjr + 1jrlp (W — Mpwl™) + M (D i) (O Bjn) (pV)r
j j

which is equal to

Gjr = p;Cjr + 10 My (0 — 0) + (I = My)wy + 150850 Mo (Y 70@50) " (O Bie) (0V ),
i i

Now we study the Lagrangian fluxes of the energy equation

(GjT7 ur) = (pjcjm ur) + 7 (ajruj - Mru:*a Mru:)

Cjr0ljr M, ZTJ7a]7 1(2 Bir)(pV )y, Myuy |
J
with u} the solution of the classical nodal solver. The previous equation is equivalent to

(G ty) = (9 Co ) + 13 (G5 My (0 = W), Mot + 15, ((Ta = M)y, Moy )

1 | @MY1) T Bin) (0V0)r, Mou
J J

Now we plug this manipulation in the scheme to obtain an other formulation with a source term
with a variable localized at the center of cell. To finish we use a semi-implicit time discretization

Definition 3.1 (Semi discrete LR-AP scheme). The semi-discrete Lagrange+remap AP scheme
is given by

1 * *
|1 Oeps + (Z(Cm Myui)p;+ > (Cyr, MTur)pk(’l‘)> =0
R+ R—

1
|Qj|8tpjuj+5—a g(CJT,Mu)pu +§ (Cjr, Myul)(pu)g )+§ Gj | =
R+

ga <ZTJ?“O[]TNM (ch;S ) - <ZT]7"O‘]7 Id_ )>

T

1
| €2 | 3tpj€j+;a (E (Cjr, Myuy)(pe); + § (Cjr, Mruy)(p€)i(r) + § (Gjr, Myuy)
Rt

1 a *
= —87 (Z Tjr(aerTNr(pv¢)r7Mru ) _ — (Z TjTaJ’l" — )u]7MTur)>
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with the fluzes

GjT = ijﬂ —+ Tjraerr(Uj — u:*)

Sl | ur=>"piCht Y s — (3 Bin) (0V0),
j j 7 J (31)

E Ty | W = g 2;Cjr + E TjrQjrU;
J J J

o~ C;®Cjr 3 ~ =
with &, = JIC%TIJ , Bir = Cjpr @ (%r — %x5), Ny = (Zj TjrQjr) I(Zj Bjr) and p, a mean of
pj-

Now we introduce the fully-discrete scheme where we use a implicit discretization for the

friction source term.

Definition 3.2 (Fully discrete LR-AP scheme). The final Lagrange+remap AP scheme (semi
implicit in time) is given by

Pt -y 1 o oo
| ;| ]Tt] + za (Z(ererur)Pf + Z(eraMrur)Pk(r)> =0
R+ R—
n+1 n
piu; — (pju; 1 « n " n
o, | (pjuy) < (pjuy) - > (Cjr, M) (pu)7 + > (Cjr, Mywh) (pu) +2Gjr> -
R+ R— T
1 Y 1 ~ T n
T oo (2: Tjro‘errNr(PV(b)r) Tz (2: rjrQr (g — Mr)) u; i
picy T = (pse)" 1 o o .
| Qj ‘ At + 670‘ Z(CjT7 MTur)(pe)j + Z(Cjﬂ Mrur)(pe)k(r) + Z(Gj’ﬁ Mrur)
R+ R— T
1 —~ * 1 ~ F n *
- _670‘ (Z TjT(ajTMTNT(pV(b)”‘? MTur)) - 670‘ (Z rjrajr((fd - Mr)ujla Mr“r))
(32)
with the fluzes
Gjr = p?CjT + r‘jr&jTMr(u? - u:*)
D vy | up = piChir+ Y ripdjeu; — (Y Bin) (pVe),
i j i j (33)

E Tir0y | Uyt = E P; Cjr + E Tjr Q0
J J J

R C;r®Cjr 7 PN =
with &, = -10%74-’ s Bir = Cjr @ (%0 —%5), Np = (32, 7jr0r) 1(2‘7 Bjr) and p, a mean of
pj-

This scheme is also asymptotic preserving. As the linear case, it admits a CFL condition
independent of € for f = 1(this point is verified only numerically). A study on Cartesian meshes
show that 1 — M, = O(%M,). Since M, = O(¢”), we remark that the fluxes and the source
term for the last equation are homogeneous to O(1). For the equation on the momentum, the
fluxes are homogeneous to O(1), and the source term is homogeneous to O(Zy). Using an implicit
discretization for the source term, we have a scheme with a CFL condition independent of €.

Now we propose to proof the asymptotic limit for the explicit scheme —. We use the
complete equivalent form of the scheme —.
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Proposition 3.1. We assume that the local matrix is invertible and the density is positive. We
assume that « = 8 = 1. The scheme LR-AP — for the euler equations tends to the following
diffusion scheme when ¢ tend to zero

| € | Oepj + (Z wjrpj + Z uerk(r)) =0
R+ R—

| Q; | Oipje; + (Z u;.(pe); + Zuﬁ PE)k(ry + Dj Z(er,ur)> =0 (34)
R+ T

OrPr Zﬁjr u, = ijcjr - ZBJT pV(b
J J

with wj, = (u,, Cj).

Proof. To obtain this result, we use a Hilbert expansion and the second form of the scheme
—. We begin by simplifying the source term with the last part of the fluxes ) Gj, and
> (Gjr,u,). We get a scheme without term source. Following, we plug these definitions in the
model and we observe the term homogeneous to gim

The terms homogeneous to % are

orpy (Z Bjr) u) =0

Since the density is positive then u, = 0 and

Z uj,p5 + Z iy = 0
0 0 0 0 0
Z WjrPj4; + Z W) Uk(r) + ij Cjr + ZTJTO‘W u; —uy) =0 (35)

Zu?m?”Zugrpk s +Z )+ 3700 () ), ) =0
T

Since we have assume that the matrix is invertible and that the density is positive then u? = 0.
Using this result and knowing ), Cj, = 0 (property of nodal schemes) the second equation gives

0~ -0_
E ripajru; =0
T

A study analogue to the result gives, in previous works for > j Oy, show that this matrix is in-
vertible. Due to p; > 0 we can assert that u? = 0. To finish we give the terms homogeneous to 1.
To simplify these terms we use the fact that u’ = 0 and u? =0.

The terms homogeneous to 0 are

0: | Q5 | pj + Zuﬂpj + Zuﬂpk(v) =0

> CJij + Z Qjr JT(ujl —u;)=0 (36)
3 | Q; | pje] + chr pYu) + Y (@5erd, (u) —ud),u)) =0

and, since u? = 0, u? =0and ), Cj,,pj = 0, we can write
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(008wt = 3 B0Cs = - BinlpV ), (37)
J J
To finish we couple the first and third equations of and (36). O

3.3 Entropy property

In this section we want study the entropy properties associated with the scheme. More precisely
how the entropy inequality is modified in the new AP scheme. Actually we cannot give a full
result about the entropy stability for the fully discrete scheme. Thus, we propose to give the
entropy inequality on positivity condition for the scheme continuous in time. This result is not
sufficient but gives an idea on the modification introduced in the entropy inequality. We introduce
the Lagrangian system with friction and gravity:

1
pDy7 — — div(u) =0
Ea
1 o

1
pDyu+ —Vp = fE—anb - g (38)

pDie + —div(pu) = ——(Vo,u) — é%(u,u)

e
with the material derivative D; = 0; + E%U-V- Now we introduce the physical concave entropy
S and the second principle of thermodynamic

TDtS = Dte - (u, Dtu) +thT7
multiplying the equation by p and using the systems we obtain
1 o 1 o
TpD:S = —;(V(Z),u) - 573(11’ u) + ;(V(@u) + 573(11’ u) =0.
Therefore, we have the classical entropy equality for Lagrangian system. Now we have
1 1
0 (pS) + o div(puS) = pD:S + S(0p + e div(pu)).
Using the Eulerian equations and pD;S = 0, the following entropy equality yields
1
0 (pS) + — div(puS) =0, (39)
&—a
for the smooth solution and
1.
O (pS) + e div(pus) > 0. (40)
for the discontinuous solutions.

To finish using the different equations of the Euler equations , we obtain easily the following
conservation law on the internal energy e =e — % | u |

O¢(pe) + div(pue) = 0.

Now we want prove that the semi discrete scheme in space (discrete in space, continuous in time)
satisfies the entropy inequality under positivity condition.

Lemma 3.2. If p;(t) > 0 and Tj(t) > 0 the scheme LR-AP (27)-(28) is entropic, hence

1
| Q5 | 0t(pS;) + pr <Z(Ur, Cjr)p;Sj + Z(ur,cjr)pk(r)sk(r)> >0 (41)
=

R+

and the density and the energy are positive for all time.
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Proof. Firsly we use the second principle of the thermodynamic to obtain an equation on 9;(p;S;)
TﬁtS = E)te — (u, ﬁtu) + q@tT,
which yields

1
O (pS) = T (pore — (u, popu) + pgoyT) + SOp,

and we have
0.(pS) = 7 (Dh(pe) — (. Ah(pu)) + (ST — ¢ + () — 47)up) (42)

Now, using and ([41)), we deduce

1
1925 | 7 (Bulpie;) — (u;, 0ulpjuy)) + (ST — ¢ + (wj,45) — ¢;75)0p;) (43)
J

1
T (Z Lir(ur, m50)p; S5 + ler(umnjr)(l’s)k(r)> :
R+ -

Using the scheme , we incorporate the spacial discretization in the previous equations. We split
the equations obtained between the Lagrangian fluxes and the Eulerian fluxes. Consequently
(43)=(L + P) where L the Lagrangian fluxes and P the Eulerian fluxes.

L= ((Z Gjr,u;) + ZBjT((PV(ﬁ)T + Zf;/’rurvuj) - Z(Gjra u,)

r

1
Tj€a

A 0'7,
=Y B (pVe)r + SpPruru) + > pi(u, Ci) =Y py(uy, er))
We note that

Z(Gjrv u,) = ij(cjm u,) + Tj?"(djT(uj —u,),u,) — Bjr((ﬂ)vd))r + Z%pV'ura u,) (44)

Which gives
N o N
D (Girmw) + Y (Bin((pV), + 5P W) = > pi(Ciry ) = 7 (@0 (0; — 1), uy)

the other term satisfies

(Z(Gjm W)+ > B ((pVe)r + %Prum uj)) = pi(Cjr, ;) + 15 (G (0 — uy),u5) (45)

T T

Using that ) Cj, = 0, we have

1 bj
L= ﬁ (Z: Cj?”(cjrv (uj - ur))2> - E - (ur, Cﬁ’) (46)

_ P
T]‘S

scheme with p; at the place of py (). We factorize and get P + % >, uj, = A+ B with
J

Now we study the Eulerian fluxes wit >, (u,,Cj;). This term is close to the upwind

1

A=r— > i (TipiS; — piej + (W, pjuy) — (S5T5 — ej + (wj,u;) — 73p;)p; — ps)
J R+
1

B =

Tea Zuj'r' (T3 (pS)iiry — (PE) ey + (5, (pU)i(ry) — (ST — €5 4 (uj, ;) — 75p5) pr(ry — Pj)
J R—
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We have two cases, u;, is positive or negative. The term A is equal to zero. Now we study the
term B with uj, negative. We begin with the term

> Wi (Ti(0S)kr — (p€)rir) + (W5, (PWi(ry) — (S;T5 — €5 + (Wj,05) = 73p;) Py —p5)  (47)
e

We know that
(T3p;S; — pie; + (g, pju;) — (S;T; — €j + (wj, ;) — 75p;)p; —p;) =0
We subtract the previous term to . Hence the term inside the sum in is equal to

1 1 1
B ~Toea ((PS)k(ry — P3S5) — E((pe)k’(r) — pjej) + @(uw (PW)k(r) — pjuy)
1
= 7roa 05Ty — e+ (W, 05) = 7505) (Pr(r) = P5)
]8

We note that H(X) = p;S; and X = (p;, pju;, pje;). Furthermore, VH = A (S;T; — e; +
J
(uj,u;) — 7;p;, —u;,1). Since the entropy is concave

H(Xy) — H(X;) ~ (X — X;, VH(x;)) < 0

This is the relation which is present in the previous expression of B. This term is negative but
(u,, Cj;) < 0, thus is positive. At the end, since P+ % >, ujr > 0 and using , it yields
that L + P is positive. Consequently, if p; > 0 and 7} > 0 is positive, the entropy inequality is
satisfied. O

The semi-discrete AP scheme (continuous in time, discrete in space) satisfies the entropy
inequality. We note that the modification in space does not modify the entropy inequality, indeed
the positive terms in the proof have the same form that for the classical scheme only the nodal
velocity u, chance between the two scheme. In conclusion, we deduce that with a slightly different
CFL than the classical scheme’s CFL, the fully discrete AP scheme [still?] satisfies the entropy
inequality. Nevertheless, this still remains to be proved.

3.4 Discretization of the steady states

Not unlike the 1D case, we will study the discretization of the steady states by the LR-AP
scheme. For the steady steady state the situation is the same tat in 1D the local Matrix M,
in the scheme allows to obtain a nodal velocity homogeneous to the physical velocity ( in
order to £”). Now we consider the second subset of steady state . The aim is to obtain a scheme
with a high accuracy around the hydrostatic equilibrium configuration (Vp = pV¢ and u = 0).
In this section we show that the AP scheme satisty the well-balanced property [I3] and is more
efficient to treat these configurations. We assume that the initial data (p;,u;,e;) satisfies the
discrete steady state at the interface (V,.p = —(pV¢), for Euler equations). As in 1D, a scheme is
well-balanced if the scheme is exact for the discrete steady state. For the Shallow water equations
the discrete steady state is an exact discretization of the continuous steady states. This is not the
case for the Euler equations. That is the reason why the well balanced scheme are not exact for
the steady states of the Euler equations. However the numerical error of the well-balanced scheme
for the Euler equations, comes only from the error between continuous and discrete steady state.

Lemma 3.3. Assume the initial data is given by u; = 0 and V,p = —(pV¢), which is equivalent
to
Vop == Bir) "D piChr = —(pV)r
J J

with p, a mean of p; around r. Then the semi-implicit (as well as, the explicit) LR-AP scheme
is stationary for the hydrostatic equilibrium.
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Proof. By definition of the initialization we know that }, p;C;, = (Z] Bjr) (pV¢),. Plugging
this relation in the definition u} we obtain

E TirQyr | U, = E TirQjr | Uj.
J J

Since u; = 0 then u; = 0. Using the same computations we have uy* = p, N, V,¢. Using the
values of u} and u}* in the scheme we get p”le = p?, (pe)" ! = (pe)™ and

(pu)"*! — (pu)" 1 1 ~ o
At = _570‘ Gjr_sia chraerrNTprvT¢ chra]r Id - ) +1

By definition of u*, it is known that > Gj, = — ) ¢;0; M, N,p,V,¢ which leads to

pu)"t — (pu)" 1 ~ 7 n
s~ a1 (Zcﬁ%rﬂd—Mr)) art

Furthermore, we obtain

pn+1 1 N 1
—\ a2 2o e @ela = M) | ui T = —piuf
s

Assuming that the matrix ) ch&jr(IAd — M,) is invertible and since p;-L'H = pj and uj = 0 we
conclude that u"+1 0 O

This result shows (as in 1D) that the AP scheme preserves exactly the discrete hydrostatic
steady states. Consequently for the continuous hydrostatic equilibrium, the numerical error is
only governed by the truncation error between the discrete and continuous steady states. That is
the reason why we propose to modify the scheme as previously to obtain an arbitrary high order
discretization of the steady states.

3.4.1 High-Order reconstruction of the equilibrium

As in 1D the order of the spatial numerical error for a steady state is governed by the error
between discrete and continuous steady state. The actual discrete steady state is defined by
V.p = —(pV@), with (pVe), = p.V,.p. Where p, is the average of the density around a node
r and V,¢ the nodal gradient of ¢. To increase the accuracy and the order of the method we
propose to modify the discrete steady state with a high order polynomial reconstruction of the
steady state, as we did in 1D. The new steady state is given by V,p = —(pV$)Z? with

(pV) O = ( /Vp+ T/VTpV¢—Vrp>

with V,.p = (Z B\]r)*l Z p;Cjp. To finish the method it is sufficient to find a good strategy to
compute the polynomial interpolation of p, p and ¢ and the integrals : fv Vp and fv pVp. We will
focus now on a high-order reconstruction method, that we will use for p, p or ¢, adapted to a 2D
unstructured mesh. Therefore we have chosen to use the high order k-exact least-squares polyno-
mial reconstruction methods. This method is not optimal and cannot preserve the monotony. To
obtain these properties we can use an adaptation of the CENO methods proposed by L. Ivan and
C. Groth [I7] and has been adapted to 2D unstructured meshes by S. McDonald et al. |21, 22} [I8].
When presenting the k-exact Reconstruction algorithm, it’s necessary to cite T. J. Barth et al.
[1, 2], and we refer the reader to those articles as well as [2I] for more details. We denote f the
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variable (typically p, p or ¢), the reconstruction f* of the solution at the Volume control r (area
V,) is defined by

E ok
) = 323 Dayas (e — 20) " (y — y,)™ (48)
d1=0d2=0
di+d2<k
where k is the order of the piecewise polynomial interpolant. The coefficients Dy, 4, are the
unknowns in this definition. The number of unknowns, that we will denote N, depend on the
order k by the formula:

(k+1)(k+2)
2

For k£ =1, 2 and 3 respectively we will have 3, 6 and 10 unknowns.

In order to have an actual k-exact reconstruction, one has to satisfy three conditions: mean
conservation, error of order O(Ax**+1) for the quantity, error of order O(Az*) for the derivative
of the quantity, i.e. exact reconstruction of polynomials of degree at most k& and finally, compact
stencil support. On quadrangular meshes we use the two layers algorithm to find these neighbours.
This algorithm is as follows: parting from a node x,, we choose the cells which contain the node
X,. At this moment we have the first layer of cells and it is sufficient for & = 1. To obtain the
second layer we take each cell which contains a node of the cells associated with the first layer.
For example in Cartesian mesh the first layer contained 4 cells and the two layers 16 cells. Now we
want to construct the system. We define the stencil around the node r named S(r). The number
of cells in the stencil is M. We assume that

N = (49)

1
| € |

/ Pay)dA=f; & / fay)dA =9, | f; Vi€ Sr)
Q, Q;

Now we use the definition of f* in this relation, to deduce that

k

k
Z Z Dd17d2 (/ (x_xr)dl(y_y'r')dg> dA :| Qj | fj Vj e S(T)

d1=0d>=0 (2_7’
di+d2<k
This equation generated an overdetermined system A,x, — b, = e where the terms of matrix
A, (dim(A,) = M x N) can be precomputed as they will depend only on the mesh, besides, b, is
the average of the solution, and e is the error of the least square method.

(%) ... (M) o (2RO | | fu Dy 1
A = (@1)]‘ ce ((Edlyd2)j . (l‘kyo)j b, = | Qj | fj Xp = Dy, d,
(Y - (zPyd2)y o (2RO | Qar | fae D0

with

(@),»(/Q_

J

(:C - zr)dl (y - yr)d2> (50)

Now we want to focus on how to compute the elements of the matrix A, i.e. an approximation
of For this purpose, we will use a Gaussian quadrature for general quadrilateral elements, that
we will describe on the next section.
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We use the same notations as before: €2; denotes the j-th cell, and (z;,y;) with i =1,...,4
denotes the vertices in a counter-clockwise order. We assume, as it would be in most cases, that the
cell —a polygon of unknown vertices— can be decomposed on quadrangular elements. Therefore, we
will focus only on quadrature rules for quadrangular elements. Nonetheless, quadrature rules are
usually defined on regular orthogonal squares (i.e. usually cells found in Cartesian meshes), so we
decided to take the general approach from Finite Volumes schemes (see for example: [23]) which
generalises the usual Gaussian quadrature rules to general quadrangular elements. The approach
is based on transforming every element to a reference orthogonal cell, centered at the origin, which
vertices are: (—1,—1), (1,—1), (1,1) and (—1,1). For the mapping (a.k.a transformation) we use
the nodal shape functions for quadrilaterals:

Ni(en) = 31— o)1~ 1)

Na(e,n) = 3(1+)(1— )

! 61)
Ns(e,n) = 1(1 +e)(1+n)
Nien) = 3(1-)(1+1)

We can notice that if we pass the coordinates of the vertices of the reference element we will
find N;(ej,m;) = 0i;. Now, it’s easy to write the mapping that will transform the coordinates of
the quadrature points on the standard element to our quadrangular cell:

4
x = Pe,n) = ZmNi(&U)
i=1 (52)

4
y= Q(Ean) = Z%Nz(’fﬂ?)
1=1

Finally we introduce the jacobian matrix of such a transformation:

dx 0y
Jen =8 &
an o

The values of the jacobian function will only be needed on the quadrature points, so for a
quadrature rule of order N, we only need to compute N x 4 elements. Furthermore these values
can be precomputed for every cell ;. Now we can write the general Gaussian quadrature formula
of order N, with gaussian points (g;,7;) and corresponding weights w;:

N N

|| Pty =353 wiw | Ieim) | PP(m). Q)

i=1 j=1

To solve equation [50, we only need to plug F(z,y) = (z — )% (y — y,)%.

3.5 Numerical results in 2D

In this section we propose some numerical test to validate the asymptotic preserving and well-
balanced properties for the scheme on unstructured meshes. To verify these properties we propose
some meshes with different deformations
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Figure 9: Kershaw mesh

3.5.1 Numerical results for steady states solutions

The LR AP scheme with (pV¢), = p.(Vé), where p, is an average of p around the node r. The
LR AP scheme with ¢ high order discretization of the steady states is called LR-AP O(q). We
consider a domain 2 = [0,2]? and the final time Ty = 0.1. The difference test cases are given by

e Test case 1: Linear density: p(t,x) = y+1, u(t,x) = 0, p(t,x) = —(3y*+y)+ (50> +b)y+1
and g = (0, —1).

e Test case 2: exponential density: p(t,x) = e~ &%) w(t,x) = 0, p(t,x) = e~ &> and

The classical scheme is called "LR", the AP scheme without higher order reconstruction is called
"LR-AP", The AP scheme with the high order reconstruction of the equilibrium is called "LR-AP
O(k)" with k the order of polynomial reconstruction. With a polynomial reconstruction of degree
k for p and p, we obtain a k-th order reconstruction since the order is k + 1 for p and k& for Vp.
The results are close to the 1D results. On Cartesian, Collela and Kershaw meshes, we observe
that the classical scheme converges with the first order. Additionally, we can see that the AP
scheme with (pV¢), = p,V,.¢ converges with an order close to two and that we are exact for the
discrete steady states (the discrete and continuous steady states are equal for constant density and
linear density on Cartesian mesh). To finish we can also notice that when we use a second or third
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Table 5: Test case with linear density. The error corresponds to the

of convergence.

Cells LR LR-AP LR-AP O(2) LR-AP O(3)
Error Order Error Order Error Order Error Order
Cartesian | 8 x 8 0.1550
Mesh 16 x 16 0.07550
" 32 x 32 0.03721
& 64 x 64 | 0.01846
é’ 128 x 128 | 0.00918
Random 8x 8 0.20901 0.00331
mesh 16 x 16 0.10903 0.00125
32 x 32 0.05814 3.95E-4
64 x 64 0.02869 1.07E-4
128 x 128 | 0.01464 2.95E-5
Collela 8x8 0.29202 0.10326
mesh 16 x 16 0.22185 0.00525
32 x 32 0.13560 0.00177
64 x 64 0.07695 5.17E-4
128 x 128 | 0.0417 1.41E-4
Kershaw 8 x 8 0.50078
mesh 16 x 16 0.29127
32 x 32 0.14761
64 x 64 0.07132
128 x 128 | 0.03437

Ly error and ¢ to the order

Cells LR LR-AP LR-AP O(2) LR-AP O(3)
Error Order Error Order Error Order Error Order

Cartesian | 8 x 8 0.08705 0.00117 0.00744
Mesh 16 x 16 0.04132 2.83E-4 0.00147
" 32 x 32 0.02013 6.93E-5 3.28E-4
f:; 64 x 64 0.00993 1.72E-5 7.65E-5
ﬁ 128 x 128 | 0.00493 4.30E-6 1.90E-5
Random 8 x 8 0.09960 0.00179 0.00755
Cartesian | 16 x 16 0.05465 6.6E-4 0.00155
Mesh 32 x 32 0.02940 2.26E-4 3.4E-4
64 x 64 0.01488 6.34E-5 7.98E-5
128 x 128 | 0.00742 1.77E-5 2.06E-5
Collela 8 x 8 0.12195 0.00393 0.00813
Mesh 16 x 16 0.08902 0.00208 0.00197
32 x 32 0.05725 6.72E-4 5.9E-4
64 x 64 0.03232 1.86E-4 1.6E-4
128 x 128 | 0.01711 4.9E-5 4.5E-5
Kershaw 8 x 8 0.14932 0.00203 0.00839
Mesh 16 x 16 0.08376 3.38E-4 1.63E-3
32 x 32 0.04253 7.29E-5 3.45E-4
64 x 64 0.02060 1.75E-5 7.87E-5
128 x 128 | 0.00988 4.34E-6 2.2E-5

Table 6: Test case with exponential density.The error corresponds to the L1 error and ¢ to the
order of convergence.
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order reconstruction for (pV¢), we converge with the third order at the end for these meshes.
On random meshes, the situation is a little bit more complicated. We observe that the scheme
with a second order reconstruction converges with second order, as expected. However, with the
third order reconstruction, we remark that the order decreases on fine meshes. The reason of
the problem is not clear. Our first idea to explain this, is that some cells become pathological
and some small numerical instabilities appears. The second explanation is that the high order
reconstruction is not completely robust on random grid. This problem does not exact is 1D. In
1D for a k order reconstruction we use k + 1 cells to construction the linear problem which give
the k + 1 coefficients and this linear problem is solved exactly. In 2D we compute the coefficient
of the polynomial reconstruction with a last square problem. Perhaps this is the approximation of
the coefficients computed by the last square problem which generate the problem of convergence
on fine grid on random meshes. Perhaps find a polynomial reconstruction which compute exactly
the coefficients will be more efficient. The aim of this part is to prove that the idea to introduce
a high order equilibrium in the scheme work. To our opinion, it is prove by these results however
we can perhaps find a better way to construct the high order equilibrium on unstructured meshes.

Now we propose to study numerically the second subset of steady states (??) which correspond
to high friction limit (o = 0 and § = 1). For this we present a Sod test case with € > 1 and we
will compare the classical LR scheme and the LR-AP scheme for different values of . The domain
is Q =[-1, 1}2. The final time is Ty = 0.2. The grid is a random grid. The initial data is given by

pt=0)=1u(t=0)=0,p(t=0)=1, for || x]|<0.5
p(t=0)=0.125, u(t =0) =0, p(t =0) = 0.1, for || x||> 0.5

When o tends to the infinity, the stiff relaxation source term force is u = 0 at the limit. Or, in
other words, the initial solution is a stationary solution when o tends to the infinity.

3.5.2 Numerical results for diffusion solutions

To finish we propose to validate the scheme for the diffusion solutions given by a = g = 1.
For this we consider a Sod problem with ¢ = 1 and € = 0.005. We compare the classical scheme
on fine grid (480 x 480 cells) and coarse grid (60 x 60 cells) and the AP scheme on coarse grid.

We observe that the LR-AP scheme (Fig. 11) on coarse grid capture is less diffusive that the
classical scheme (Fig. 12) on coarse grids if we compare to the fine solution (Fig. 13). Indeed we
remark that the maximum of the solution is the same if we compare the solution of LR-AP scheme
and the solution of the classical scheme on fine grid. We observe also that the classical scheme on
coarse grid the solution have a larger support (because the scheme is more diffusive). After as in
1D the solution of the LR~-AP scheme is probably better that the solution on fine grid. The same
method is used to solve the M7 model writhed as a Euler problem with stiff source term (radiative
transfert problem) in [7] and [6]. For this case the diffusion limit is linear and we have analytical
solutions. The results presented is these papers show that the AP scheme is convergent for the
M; model. This is another argument to caddie the method but it be interesting to validate the
method with analytical solutions.

Conclusion

In this paper, we have studied the design of an adapted finite volume scheme to treat the external
forces source terms in the Euler equations on unstructured meshes. For this, we have coupled a
Lagrange+remap nodal scheme (the fluxes are defined at the node on the mesh) with the Jin-
Levermore method (AP technique). This method has been used previously with success for linear
and simple non-linear models. At the end, we constructed a semi-implicit asymptotic preserving
scheme for the friction source term and Well-Balanced scheme for the gravity term. Indeed we note
that numerically the CFL condition is independent of ¢ and that the scheme captures correctly
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Figure 10: At the top: numerical density and internal energy given by the classical scheme. At
the bottom: numerical density and internal energy given by the AP scheme. the results are given
by € = 1 and 10000 cells

the asymptotic behavior associated with the friction term (unlike the the classical scheme). We
don’t have convergent results in the diffusion limit because we don’t have an analytical solution
of the limit diffusion scheme. However, some numerical results have shown that for a limit linear
diffusion equation (Isothermal Euler equations with linear pressure or M; model [6]-[7]), the non-
linear diffusion limit scheme obtained converges on unstructured meshes with the same order that
the advection scheme. In the future it be will interesting to verify if we obtain the same order for
the non-linear limit diffusion equations.

Secondly, it is important to mention that the scheme respects the well-balanced property. The
different numerical and theoretical results show that the scheme is well-balanced for the hydrostatic
equilibrium because the discrete steady states at the interface are exactly captured. For a general
steady state, our results have shown that, the order of convergence in space is only governed by the
error between the discrete states and the continuous steady state. The formulation of our method
allows us to modify easily the discrete steady states with a high order polynomial discretization
to obtain at the end a first order scheme which preserves numerically the positivity and which
converges with an arbitrary order around the steady states. In general the WB scheme for Euler
equations and generic equilibrium converges with second order. Our method to increase the order
is new in this context, simple and can be use for other well-balanced schemes. At the end we have
obtained a scheme which allows us to capture correctly the behavior induced by the source terms,
stiff and not stiff, without a large additional CPU cost on unstructured meshes.
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Figure 12: Density (left) and energy (right) for the LP AP scheme. Coarse grid.

References

[1]

2]

[9]

T. J. Barth and P. O. Fredrickson, Higher Order Solution of the Euler Equations on Unstruc-
tured Grids Using Quadratic Reconstruction, Paper 90-0013, ATAA, January 1990.

T. J. Barth, Recent Developments in High Order K-Ezact Reconstruction on Unstructured
Meshes, Paper 93-0668, AIAA, January 1993

C. Berthon, R. Turpault Asymptotic preserving HLL schemes Num. Method Partial Diff.
Equations, accepted.

C. Buet, B. Després, E. Franck Design of asymptotic preserving schemes for the hyperbolic
heat equation on unstructured meshes, Numerish Mathematik, 2012, Volume 122, Issue 2, pp
227-278.

C. Buet, B. Després, E. Franck Asymptotic preserving schemes for Friedrichs systems with
stiff relazation on unstructured meshes: applications to the angular discretization models in
linear transport, Journal Scientific Computing (online), april 204

C. Buet, B. Després, E. Franck Asymptotic preserving scheme with mazimum principle for
non linear radiative transfer model on unstructured meshes , C.R. Acad. Sci., Paris, Sér. I,
Math., Vol 350, N 11-12 P. 633-638, june 2012

C. Buet, B. Després, E. Franck Asymptotic Preserving Finite Volumes Discretization For
Non-Linear Moment Model On Unstructured Meshes, FVCA VI Problems and Perspectives,
Springer Proceedings in Mathematics Volume 4, 2011, pp 467-474.

C. Chalons, F. Coquel, E. Godlewski, P-A. Raviart, N. Seguin Godunov-type schemes for
hyperbolic systems with parameter dependent source. The case of Euler system with friction,
M3AS, volume 20(11), pages 2109-2166, 2010.

C. Chalons, M. Girardin, S. Kokh Large time step asymptotic preserving numerical schemes
for the gas dynamics equations with source terms, STAM J. Sci. Comput., 35(6)

35



CO0000000
SNRATON®EO

Figure 13: Density (left) and energy (right) for the classical LP scheme. Fine grid.

[10] G. Carré, S. Del Pino, B. Despres, E. Labourasse A Cell-centered Lagrangian hydrodynamics
scheme on general unstructured meshes in arbitrary dimension. JCP vol. 228 (2009) nol4,
pp. 5160-518

[11] B. Després, C. Mazeran Symmetrization of Lagrangian gas dynamics and Lagrangian solvers,
Arch. Ration. Mech. Anal. 178 (2005) 327-372. Sci

[12] E. Franck, Modified Finite Volume Nodal Scheme for Euler Equations with Gravity and Fric-
tion, FVCA VII-Methods and Theoretical Aspects Springer Proceedings in Mathematics and
Statistics Volume 77, 2014, pp 285-292

[13] Greenberg J, Leroux A. Y. A well balanced scheme for the numerical processing of source
terms in hyperbolic equations STAM J. Numer. Anal - Vol 33 No 1, 1996.

[14] L. Gosse, G. Toscani An asymptotic-preserving well-balanced scheme for the hyperbolic heat
equations C. R. Acad. Sci Paris,Ser. I 334 (2002) 337-342.

[15] L. Gosse, A well-balanced flux-vector splitting scheme designed for hyperbolic systems of
conservation laws with source terms. Computers and Mathematics with Applications 39(9),
1357159 (2000)

[16] P. C. Hammer, O. J. Marlowe, and A. H. Stroud; Numerical integration over simplexes and
cones; Math Tabl. natn. Res. Coun., 10, 1956

[17] L. Ivan and C. P. T. Groth, High-Order Central ENO Finite-Volume Scheme with Adaptive
Mesh Refinement, ATAA Paper 2007-4323, June 2007

[18] L. Ivan and C. P. T. Groth, High-Order Solution-Adaptive Central Essentially Non-Oscillatory
(CENO) Method for Viscous Flows, Journal of Computational Physics, Vol. 257, pp. 830-862,
2013

[19] S. Jin, D. Levermore Numerical schemes for hyperbolic conservation laws with stiff relazation
terms. JCP 126,449-467 ,1996.

[20] J. Luo, K. Xu, N. Liu, 4 well-balanced symplecticity-preserving gas-kinetic scheme for hy-
drodynamic equations under gravitational field. STAM Journal on Scientific Computing 33(5),
235672381 (2011)

[21] S. D. McDonald, Development of a high-order finite volume method for unstructured meshes,
Master’s thesis, University of Toronto, 2011

[22] S. D. McDonald, M. R. J. Charest, and C. P. T. Groth, High-Order CENO Finite- Volume
Schemes for Multi-Block Unstructured Mesh, ATAA Paper 2011-3854, June 2011.

[23] B.A. Szabo and I. Babuska. Finite Element Analysis. Wiley-Interscience publication. Wiley,
1991

36



[24]

[25]

[26]

R. Natalini and M. Ribot, An asymptotic high order mass-preserving scheme for a hyperbolic
model of chemotazis, SIAM J. Numer. Anal. 50 (2012), no. 2, 883-905

R. Natalini, M. Ribot, M. Twarogowska. A well-balanced numerical scheme for a one di-
mensional quasilinear hyperbolic model of chemotazis, Commun. Math. Sci. 12 (2014), no.1,
13-39.

M. Zenk, C. Berthon et C. Klingenberg, A well-balanced scheme for the Euler equations with
a gravitational potential, FVCA VII-Methods and Theoretical Aspects Springer Proceedings
in Mathematics and Statistics Volume 77, 2014

37



	Introduction
	Scheme in 1D 
	Construction of the scheme in 1D
	Diffusion limit solutions: AP property
	Steady solutions: Well-Balanced property 
	Numerical results for AP properties
	Numerical results for WB properties in 1D

	Extension on 2D unstructured meshes
	Classical Lagrange+remap scheme and notations
	Modified Lagrange+remap scheme for Euler equation
	Entropy property
	Discretization of the steady states
	High-Order reconstruction of the equilibrium

	Numerical results in 2D
	Numerical results for steady states solutions
	Numerical results for diffusion solutions



