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Abstract

Well balanced or asymptotic preserving schemes are receiving an in-
creasing amount of interest. This paper gives a precise setting for study-
ing both properties in the case of Euler system with friction. We derive a
simple solver which, by construction, preserves discrete equilibria and re-
produces at the discrete level the same asymptotic behavior as that of the
solutions of the continuous system. Numerical illustrations are convincing
and show that not all methods share these properties.

1 Introduction

We are interested in deriving schemes having some ‘well-balanced’ and ‘asymp-
totic preserving’ properties for the approximation of a nonlinear hyperbolic sys-
tem with source term

8,U + 8,F(U) =S(U), zecR,t>0, (1)

U(x,t) € Q C R™. First, we say that a scheme is well-balanced if it preserves,
in some sense which has to be precised, stationary solutions of (1) which by

definition satisfy
d

ZF(U) = S(U). 2)
Now, assuming that in (1), the source S(U) = S(U; «) depends on some scalar
parameter « in such a way that the solution U = U, depends smoothly on «,
the solutions of system (1) may have some typical asymptotic long-time behavior
as a — oo, and we want the scheme to preserve in some sense this behavior.
The property will then be refered to as asymptotic preserving. We will construct
below approximate Riemann solvers leading to Godunov-type schemes having
this property when applied to the model problem of gas dynamics equations
with gravity and friction, and « will be a friction parameter.
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The problem of deriving schemes that work uniformly well with respect to a
parameter which can become large has been often addressed to (in particular for
the transition from kinetic to hydrodynamic equations, see [7] for example). Let
us emphasize that the question is not only linked to the presence of stiff source
terms. Indeed, a scaling wrt. the time variable will also be introduced, so that
the limit behavior is governed by a reduced system, as we will see in section
2.2 below. Such problems have already been analyzed in other contexts (for
the transport equation in the diffusive limit in [26] for instance, see also [29]).
Before we focus on our model problem, we mention several recent works related
to the subject of preserving equilibrium and asymptotic properties in the case
of a diffusive limit system: first we mention the pioneer papers [23] and [25],
which underline the importance of the asymptotics and analyze the problem in
the semi-discrete setting. More recently, [4] considers the same model problem
as we do, but in the barotropic case and without gravity. We also mention some
contributions for deriving asymptotic preserving and well balanced schemes for
other model equations such as [24] for multiscale kinetic equations, [17] for the
one-dimensional Goldstein-Taylor system, for radiative transfer models: [18],
[6] [5], [2] and we mention the recent paper [11] where more references can be
found.

The outline of the paper is as follows. In the next section, we give a precise
example of what we mean by ‘asymptotic behavior’ on the problem of gas dy-
namics equations with gravity and friction; we present the model in both the
Eulerian and Lagangian frames and begin by computing the possible stationary
solutions before we study the asymptotic behavior. In section 3, we recall the
concept of simple approximate Riemann solver for (1) introduced in Gallice [12]
[14], we precise the notions of discrete equilibrium and well-balanced numerical
scheme in this setting, then we apply the methodology to the model example of
the gas dynamics equations with friction and gravity terms in Lagrangian coor-
dinates. In section 4, we derive the scheme for the Euler system and we assess
the well-balanced and asymptotic preserving properties of the resulting scheme.
In section 5, following [8] and [9], [10], we introduce a larger relaxation system
with a so called potential and derive a relaxation scheme for the Euler system
which is shown to coincide with the previous one, and this other point of view
enlights some nice features of the scheme. At last we provide some numerical
illustrations in section 6.

Let us now focus on the problem of gas dynamics equations with gravity and
friction. It is an illustrative example and for that reason, we present the model
with some details.
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2 Model problem: gas dynamics equations with
gravity and friction

Let us consider the gas dynamics equations with gravity and friction. In Eulerian
coordinates, the system writes

atQ + 896(@“) = 07
de(ou) + 02 (ou® +p) = o(g — ap(u)), (3)

O(0e) + 0z((0e + p)u) = o(gu — arp(u)),

where ¢(u) and 1 (u) model friction terms and « > 0 is some constant coefficient
which can become very large; g is a gravity constant. The functions ¢(u) and
¥ (u) satisty ¢(0) = (0) = 0,¢'(0) = 0, ¢ increasing. In what follows, we will
mainly consider the commonly used friction terms

p(u) = |ul*u,
(4)

P(u) = aluXt?, 0<a<l,

with x > 0, x = 0 for a linear friction or y = 1 for a quadratic friction term and
a is some constant. A frequently encountered case when studying compressible
flow is a = 1, then ¥ (u) = ¢(u)u. We will also consider the case (u) = ap(u)u
with @ < 1. The energy e satisfies e = € +u?/2, € is the internal energy and the
pressure law p = p(p,¢) is a given function satisfying some usual assumptions;
p will also be expressed either in terms of (7,¢), p = p(7,¢) (with 7 = % the
specific volume), or in terms of (7,7),n the entropy, p = p(7, 7).

It will be interesting, for the derivation of our numerical scheme, to write the
system (3) in Lagrangian coordinates, because the computations are known to
be much easier. Denoting by m the mass variable, the Lagrangian formulation

writes
T — Opu =0,

Oru + amp =g — O“p(u)v (5)

Ore + Om(pu) = gu — app(u).

Recall that, denoting by n the mathematical specific entropy (- is the physical
specific entropy) which satisfies

—Tdn = de + pdr,
we obtain for a smooth solution of (5) the equation
T = a(up(u) — P(u)) (6)

and for (4), —Tdn = (1 — a)a|u[¥*2. In particular, for a = 1, the friction
involves no entropy dissipation whereas for a = 0 (i.e., for ¢¥(u) = 0), the whole
friction is transformed into internal energy.
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2.1 Stationary solutions

Let us consider stationary solutions of system (5). They are characterized by

du
am = 0;
A2 = g — ap(u), (7)

2 (pu) = gu — av(u)

hence the velocity w is constant: w = u. In the lines below, we will also note
the quantities which should be constant by overlining them. On the one hand,

the equations

u =0,

{ dp _ (8)
dm —

provide equilibrium stationary solutions. On the other hand, if @ # 0, we must
have

P(u) = up(u),
for all u. Thus, if a # 1, there is no stationary solution with a non zero velocity.
Ifa=1, ;—51 is again constant and solving the system

U =u,
d o)
an =9 — ap(U)
provides all possible stationary solutions of (5) (note that formula (9) holds in
all cases, but if u # 0, it supposes a = 1).

For Euler system (3), stationary solutions are characterized by

L (ou) =0,
< (ou® +p) = o(g — agp(u)),

= ((0e + p)u) = o(gu — arp(u)).
Hence pu is now constant. Again, if u = 0, solving
u=0
’ 10
{ﬁzw (10)

provides a classical equilibrium stationary solution of (3) where the gravity term
balances the pressure gradient. We now focus on stationary solutions satisfying
moreover u = U constant. If @ # 0, we must have ¢ = g constant and

P —3(g — ap(a)),

(11)

oL +uL =g(gu — arp(n))
and thus J
& =0(g — ap(u)),

(12)
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If 1(u) = p(u)u, we get % =0 and ¢ =,
p=p(2,€) =D
Thus if @ = 1, we obtain a constant stationary solution of (3) given by

0=0, E=E,

=g~ (g/a).
For a < 1,we get by (11) a non trivial equation for € = e(x)

R )

Then it yields that, if @ < 1, stationary solutions with constant u = uw # 0
are such that e grows linearly in the domain (let us pass over the problem of
boundary in silence). For instance, in the case of an ideal gas p = (y — 1)oe,
(12) yields

O — o apl@) = alpm) - L)
and u satisfies
9=l — (v ) = a3y - (7~ Daye(m).

The resulting stationary solution is thus given by

=0
= ¢ '(& ) (14)
= =ao(l —a)p(u)

8 S

with
X
o~ (v) = [v| 0.

The friction term with ¥ < wp naturally induces an increase of internal energy.

Remark 1 Stationary solutions for Lagrange formulation are in correspon-
dance with transport waves solution for Euler, i.e. uw = w constant, and g,¢
functions of x — ut. For such a transport wave solution, all convection terms
of the form D;. = 0;. + u0,. vanish. There remains only when a = 1, O,p =
o(g — ap(@)), corresponding to (9). When uw = 0, we recover the steady solu-
tions (10). We can have a constant state (13) with @ # 0, then 0,p =0, and in
Lagrangian formulation, it is a special case of (9) with p =P constant.

The above energy increasing (in space) stationary solution for Euler (see
(14) is not stationary in a Lagrangian frame; u, o are constant but the energy
increases (with time) since it satisfies Ore = a(up — ) = au(l — a)p(a).

2.2 Formal study of the asymptotic behavior

Let us consider first the asymptotic behavior of the solutions of system (5) or of
system (3) as the friction parameter o — +o00. Let us start with (5). Assume
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that we can write some asymptotic expansions in powers of é:
=041t
uw=u+ Tut ..., (15)
e=c"4+ Ll 4

Together with the pressure law p = p(7, €), one finds

1
p=p"+_p'+.... P =pr"e)
whereas ) ) i
626—‘1-5’112:60—"-&614-..., eO:5°+§(u0)2.

Substituting in (5) the expansions for 7, v and ¢, we get

0,10 — 0 ul + i(@trl — Oput) +...=0,

Oul + 0mp® + L (0! + Op") + ... = —ap(u®) + g — @' (WO)ul + ...,

€’ + 9, (P°ul) + L (Ope! + 0 (pu)') + ... = —ap(u®) + gul — ' (uO)u! + ...

Looking at the terms of order O(«), we get
p(u’) =0, Pp(u’) =0,
which yields u® = 0, whereas zeroth order terms (with order O(1)) write

6157'0 — 8mu0 = 0,
Opu® + 0mp” = g — @' (u)u',
94€° + 0, (P°u®) = gu® — ' (u®)ut

and since u® = 0, together with v’(0) = 0, we get

Thus p° = p(7%(m), e%(m)) depends only on m and when x = 0 (linear friction),
©'(0) = 1, thus in this case we obtain

2= ), =), p=pm)
dO
B =g—u'.

When x > 0, ¢’'(0) = 0 and we get
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which implies that the initial data should be ‘well prepared’ (if not, we have
a boundary layer in time). To conclude this formal argument, it is natural to
assume that

u—u’=0 asa— +oo. (16)

Let us now analyze the long time behavior of the solutions of (5) for large
friction. We first perform a change of variables: setting 0 = aﬁ, we define

t= ﬂs’ ’Ug(m, S) = 5u(m,t)77'ﬁ(m, 3) = T(m,t),é‘g(m, 3) = E(mvt)' (17)

With this scaling, we can indeed study the long time behavior of the solution
of (5) for high friction since we note that the scaling for the time variable and
the velocity are coherent with (16) if we let & — oo. Using (4), system (5) now
writes (dropping the subscript /)

0sT — Opv = 0,
7050+ Omp = g — ¢(v), (18)
0s€ + ﬁaﬂﬂ + O (pv) = gv — P(v),

together with p = p(7,¢). The terms of order 0 wrt. %, should vanish, leading

to
OsT — Opv = 0,

8mp =g - Qp(v)v (19)
0s€ + Om(pv) = gv — Y (v).

Thus (7, ¢) satisfies the following system

{ OsT — Ov =0, (20)

0s€ + Om(pv) = gv — Y (v),

where v = v(r,¢) is given by the second equation in (19), which for a linear
friction (x = 0) writes

v = g — Omp, With p = p(7, ),
and system (20) in that case becomes
0sT + 92,0 =0,
0 +2(1 = a)gOmp + a(0mp)® — O (pOmp) = (1 — a)g®.
Now if moreover a = 1, we get
st + 02,,.p =0,
Ose — pd2,,,p =0 (21)

V=g — Omp, p=p(T,€).
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Let us consider now the asymptotic behavior of the solutions of the system
writen in Eulerian coordinates with a similar scaling ¢t = 8s, v = Su as in (17).
Then (3) becomes

050+ 81(9“) =0,

72 (05 (0v) + 0:(0v?)) + 0up = 0(g — ©(v)), (22)

x

372 (0s(0v*) + 02 (0v*)) + Os(02) + 0x((0e + p)v) = o(gv — ¥(v)).
Again, the zeroth order terms wrt. % should vanish
950+ 0:(0v) = 0,
Oap = 0(g9 = #(v)),
9s(02) + 9z ((ee + p)v) = o(gv — ¥ (v))
and (g, ¢) satisfies
950+ 9:(0v) = 0,
9s(0e) + 9:((ee + p)v) = o(gv — ¥ (v)) (23)
v=9" g~ $0:p), p=Dploe)
If a =1, i.e. ¥ = up, the energy equation can be simplified and we get
950+ 9x(ev) = 0,
0s(0€) + Oz (0ev) + pOyv = 0, (24)
v=0"1g— 30:p), p=plee),
and assuming moreover a linear friction, the energy equation writes
0.(02) +0s(020) = pOs(0,1) = 0.
in this case (linear friction and a = 1), (24) becomes, with p = p(p, €),
950+ 9:(0v) = 0,
95 (02) + 0z (0ev) — pdy(50up) =0, (25)
v=g— 190, p=p(0e).
This is the exact analog of (21). Indeed, by the change of frame from Eulerian to

Lagrangian coordinates, the first equation in (25) gives (after the same scaling)
st — 92,,,p = 0, idem for the second equation.
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Remark 2 In the barotropic case, Euler system writes

atQ + aI(:Q'U> =0,
(26)
drou+ 0z (ou® +p) = o(g — ap(u)), p=p(o),

and we get (after scaling) a nonlinear parabolic equation for the zeroth order

terms in @
950+ 9z(0v) =0,

(27)
v=¢""(g— ;%p),
with now p = p(). In particular for a linear friction, v is given by
1
Uv=g— 7azp
0
we find a Darcy-type model
o 2
— —0— — =0. 2
52T 9550~ 52P(© (28)
In the Lagrangian frame, the analogous of (28) (for linear friction) writes
aST + a?nm(p) = 07
(29)

v:g_a’mpa

with now p = p(7). In this barotropic case, there are several existing theoretical
results [28], [21], [22] justifying the formal analysis above. O

There would remain to study (23) and to extend the theoretical results rel-
ative to the barotropic case to the full system with energy. Thus two natural
theorical questions arise: is (23) well-posed? and, shortly speaking, does (22)
converge to this generalized Darcy model (23) as o — +00? with similar ques-
tions for the Lagrangian case. Answering these questions is beyond the scope of
the present work which is rather devoted to the numerical approximation of the
problem. We will construct a (consistent, stable) scheme for system (3) which
in the limit « — oo, and after the same scaling (17), gives a (consistent, sta-
ble) scheme for the limit system (23), this is what is usually called asymptotic
preserving property (AP). In order to do that, we use the simpler Lagrangian
frame (5) and (21) and come back to the Euler setting following [14]. Moreover,
concerning the asymptotic property, we emphasize that the scaling we have per-
formed is compatible with the change of frame Euler <« Lagrange in that the
total derivative is relevant at both scales, since 0; + ud, becomes after scaling
Os + v0,.

Besides the references already given, we mention some recent work precisely
related to the subject. In [4], the authors consider the barotropic case (26)
without gravity: the approach uses a classical finite volume scheme together
with the upwinding of source terms involving the reconstruction of interface
variables while preserving Darcy steady states i.e. solutions of (28) (where g is
set to zero and thus 9,p = —pv). It supposes, in order to prove the AP property,
a restrictive hypothesis for the basis scheme which is not valid for all schemes.
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We emphasize that our approach using simple approximate Riemann solvers
and Godunov-type schemes (see [20]) is very straightforward, and we begin by
presenting this approach because of its relative simplicity.

However, it is interesting to see that the resulting scheme can be obtained
from a quite different approach, using first ideas introduced in [8] for the Euler
equation with gravity in the case without friction (o = 0), together with relax-
ation schemes (note that the relation between approximate Riemann solvers and
relaxation schemes is well established in [27], see [3]). The authors in [8] derive
a well-balanced scheme for preserving stationary solutions with zero velocity
O.p = —og (satisfying (10)). In the same spirit, we introduce a so called po-
tential, and derive a relaxation scheme as developed in [10], for a larger system
which is in conservative form and the scheme now relies on an exact Riemann
solver for this enlarged system. With this point of view of relaxation schemes,
we can understand how to get the desired properties (entropy, well-balanced,
AP), at least in an heuristic way, since we can use the corresponding properties
well-known at the continuous (PDE) level. Moreover, the ‘equivalence’ between
Lagrangian and Eulerian frame also makes it clear that if the AP property holds
in one frame, it holds in the other, provided the velocities are given consistent
definitions.

3 Numerical methodology

The aim of this section is to propose a fairly general strategy to derive a con-
sistent and asymptotic preserving scheme for the nonlinear system with source
term (1). This system is assumed to be hyperbolic and we denote by A, (U),
1 < k < n, the n real eigenvalues of the Jacobian matrix A(U) = F'(U). We
only consider entropy solutions of (1) that is solutions satisfying the entropy
inequality

on(U) + 0. Q(U) < o(U) (30)

with o(U) = 7(U)-S(U). As is customary, the entropy entropy-flux pair (1, Q)
is such that U ~ n(U) is convex and Q'(U) = »'(U) - F'(U).

We first review the concept of simple approximate Riemann solver for (1) de-
veloped in Gallice [12], [13], [14] following [20], and the idea of well-balanced
numerical scheme (notion introduced in [8], [19] and [16]). Then, we apply
the methodology to the first example of the gas dynamics equations with fric-
tion and gravity terms in Lagrangian coordinates (5). At last, we assess the
well-balanced and asymptotic preserving properties of the resulting scheme.

3.1 Simple approximate Riemann solvers

Solving the Riemann problem amounts to find the solution of (1), (30) with the
following piecewise constant initial data

U, £ <0,

for any given U and Ug in 2. Unlike the homogeneous case (S(U) = 0), the
exact solution of (1)-(30)-(31) that we denote W (z,¢; U, Ug) is no longer self-
similar, as it also occurs for generalized Riemann problem (see [15]). Notwith-

10
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standing, notice that an approximate Riemann solver W(x,t;UL,UR) asso-
ciated with W(z,¢; U, Ug) may be self-similar as in the homogeneous case
S(U) = 0. In this paper, we will focus on simple approximate Riemann solvers
of the following form

Ul :ULa % <>\1a

W(%UL,UR) = Uy, M <f<h, k=20 (32)

U1 =Ug, >N\,

with Uy and Ay = A\ (U, Ug), k = 1,..,1, I < n, to be defined (with some
abuse of notation, we have also noted by Ay, the different wave velocities in (32)
since these there will be no ambiguity with the eigenvalues of the Jacobian).
The general setting is treated in [14]. This approximate Riemann solver is self-
similar, then from now on and with a little abuse in the notations, we identify
W(z,t;Ur,Ug) and W($; U, Ug). The influence of the source term S(U)
will appear in the definition of the intermediate states Uy, k = 2, ..,1.

Let Az be a grid size and let At be a time step. Following Gallice [13], [12] a
suitable approximate Riemann solver for (1) is subject to the following consis-
tency property.

Definition 1 A simple approzimate Riemann solver (32) is said to be consis-

tent with the integral form of (1) if there exists a function S(§,7; U, Ug) such
that for At, Ax satisfying

(33)

|~

At
= <
1121351 | A(UL, Ur) | Ax —

we have

MN

F(Ug) — F(UL) — AzS(Ax, At; Up, Ug) = > Me(Upt1 — Uy) (34)

k=1
with _
lim S(AJJ,At; UL, UR) = S(U) (35)
Az, At — 0
UL, UR - U

Similarly, we introduce the notion of consistency with the entropy inequality
(30).

Definition 2 A simple approzimate Riemann solver (32) is said to be consis-
tent with the integral form of (30) if there exists a function &(&,7; UL, Ugr) such
that for At/Ax satisfying (33) we have

l
4(Ur) = q(Us) — Az 6(Ax, At U, Ur) < Y Me(n(Ur) = 0(Us)) - (36)
k=1

11
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with

lim 5’(ALIJ, At; UL, UR) :U(U) (37)
Az, At — 0
UL, UR —- U
Let us now introduce the points (z;,t,) with z; = jAz, ¢, = nAt, the inter-

faces x;,1/2 = (zj + 2;41)/2 and U} the numerical approximation of U(z,t")
in the cell Z; =|z;_1/2,%;41/2[- Given a simple approximate Riemann solver

W = VV(%, U, Ug), we consider the two averages

~ ) 0
U (UL,UR) ALE W(At UL,UR)dQ?,
(38)
~ + 2 ¥ 2
U (U.,Ugr)=— W(—;U.,Ug)d
(UL, Up) Ax/o (1 UL Up)da
and define the following update formula
1
+1 _ n,+ n,—
U? = §(Uj_% +Uj+%) (39)

~+
with U;‘f% =U (U7},U%,,) and under the usual CFL condition

At

n n 1
maX | )\k(U Uj+1) | Fx S 5

1<k<
for all j € Z. This approach is very classical in the context of approximate
Riemann solvers (see [20], [15]). Hereafter, such a numerical scheme is said to
be Godunov-type if the consistency property (34)-(35) is satisfied and entropy
satisfying if it obeys moreover (36)-(37).
Introducing the notation

l
G(U.,Ug) = : { (UL) +F(Ur) = Y (Ml (Ugpa — Uk)} (40)

2
k=1
we state (see Gallice [12] for the proof):

Proposition 1 Let W(%, U, Ug) be a simple approximate Riemann solver
consistent with the integral form of (1) in the sense of Definition 1 above. Then,
the numerical scheme defined by (39) can be written in the following conservative
form:

At At
1 m
U = U = (G — Gooy) + (S + S)y) (41)

wzthG+1—Z¥(Uy,Un 1) and 87,1 = S(Az, At; U;, Uj.,) forallj€Z.

i+

Formula (41) allows a first comment: the usual form of a conservative scheme
is recovered in the absence of source term (S(U) = 0), while in the general
setting, the influence of S(U) is taken into account by means of two interfacial

12
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contributions, namely S?i 1 and S? 1
2

As far as the entropy inequality is cozncerned and introducing the notation
Q(Uy, Ur) = 3(Q(U1) + Q(Ur))

Az

— = ((UR) = (T (UL, U) = (n(Uz) = (T (UL, Un)))),

(42)
we have (see again [14] for the proof of this result):

Proposition 2 Let W(%, UL, Ug) be a simple approximate Riemann solver
consistent with the integral form of (30) in the sense of Definition 2 above. Then,
the numerical scheme defined by (39) satisfies the following discrete entropy
inequality

tar)  (43)

with Q?+% = Q(U? U}, q) and U?+% = o(Ax,At; Uy, Ujy4) for all j € Z.

Here again, inequality (43) permits to recover the usual form of a discrete en-
tropy inequality in the homogeneous case, whereas the two interfacial terms
O'?i , account for the influence of the source term.

2

3.2 Well-balanced numerical schemes

This paragraph briefly reminds the so-called well-balanced property associated
with a Godunov-type scheme following [12]. The concept of well-balanced nu-
merical scheme introduced in [19] is related to the question of preserving at the
discrete level the steady solutions of (1). These equilibrium solutions satisfy by

definition
oU=0

and at the continuous level, this is equivalent to
0. F(U) = S(U). (44)

A relevant numerical scheme for (1) may be expected to preserve stationary
solutions, that is discrete solutions satisfying

Uttt =ur, jei, (45)

but there are many ways to obtain a discrete counterpart of (44); for instance,
if we localize around the interface z;1/2, we get

1 n mn n .
(R(UL,,) —F(UD) =S80, jeZ, (46)

where S +1 represents the x4 /9-interfacial contribution of the source term S;
for scheme (41) recall that S;.l+% = S(Az, At; U}, Ul,).

13
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Remark 3 This notion of discrete equilibrium can be defined for any finite
difference type scheme, where S?+l 18 some consistent approximation of the
2

interfacial contribution of the source term up to first (or higher) order terms
i Ax. Keeping in mind that we intend to respect the asymptotic behavior wrt.
a, the dependence of these O(Ax) error terms on a will have to be precisely
analyzed.

For scheme (43), let us introduce some stronger notions which are easier to
handle. Note that by definition (39), a sufficient condition for (45) is

Uy =Ur, =U"

i—3% j+3’ (47)

which motivates the following definition.

Definition 3 The sequence (U} );ez is said to be an equilibrium solution of the

Godunov-type numerical scheme (39) if (47) is satisfied.

In comparison to (45), the main advantage of (47) is that this property satis-
fied by a stationary numerical solution can be easily connected to the discrete
property (46) of a stationary solution of system (1). More precisely, the next
proposition holds true.

Proposition 3 An equilibrium solution of the Godunov-type numerical scheme

(39) satisfies (46) for all j € Z.

Proof. Let (U7});jez be an equilibrium solution of the Godunov-type numerical
scheme (39). We first write by definitions (38) and (39)

Az
1 2

UTL+1
Az

n 1 n mn,
W(At U}, Uup,,)da §(Uj:“% —Ujf%). (48)

But under the CFL condition (33) we easily show that

Az l
2 Az
W( -1 Up, Up)de = =~(Uy + Up) - ALY Me(Upyr — Uy),

At’
k=1

so that thanks to the consistency condition (34)

N W(At UL, Ug)de = AQQC(ULJFUR) _ AHF(Ug) - F(UL))

+AzAt S(Az, At; UL, Ug).

Plugging this equality in (48) gives by definition of §?+% in (41):

Up = (U] 4+ UL o (R(UL,) — F(UD))
(49)
n,+ n,+
+ALST, — f(Um -,

14
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From (49) we infer

n n At n n n
Uj+1 =Uj - E(F( j+1) —F(Uj)) + At Sj%

1 n,+ n,+ n n
+§(Uj_% —Ul, Ui+ Ul).
The sequence (U7 ) ez being an equilibrium solution we have
n+1l __ n __ n,+ n _ n,+
U/ =0} = Uj_% and U}, = Uj+%,

and relation (46) follows. O

Let us now define the concept of well-balanced numerical scheme.

Definition 4 The Godunov-type scheme (39) is said to be well-balanced if and
only if, for all sequence (U});ez satisfying (46), the sequence (U?'H)jez s an
equilibrium solution i.e. satisfies (47).

It turns out that relations (47) may be difficult to verify in practice. We are
thus led to introduce a stronger (but easier to manipulate) notion of equilibrium
solution (see again [13]).

Definition 5 The sequence (Uj})jez is said to be a strong equilibrium solution
of the Godunov-type numerical scheme (39) if for all j € Z and t > 0

— U’ <0
. . . = J ’

LCTAC R B SN )

It is clear that (50) implies (47) so a strong equilibrium solution is an equilibrium

solution in the sense of definition 3. To conclude this section, we define the

corresponding notion of strongly well-balanced numerical scheme.

Definition 6 The Godunov-type numerical scheme (39) is said to be strongly

well-balanced if and only if for all sequence (U}) ez satisfying (46), the sequence

(U;LH)jEz is a strong equilibrium solution i.e. satisfies (50).

3.3 The first example of the gas dynamics equations in
Lagrangian coordinates

We focus in this section on the gas dynamics equations (5) in Lagrangian coor-

dinates with friction and gravity terms. For convenience, we repeat this PDE

model here:
3t7' — amu = 0,

Oru + Omp = (g — ap(u)), (51)

Ore + Om(pu) = (gu — arp(u)),

which can be recast in the form (1) with the choice

T —u 0
u=(w |, FO)={ » |, s = g-apw (52)
e pu gu — arp(u)
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with friction terms (4).

In the next paragraph we give a consistent and simple approximate Riemann
solver introduced in [12] for Euler system with gravity ((51) with oo = 0). The
corresponding well-balanced and asymptotic preserving properties are studied in
subsections 3.3.2 and 3.3.3.

3.3.1 Derivation of a simple approximate Riemann solver

The proposed simple approximate Riemann solver (32) is made of three waves
(I = 3) and two intermediate states U} and Upx. The two extreme waves
propagate with speeds \; = —C' and A3 = C whereas the intermediate one is
stationary (Ay = 0):

UL, % < 707

—m U;, -C<% <O,

W(?;UL,UR) = (53)
Ui, 0<% <C,
Uk, L;L > C.

The parameter C is an approximation of the exact Lagrangian sound speed
C* associated with the acoustic waves of system (51) (recall that (C*)? =
—0,.p(7,m), where the pressure law p = p(7,7) is expressed in terms of (7,7)).
We will see further below that C has to be taken large enough with respect to
the sound speed.

In order to define the intermediate states U} and U}, we first write that (53)
should be consistent with the integral form of (51). By Definition 1, there must

exist a function §(§, 7; UL, Ug) such that
F(Up)-F(UL)-Az S(Am, At; UL, Up) = —C(U;~UL)+C(Up—Uj) (54)

with _
lim S(Am,At; U, Ug) = S(U). (55)
Am, At — 0
UL,UR — U

At this stage, we naturally choose S and seek for U} and U, such that (54) is
true. It is reasonable to set

0
S(Am, At UL, Ug) = | g— ap(a) (56)
gt — ap(a)

with @ = @(Am, At; U, Ug) to be precised later on. Then, consistency rela-
tions (54) now read

—Au=C(rp —7f + TR — T}),
Ap — Am(g — ap(a)) = C(ur, — uj, +up — up), (57)

A(pu) — Am(ga — ap(@)) = C(er — e + er — €}),
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where we have used the classical notation AX = Xr — X, for each quantity X
related to the fluid.

Let us now turn to the definition of the intermediate states U}, and Up. First,
we note that the mass conservation equation in (51) does not contain any source
term. So it is natural to impose the usual Rankine-Hugoniot jump relation
associated with this first equation across each of the three waves of (53). We
easily get

uz —CTz =ur, —CTL,

uR =uj, (58)

ur +C1p = uf + C75.
Then, the first relation in (57) becomes automatically satisfied whereas the
second one writes

Ap — Am(g — ap(a)) = 2C (u, — u*),

where we have set u* = u} = u} and X, = (X + Xg) for each pair (X1, Xg).
This relation, together with the first and third ones in (58), allows to obtain the
following formulas for u*, 77 and 75 :

1
u' = ug — %AP, AP = Ap — Am(g — ap(a)), (59)
. 1 1
TL—TL+%AU—ﬁAP7
(60)
f o rh et Aut —— AP
TR =TrR+ 550U+ 555 AP,

Let us make a first point. At this stage, @ is still unknown, v* = uj = u},
7 and 7 are given and only depend on AP (which depends itself on ), and
the first two consistency relations in (57) are satisfied. In order to complete
the definition of the intermediate states it thus remains to specify e} and e%.
These two quantities are related by a single compatibility relation, namely the
third equation in (57), so that one has another degree of freedom in addition
to 4. Actually, @ will be defined in subsection 3.3.3 so as to get the asymptotic
preserving property. To fix the other degree of freedom, a particular form for
the numerical flux G(Up, Ug) is proposed. From (40) we have

G(U., Up) = % (F(UL) + F(Ug) - C(U% — Uy + Up UL}, (61)

Using (59) and (60), the first component is given by

1 1 1
3 {-up —ur—C(rf —1,+ TR —TF)} = 5(—2ua + 6AP) = —u",

the second by

1 * * *
§{PL+PR—C(U —ur +ug—u)}=p
with

Au, (62)

Pt =0p _¢
¢ 9
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and the third one writes
1 * *
5 {prur +prur — C(e}, —er +er —ep)}-

We make our choice right now, assuming that the friction term is such that
a = 1. Since the third component of the flux F(U) and the source term S(U)
are both obtained by multiplying the second components by u, we propose to
mimic this behavior at the numerical level by imposing that the third component
of the numerical flux equals p*u*, namely

1 .
5 {prur +prur — C(e}, —eL +er —ep)} = p*u”.

Combining this relation with the third consistency relation in (57) easily gives
e}, —er and e — er. More precisely

1 Am, _ _
i~ e =g o -+ 5 g - vt

(63)
* 1 * * Am ~ ~
€RTER= G5 {p u" — prug + T(gu - a¢(“))} ;
which completes the determination the intermediate states U} and Ujy, to
within the choice of u. To conclude, note that the proposed approximate Rie-

mann solver, with S of the form (56), is consistent with the integral form of
(51) provided that @ is such that

lim u(Am, At; U, Ug) = u, (64)
Am, At — 0
UL,UR —- U

in order to recover (55).

3.3.2 Well-balanced property of the scheme

In this section we assess the well-balanced property of the Godunov-type scheme
associated with the simple Riemann solver we have just derived. We note two-
given neighboring cell states by U} = Uz, U}, ; = Ug.

Lemma 1 Consider a discrete equilibrium solution satisfying (46) i.e.

< (P(Ug) ~ F(UL) = 8(Am, At U, Up). (65)

then, for the approximate Riemann solver (53), the intermediate states satisfy
Uy, =U,, Up=Us.

Thus the discrete equilibrium is a strong equilibrium in the sense of Definition

5. Moreover, the velocity is constant © = u* = ur, = ug.

Proof. The discrete equilibrium condition (46) with U; = Uy, and U4, = Ug
writes here in the form (65)

- (F(Ur) ~ F(UL)) = 8(Am, AL U, Up),
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that is, using the same notations as above,

Au =0,
Ap — Am(g — agp(u)) = 0, (66)

A(pu) — Am(gi — ap(a)) = 0.

The first two equalities give

P* = Pa-
The third condition (66) then gives ©Ap — Am(ga — ap()) = 0 so that

Am - . Am -
prur —pru’ + T(gu —ay(@)) = p*u* — prup + T(QU —a)(u))

= 3 (@p — Am(gii — ar())) = 0
and from (63), we get: e} = er, ej = er. Then, the discrete equilibrium
condition (65) implies
U; =U;, Upx=U;g.
which gives the result. O
We have thus also proved:

Proposition 4 The Godunov-type scheme associated with the consistent and
simple approzimate Riemann solver defined by (53)-(59)-(60)-(63) is a strongly
well-balanced scheme for system (51) in the sense of Definition 6.

Let us precise the stationary solutions computed by the scheme. They are
naturally such that v = @ is constant. Now, from the study of stationary
solutions for the continuous system, either w = 0, or w # 0 but in any case
Y(u) = up(u) which we assume for the lines below. Do we have the discrete
analog of (8) when @ = 0 or (9) when @ # 07

The second and the third equations of (66) successively give

_Ap _ _ _

w4l =g — ap(i)) = g — ap(i),
which yields @ = W or ap(t) = g. The last solution may occur in the particular
case where @ = @*1(%), and it implies AA—f:L = 0, thus py, = pg is constant, and

we can have T = ¢! (£) too. If @ # u, the consistency condition (64) requires
u — u, so that @ should be equal to cp_l(g) and this is naturally coherent with
(9) when the pressure is constant, so that @ # w is indeed inconsistent. In all
other cases, we have @& = %, and the consistency condition (64) is automatically

satisfied.
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Remark 4 The results of Proposition 4 involve the definition (65) of a discrete
equilibrium, and this definition in turn is linked to the (quite natural) choice
of the source term in the form S(a) as given by (56). Let us just remark that
in other situations, one might think that the source term is defined at O(Ax),
for instance setting S(Am,At; Uy, Ug) = S(@) + Az, would still lead to a
consistent scheme, but then, for such a definition, the discrete equilibrium should
also change and be defined with S(@), which gives (65) at the order O(Ax). This
is to illustrate that the notion of discrete equilibrium is scheme dependent (at
the order O(Ax)). Not also that the choice of O(Ax) terms depending on the
parameter o might reveal itself particularly inadequate for deriving asymptotic
preserving properties.

The case of stationary solutions is of course peculiar and the well balanced
property is obtained as soon as @ satisfies 4 = u once u;, = upg, which holds if
we take 4 = u* but also for & = u, or for any usual average of the two values.
The asymptotic preserving property of the scheme requires a specific choice for
1, or at least is not compatible with all choices as we will see below.

3.3.3 Asymptotic preserving property of the scheme

The asymptotic preserving property of the scheme requires a specific choice for
4. From now on, we choose
@ =u" (67)
and postpone the discussion on this choice in Remark 5 below. The choice (67)
together with (59) makes the computation of v* implicit in the sense that the
following (generally) nonlinear scalar equation has to be solved :
. aAm 1

ut + 5C @(u*)zua—%(Ap—Amg). (68)
Since u — u + QQAC’”@(U) is a strictly increasing function from R onto R, (68)
admits a unique solution u*(Am; Ur, Ug) ! that we write

1 alAm
- ﬁ(AP - Am g)a W)'

Importantly, we note that (64) holds true by continuity arguments. Setting

u*(Am; Up, Ug) = ®(uq (69)

ujrr =uw (Am; U, Uj), piy = p7(Uj, Uja)

and skipping the time superscripts the variable to soften the notations (the
updated value beeing overlined), the numerical scheme writes

T =T R (Ut T y),

At o
uj = u; — R(pj-t,-% —pj_1)+ At(g - 5(90(%_%) + <P(uj+§))>,
(70)
_ At
€ =€ — @(Pﬁ%“j% —Dj-3u-3)

+% (9(%‘7% +tuya) —o(vu; ) + w(uj+%)))

1n fact, u* does not depend on At.
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with, using (69),

1 alAm
Ujy1 —<I>< (u]+u]+1 O(pj+1—pj—Amg));720 )
(71)
1
pj+% = 5 {pj +pj+1 — C(ujJrl - uj)} .
Now we make the change of variable
At=pAs, v=Pu, B=axT (72)
so that if vy, = fuy, and vg = Bug, (68) becomes
A 1
* - —(Ap— A )
When 3 goes to +oo, one has fu* ~ ¢~ (=22 + g) that is
1 A 1
ut = B¢71(*ﬁ +9)+ 0(5)7 B — +o0.
It is relevant to set
1 A 1
ut = Bv*, thenv* = cpfl(fﬁ +9)+ O(E) (73)
and the scheme becomes

_ As
=Tt M(Uj-&-% — 1),

Bﬁj = B’U] Ax (p_]-l,-% p]—1)+ﬂAS(g_7(30(’0_/—1)_'_90(1}]-{-1)))’
_ 2 1 2 As
€ + 252”3 =¢&;+ 232" Am(pﬁ_% j+1 pj_%vj_%)
As
+7(g(vj,; +v;01) — (V(v;_1) + 1/)(1)]+1)))

with
A
Bl T 50 Pity) = Zﬁ

1 C
Pity =5 PitPi+1— B(Uj-i-l —vj) -

In the limit 8 goes to +oo, the numerical scheme tends to

APy~ Pyot) =0 5 (P, ) + el 4))
(74)
As
T8 T A (Pj+3V4s — Pj—1Yj-1)
F22 (aloyy +yy) — (B0 p) +6(054))
2 J—* J
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with

_ 1, _Pj+1—Pj
(75)
1
Pity = 505+ Pit1)-
In particular, the pair (7,¢) evolves according to
_ As
75 =T+ A Wity — vi-3),
_ As
€= =, Pii e ~P-3V-1) (76)
As
+7 (g(vj—% +1) — (Q/J(Uj—%) + w(vﬁ%)))

which together with the relations (75) and p; = p(7;,¢;) is indeed a consistent
explicit numerical scheme of the asymptotic system

OsT — Opv = 0,
(77)
05€ + Om(pv) = gv — ¥(v)
with
v=¢""(g = mp),
(78)

p= p(T,E).

To sum up, we have shown:

Proposition 5 The Godunov-type scheme associated with the consistent and
simple approzimate Riemann solver defined by (53)-(59)-(60)-(63) and @ given
by (67)-(68) is asymptotic preserving for system (51).

It is asymptotic preserving in the sense that, after performing the same
scaling (72) as the one done to obtain the asymptotic system (17), it becomes
a consistent scheme for the asymptotic system. We can say shortly that it
preserves the asymptotic behavior of the solutions of (51) in the limit @ — +o0.

Remark 5 If we take for instance o = u, instead of & = u*, it is worth noticing
that the asymptotic preserving property is lost. Indeed, we deduce from (59) the
relation

* 1 ~
u' = = 5= (Ap = Am(g - ap(®) ), (79)
and applying the change of variable (72) we get if i = u,,
L1 1
a— Bva — %<Ap — Am(g — @(va)))

We then observe that setting u* = %v* is no longer relevant because of the terms
of different orders involving v, and the previous asymptotic analysis fails.

In fact, it is natural to require that the change of variables v = Pu be relevant
for all velocities under consideration uq,u* and @. Let us start from (79) which
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gives the relation between u*(@) in tems of @, Since the change of variables
satisfies ap(u) = o(Bu), we get

% - %“ — %(Ap — Am(g — ¢(7))
which implies A
o p 1
p(0) =9- 5 +03)

This relation, which is the discrete analog of the identity we got for v in (23),
is indeed obtained in (73) for the choice 4 = u*.

We can precise the statement and prove that the choice is unique up to
terms of order O(M#m). Just for the following lines, note by iy = uf; the unique
solution of (59) such that u* () = @, defined in (69). Here we have dropped the
notation ® in (69) and noted u* (i) = uq — 55 (Ap — Am(g — ap(@)), thus g
satisfies

1 aAm

’INL() = uS(Am, UL, UR) = (I)( Ugq
Then,
u* (@) — o = aAm(p() — ¢(io))
and after scaling, with v = Pu, since p(fu) = ap(u) it yields
v (V) = Vo = BAM(p(V) — ¢ (70))-
Now the expected asymptotic behavior for vy is

ﬁQHUAE@_l(g—im) as ff — oo.

Ap

Assume for simplz'cz'ty a linear friction term (but it can be extended to the general
case), then v = g — A’;. We can easily check from (68) that, indeed,

1
T = v2 + C(vq _UA)(BAm) —|—0(ﬁAm).

Now, since
v*(D) — o = BAM(V — D),

if we do not take v = g but say add a first order correction term U = Uy +
ﬁAm’UO + o(ﬁAm) for some B}, then v*(9) — ¥p = 0§ + (’)(ﬁAm) and

o (0) = v + 8 + O(—).

1
BAmM
We can only take a second order correction term 173 = O(m) if we want to
preserve the asymptotic behavior, v* () = v + O(M#m).

From a heuristic point of view, this choice u = u* for the velocity of the
source term u is natural; u* is the common speed of the intermediate states of
the Riemann solver (in —C < m/t < C) and we are considering the large time
behavior t = (s, so that considering the value inside the fan for the asymptotic
velocity 1s judicious.
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4 Application to the gas dynamics equations in
Eulerian coordinates

We have designed in the previous section a well-balanced and asymptotic pre-
serving scheme for the gas dynamics equations with friction and gravity terms
in Lagrangian coordinates. It is based on the definition of a suitable simple
approximate Riemann solver. Our objective in this section is to extend it to
the Eulerian formulation. At the continuous level, the equivalence between the
two formulations relies ont the results of [30]. With this in mind, we first recall
in subsection 4.1 how to match a simple approximate Riemann solver in Eule-
rian coordinates with a natural one in Lagrangian coordinates (see Gallice [14]).
Then, we use this general procedure in subsection 4.3 to devise an asymptotic
preserving scheme for gas dynamics equations with friction and gravity terms
in Eulerian coordinates.

4.1 From Lagrangian to Eulerian coordinates

We begin by some preliminaries and notations. Let first be given a system of
partial differential equations in Eulerian coordinates of the following form

atQ + ax(gu) =0,
(80)
(V) + 0z (0Wu + f(o, ¥)) = os(0, ¥),

where we have put aside the equation of conservation of mass, which has no
source term, the convection part for the vector oW of the other conservative
variables, say ¥ € R"~!, has been singled out (n = 3 for system (3) but we may
consider more general systems), and f: R — R"~! is the remaining part of the
flux. We will write for short

2, UF + 0,FF(UF) = s¥(U¥) (81)
with
U 0
Ut = ( @&31/ )’FE(UE) - ( Q‘Ifuff(@, v) )’SE(UE) - ( 0s(0, ) )
(82)

System (82) is supplemented with an entropy inequality
om"® (U”) +8,Q%(U") < o¥(U") = (y®)'(UF) - SP(UF),  (83)

where n¥ : R" — R is the (convex) entropy with entropy flux QF. In Lagrangian
coordinates, this system writes, setting 7 = %, m = f odx,

Oy — Omu = 0,
1 1 (84)
oV + amf(;, U) = s(;, v),
or equivalently
0, U* + 9,,F*(U*) = S£(U*) (85)
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—u 0
Uﬁ:(;)’ FL(Uﬂ):(f(l,\I/)>’ SL(Uﬁ)Z(g(l,\I/)>7 (86)

T

o~ (UX) + 0,05 (UX) < £ (U*5) (87)

where
E

n? =on*, OF =nfu+QF and of = po*.
In fact Q% = 0 for fluid systems and in particular for (5).

Note that the mapping U* — UF defines an admissible change of variables
in R” under the natural assumption ¢ > 0. In addition, easy calculations show
that the eigenvalues A, (U%),1 < k < n, of the Jacobian matrix of F¥(U¥) are
related to the eigenvalues uy,1 < k < n, of the Jacobian matrix of F* (Uﬁ) by
the following relation:

A (UP) = w4 7, (UF). (88)

4.2 Simple approximate Riemann solvers

We now consider a simple approximate Riemann solver in Lagrangian coordi-
nates associated with (84), that is

L L
Ul :U[ﬂ %</,L1,

—~L m
w (7aU§aU§) = Uga Pr—1 < % < [k, k= 27"ala (89)

L L
Ul+1 = UR) % > i,

where [, the number of approximate waves, satisfies | < n (and again we use
the same notation p for the velocities and the eigenvalues of the Jacobian). We
assume that the Rankine-Hugoniot relation associated with the first equation
in (84) is satisfied across each approximate wave, which implies

Uk + UrTE = Uyl + prTEe1, forall k=1,.,1 (90)

Recall that this mass conservation property has already been imposed in sub-
section 3.3.1 (see relations (58)).
We then define the following natural simple approximate Riemann solver in
Eulerian coordinates
Uy =Uf =U"(Uf), £ <\,
~FE x
W (5 UL UR) = ¢ Uy =USUg), Mea<§<h k=2.1 (91)

Uf,, =UL =UP(UfR), >N

with
Ak = Uk + (T = U1 + eThs1, kK =1,.,1 (92)
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Assume now that (89) is consistent with the integral form of (85) in the sense

~L
of Definition 1, that is there exists a function S~ (&, 7; Uf, U%) such that for
At/Am satisfying the CFL condition (33) one has

1
~C
F5(U%) - F4(UL) — Am S (Am, A UZ, UR) = > u(Ugy, — Up)  (93)
k=1

with
lim S°(Am, At; UL, UL) = S£(U5). (94)
Am, At — 0
U%,U% — U~

Easy calculations not reported here (see for instance [13]) show that the validity
of (93) is equivalent to

l
FE(UE) - FP(UF) - Ar 87 (A, A UF, UE) = 3 M (UE,, - UE) (95)
k=1

=, for some positive density o* to be pre-

— _ _4&m
where we have set Az = (U 07

scribed, and

~ ~C

S”(Ar, AL UE,UE) = 0*(UF, UE) 87(Am, A UL UR). (96)
Provided that ¢*(U¥, UL) is such that

el 0" (UL, Ug) = o(U"), (97)
L> R

it is then clear that the simple approximate Riemann solver (91) in Eulerian
coordinates is consistent with the integral form of (81) in the sense of Definition
1. A natural choice is provided by

1
—(of + 0R)-

0" (UF, UR) = o

Remark 6 The CFL condition (33) obviously changes when we switch from
Lagrangian to Eulerian coordinates. However the validity of (93) for the pro-
posed approximate Riemann solver in subsection 3.8.1 is valid for any At and
Am. Then, the equivalence between (93) and (95) is actually sufficient to prove
the consistency of the simple approximate Riemann solver (91) with the integral

form of (81).

As far as the consistency with the integral form of the entropy inequality is con-
cerned, we easily prove (see again [12] or [14]) that the following two properties
are equivalent, namely

l

QX (U%) — Q°(UL) — Am 6°(Am, At; UT < (Ui) —n*(UF))
k=1

(98)
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and

l
QF(UR)— QP (UL)~ Az 6%(Az, At UL, Ug) < 3 M0 (U, y) =" (UF))
k=1

(99)

where we have set again Ax = nd

Am
P*(vaUg)’a
~E ) _ s+ (17E {IE) =L ,

77 (Ax,At; UL, Ug) = p*(U[,Ug) 6°(Am,At; VL, Vg). (100)

In other words and in agreement with Definition 2, the simple approximate
Riemann solver (91) in Eulerian coordinates is consistent with the integral form
of the entropy inequality (83) as soon as the simple approximate Riemann solver
(89) is consistent with the integral form of (87). Note that this result again
relies on the validity of the Rankine-Hugoniot relations (90), together with the
consistency condition (97).

Before we end the section let us say a word about the well-blanced character
of the scheme. For Euler system, we have seen that interesting equilibria are
u=0,0,p = og. If we define discrete equilibria by u = 0, and % = 0%g, it can
be writen AA—fr’l = g, then, if we take uy, = ug = 0, @ = u*, (68) gives u* = 0,
T; = T1,Tp = Tr and discrete equilibria are preserved, the scheme is strongly

well-balanced.

4.3 An asymptotic preserving scheme for the gas dynam-
ics equations in Eulerian coordinates

The framework of the previous subsection is now used to design a simple approx-
imate Riemann solver for the gas dynamics equations with friction and gravity
terms in Eulerian coordinates (3). The corresponding Godunov-type numerical
scheme is shown to be asymptotic preserving.

The system writes

81529 + &;Qu = 07
drou+ 0, (ou® 4 p) = o(g — ap(u)), (101)
Oroe + 0, (0e + p)u = o(gu — ap(u)),

which corresponds in (101) to the choice ¥ = (u,e)”, and f(p, ¥)) = (p,pu)’,
s(0, V) = (9 — ap(u), gu — ap(w))” or

0 ou 0
U=| ou |, FU)=| ou’+p |,S(U)=| olg—apw)
oe (0e +p)u o(gu — avp(u))

(102)
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According to the subsection 3.3.1, we then propose the following simple approx-
imate Riemann solver in Eulerian coordinates :

Ur, § <A,
S U*L, A< f < g,
W(5:Ur, Ur) = (103)
UE, Ao < % < Az,
Up, 2>\
with
M=y, —Crp=u" —-Crj,
Ao = u*, (104)

)\3=uR+CTR=u*+CTE.

We recall that v*, 77 and 7}; solve (59)-(60) with here Am = ¢0*(Ur, Ug)Az,
while e and e}, are given by (63) with p* defined by (62). Setting

0
S(Az,At; UL, Ug) = 0" (UL, Ug) | g—ap@ |, (105)
gt — aap (1)

with (97) assumed to be valid, the simple Riemann solver (103) is consistent
with the integral form of (101).

Let us now pass to the asymptotic behavior of the scheme when a goes to
infinity. As in subsection 3.3.1 we choose 4 = u*, leading to the nonlinear scalar
equation (68) for the actual calculation of u*. We can state the following result,
the proof of which follows that of the Lagrangian case in section 3.3.3, only with
more technical points which are detailed in the apppendix:

Proposition 6 The Godunov-type scheme associated with the consistent and
simple approzimate Riemann solver defined by (103)-(104)-(59)-(60)-(62)-(63)
and @ given by (67)-(68) is asymptotic preserving in the sense that it preserves
the asymptotic behavior of the solutions of (101) in the limit o — +o0.

5 Another approach

We consider again 1D Euler system with friction (3) which we rewrite for con-
venience:
Oro + 9, (ou) =0,
9y(ou) + 0z (0u? + p) = 0g — aop(u), (106)
9 (e) + 0x((¢e + p)u) = ogu — agy(u).

In this section, we will extend to system (106) both Cargo-Leroux’ approach
developped in [8] for Euler system with gravity (system (106) with o = 0)
for which only well-balanced properties were derived, and a relaxation scheme
defined previously in [1] for Euler system (without source, « = g = 0). Both
ingredients are important to understand the properties of the resulting scheme
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which happens to coincide with the scheme previously derived: Cargo-Leroux’
approach first transforms source terms in differential terms, and the relaxation
approach gives an interpretation in terms of solutions of a PDE system. It is
simpler to argue at the continuous level (with continuous variables) than with
discretized data as we will see.

5.1 Cargo-LeRoux’s approach

The idea in [8], is to transform the source in a differential term so that the system
becomes homogeneous, which can be performed by introducing a ‘potential’ ¢

such that 5
xd = 0
107
{ dq = —ou (107)

and by writing (106) in an augmented non-conservative form

oo U) (QU +p) (9 — ap(u))d-q =0,
Oh(0e) + am<<ge+p> )~ (gu = abwhq =0 (108)
0¢(0q) + 0z (ouq) =
(

The set of states for (108) is QqE"l” = {(0,0u, E = pe,q);0 > 0,u € Rje —
u?/2 > 0,q € R}.

Remark 7 Note that [8] considers the case oo =0 and thus q is rather defined
as 0,q = og (hydrostatic pressure), then 0,q = —pgu. In that case, it is natural
to define a ‘new’ pressure m = p — q and a ‘new’ energy o€ = e + q; the
formulation is then conservative while our system has non-conservative terms.

Let us first study the properties of system (108).

Lemma 2 System (108) has four real eigenvalues u — ¢, u,u,u + ¢, where c is
the usual sound speed (c® = g—g(g, 1)) and it has a basis of eigenvectors if and
only if

P(u) = up(u) (109)
or for the state uw = 0. The first and last characteristic fields associated to u =+ c
are GNL, while the characteristic field associated to u is LD.

Proof. We write (108) in quasilinear form, and with the choice of variable
U = (o, ou, ge,q)T, the Jacobian matrix is

AEuler Bq )

A(U) = ( 0 . (110)

where we have denoted by AF™€" the usual Jacobian 3 x 3 matrix of Euler
system (in conservative variables u = (g, ou, pe)7) and B, is the column vector
B, = (0,—(g9 — ap(u)), —(gu — arp(u)))”. Hence the eigenvalues are real and
coincide with those of Euler system u — ¢, u, u+ ¢ (where ¢ denotes the Eulerian
sound speed), only u is now a double eigenvalue. Now, because of the special
form of (110), we may take as eigenvectors R;(U) = (r;(u),0) where we have
noted by r; the eigenvectors for Euler system and, if we want a basis of R*, we
need to find a fourth eigenvector which is associated to u of the form R = (r, 1),
and a simple computation shows that this is possible only if ¢(u) = up(u) or
u = 0. U

29



hal-00401616, version 1 - 3 Jul 2009

Lemma 3 The quantity w(U) = p — q(g — ap(u)) is a Riemann invariant
associated to u, i.e. Vyw.R = 0 for any eigenvector R associated to uw. The
potential q is a Riemann invariant for the 1- and 4-characteristic fields.

Proof. For what concerns the potential ¢, the result is straightforward because
the 1- and 4-eigenvectors are of the form R; = (r;,0).

For the characteristic field u, we have also such an eigenvector say R¥ =
(r?,0), and since Vup = (Vup,0), we have Vyp.RF = 0 since p is a Rie-
mann invariant for Euler system. Then we compute Vy(q(g — ap(u))) =

(¢’ (u)ug/o, —ap' (u)q/0,0,9 — ap(u)) and if v2 = (rf rL r2)T it yields

Vyw.R” = Vuy(a(g — ap(u)).R” = —a¢'(u)q(urf —75)/e.

But any eigenvector of A(U) associated to u satisfies ro = ury as results by
identifying the first component of each side of the equality AR = uR, from
which we deduce that Vyw.RF = 0.

Now, for the other eigenvector R = (r, 1), writing that R is an eigenvector
of A, and taking the second component of both sides of the equality AR = uR,
expliciting the components of A gives a relation

Valp+ ou?)r — (g — ap(u)) = ury

if r = (rq,72,73)T. First, we have Vy(ou?) = (—u?,2u)” and thus V4 (ou?).r =
—u?ry + 2ury which gives

Vup.R = Vup.r = —ury + u’r; + g — ap(u).

Since again ro = ury, we deduce that Vyp.R = g — ap(u). Then we compute
Vu((g — ap(u))g) = (¢’ (u)ugq/o, —ay'(u)q/e, 0,9 — aip(u)) and

Vul(g(g — ap(u).R = ag'(u)(ury —r2)g/0 + g — ap(u) = g — ap(u),
which yields Vyw.R = 0. ]

One consequence is that when ¢ is discontinuous, which may happen only
across a contact discontinuity of speed u, the non-conservative product (g —
ap(u))0zq is well defined; in that case the pressure p is no longer constant, as
it is for the usual Euler system without source, and [p] = (g — ap(u))|q]-

Note now that if n is the mathematical specific entropy for Euler system,
smooth solutions of (108) satisfy equality (6)

=T(0ron + 0z (onu)) = ao(up(u) — P (u)),

and if (109) holds, (6) becomes a conservation law

di(on) + 0 (onu) = 0. (111)

Thus, if (109) holds, the system (108) is hyperbolic, smooth solutions of system
(106) satisfy
8159 + 896(:9”) =0,
Oy (ou) + 95 (ou® +p) = o(g — ayp(u)), (112)
9 (en) + Oz (onu) = 0,
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(with p = p(7,n),7 = 1/p) and smooth solutions of (108) satisfy

dro +>8 (Qu() = ) ( "

O (ou) + 05 (0u? 4+ p) — (9 — ap(u))drg =0

6t(@n) + 0z (onu) = (113)
9 (0q) + 0z (ouq) =

(with again p = p(7,n),7 = 1/0).
We can prove:

Lemma 4 Let (o,u,n,q)(z,t) be a smooth solution of (108) associated to a
given initial data (00,0, M0, qo)(x) such that qo satisfies ﬂ( ) = oo(x). Then
q(z,t) satisfies 0zq(x,t) = o(x,t) and (0,u,n)(x,t) is a smooth solution of sys-

tem (112) associated to (0o, uo,No)(T).

Proof. Let (o,u,n)(z,t) be the smooth solution of (112) associated to the
data (00, u0,m0)(x) (this solution exists at least for ¢ small enough). Define,
associated to this solution, the function g(x,t) by 0,¢ = 0,9:g = —ou. Then
(0,u,m,q)(x,t) is the smooth solution of (113) associated to (oo, 0, 70, q0)(x),
hence ¢ = 7. O

Hence we can use the formulation with potential which is equivalent for
smooth solutions. Now for discontinuous solutions, the Rankine-Hugoniot rela-
tions for (108) give that when a discontinuity propagates with speed o:

e either 0 # u, we have a shock and then [¢] = 0, ¢ is continuous and we
have the same jump relations as for Euler (106),

e or o = u, we have a contact discontinuity, [p] = (g—ap(u)[q] (equivalently,
w = p—(g—ap(u))q is a Riemann invariant). If [¢] = 0, we recover [p] = 0
as for Euler.

Thus, the formulation (108) introduces possible discontinuities of ¢ propagating
with velocity u but no new discontinuities for (106) and shocks propagate at
the right speed. Given two constant states (0o, 0oUos 00€0,G0),0 = L, R, close
enough, we can solve the Riemann problem for (108) following the same steps
used to solve the Riemann problem for Euler.

5.2 Equilibrium states, stationary solutions and asymp-
totic behavior

Smooth solutions for (108) with u = 0 (‘equilibrium’ solutions) satisfy

825!9 = Oa

0z = 90:q

Bre — 0 (114)
atq = 07

thus also dyp = 0, 0 = o(z),p = p(x) and we have stationary solutions for what
concerns density and pressure, and p— gq is constant. If we take dq = o(x), then

Z—Z = go(x) as in (10). Note that in [8], for a = 0, the authors are interested
by preserving at the numerical level, a particular equilibrium, an atmospheric
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column at rest, thus satisfying the same equations, u = 0, only p = p(x) is given
from tabulated data, and o solves g—g = go(z).
Smooth stationary solutions for (108) satisfy

ap(ew) =0,
a(eu” +p) — (g — ap(w)gza =0, (115)
a ((ee + p)u) = (gu — avp(u)) gz ¢ = 0,
@(QUQ) =0.
Note that because of (107), we cannot expect stationary solution with u(z) =w
constant and u # 0 if the density does not vanish since 0;q = —pu. If w =0, we

obtain the ‘equilibrium’ solutions with © = 0 described above.

Discontinuous stationary solutions for (108) satisfy Rankine-Hugoniot jump
conditions with ¢ = 0. If ¢ may be discontinuous, then ¢ = u = 0, we have a
stationary contact discontinuity, and [p] = g[g], p — gq is continuous (it is again
an equilibrium). If ¢ is continuous, [¢g] = 0, the stationary discontinuity is a
sonic (u = £¢) discontinuity for Euler which we do not consider here.

Now, performing the same scaling as previously (see (72))

t=B8s, v=Bu, B=a¥,
the equations (107) for ¢ become

x4 =0

{ 0sq = —oPu = —gv (116)
and the equation for ¢ is invariant 9s(oq) + 0. (ovq) = 0. Thus the asymptotic
behavior of the original system (112) is preserved. Formally, after scaling, as

[ — oo, at the order 0 in %, the solutions of (108) tend to those of

0s0 + ax(gv) =0,

9zp — (9 — ap(v))dzq =0 (117)
ds(02) + 0x((0e + p)v) — (gv — ap(v))dzq = 0

ds(0q) + 0.(ovq) = 0,

and again, if the data are ‘well prepared’ (i.e. satisfy ¢((x) = 0o(z)), (0,&,v) is
solution of (23).

5.3 Numerical relaxation

The idea developed in [8] is to use an exact or approximate Riemann solver
associated to the formulation with potential (108) to define a well balanced
scheme. In order to solve (106) written in the form (108), our approximate
solver will involve an exact Riemann solver for a relaxation system with LD
fields built from (113), which, at least from a heuristic point of view, is naturally
asymptotic preserving.

Indeed, following [9], [10] we introduce a larger 5 x 5 system with a relaxation
term in the right-hand side depending on a ‘relaxation parameter’ v, which is
meant to become arbitrarily large (so that the ‘relaxation time’ % goes to 0)

9 (ou) + 0 (ou? +1I) — (g — ap(u))dzq =0,

Oeon + Oz (onu) + 7 (up(u) — ¥(u))aq =0, (118)
9¢(eT) + 02(0T ) =vo(r —T),

9¢(0q) + 0z (ouq) =0.
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This new system (118) needs a closure relation for II which, following [10], we
take in the form

I =1(r,n,7) =p(T,n) +a*(T — 7). (119)

Here a is a positive constant which plays the role of a frozen Lagrangian sound
speed and is required to bound the exact sound speed (previouly noted C*,
(C*)? = —0,p(7,n)) for Euler system: this is the Whitham (or subcharacteris-
tic) condition

a® > —0.p(t,1m), (120)

for all the values 7, under consideration. Formally, as the relaxation parameter
v—o00, T —7—0,and II(r,n,7) — p(r,1) = p and we indeed recover Euler
system with friction at equilibrium with a formulation involving a potential,
where the energy equation has been replaced by the entropy one (111). Here
the term equilitbrium is relative to the relaxation procedure: as v — oo, the
solution ‘relaxes’ to an equilibrium. Note that, without an additional step, this
equilibrium would not be consistent with the weak form of (117) since the weak
solutions we consider are those of system (118) which preserves the entropy on
and makes the total energy play the role of a convex entropy. The step required
to restore the conservation of total energy is simple and will be detailed in
section 5.3.3 below.

5.3.1 Study of the relaxation system

If we write (118) in the condensed form 9, U+ F'(9, U, U) = vS(U), the convec-
tive part of the system (v = 0) has explicit Riemann solutions, and the scheme
results from a splitting between a convection step (solving (118) for v = 0, thus
0;U + F(0,U,U) = 0 with Godunov’s scheme) and the treatment of the source
in a relaxation step (thus 9;U = vS(U) for v — o0), which since the relaxation
is instantaneous, can be considered as a projection on the equilibrium manifold,
S(U) = 0 (here, the set of states U such that 7 = 7). We will see that, since
the Riemann problem has explicit solutions, the numerical fluxes can be com-
puted and the scheme, when restricting to the variables g, u, e, gives a consistent
scheme for (106).

For the convective part of the augmented system, i.e. system (118) when
v=20:

Oro + 0. (ou) =0
9 (ou) + 9 (ou® +10) — (9 — ap(u)deq =0
Oron + 0z (onu) + F(up(u) —P(u))dzq =0 (121)
0:(0T ) + 0z (0T u) =0
0r0q + 0. (ouq) =0,

let us set U = (o, ou, 0n, 07 ,q)*, J = 07 and S = on, the state U belongs to
the set Q™7 = {(g,0u,S = on,J = 07,q);0>0,u € R,n > 0,7 > 0,9 € R}.
We will say that a state U is at equilibrium if T = 7 so that II = p(7,n). Defin-

ing, the mapping I1(o, on, 07) = II(r,n, T ), the system (121) is in quasilinear
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form 9,U + A%%(U)9, U with matrix given by

0 1 0 0 0
—u? + I, 2u IIg IIy Aq72
ACRU) = —nu n uw 0 Ags (122)
—Tu T 0 wu 0
0 0o 0 0 u

where A, = —(g9 — ap(u)), Agz = F(up(u) —Y(u)). We can prove:

Lemma 5 System (121) is hyperbolic iff condition (109) holds. The eigenvalues
of the matriz (122) are Mi(U) = u —ar < Aa = A3 = M(U) = u < A5(U) =
u+ ar. The corresponding eigenvectors R; = R;(U) may be taken as

1 1 1
u— art u u
R1: n 7R2: —HQ/HS 71:{3: 0 y
T 0 —1I1,/I1 7
0 0 0
0 1
0 U+ ar
Ri=| —A4,2/lls |[,Rs= n
0 T
1 0

Moreover, the five characteristic fields are linearly degenerate.
In the sequel, we will assume that condition (109) holds. We also have

Lemma 6 Assume that a satisfies (120). Let Uy be a given state, then the wave
curves C;(UL),i = 1,4, and wave set C2 34 can be characterized as follows:

e The curve C;(Uy) is given by C(Ur) = {U € Q"% u = u, — L1(I1 —
Hp)m=mnr, 7T =TL,q=qr}.

o ThesetCa3.4(UL) is given by Ca3.4(UL) ={U € Q"% u =ug, W = W},
where W(U) =11 — q(g — ap(u)).

e The curve C5(Uy) is given by C3(UL) = {U € Q"%u = uy + L(I1 -
HL)an = T]L7T = TLaq = qL}

In (120), the supremum is taken over all possible values of (T,7n) occuring in the
solution of a Riemann problem.

Proof. The proof for Cy, C5 is easy. Also, we note that Whitham’s condition
(120) yields that the mapping y — p(y,n) + a?y is invertible. Now, since u is
a triple eigenvalue, we can find only two Riemann invariants with independent
gradients, which are again u since the field is LD and following the lines in the
proof of Lemma 3, we find that the other is W =TI — (g — ap(u))q. O

The solution of the Riemann problem follows easily from the explicit knowl-
edge of the Riemann invariants. To simplify the notations, we shall denote as
previously, for any quantity, say b, Ab = bgr — by,.
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Proposition 7 Given two constant states U, Ug, the solution Wy(z/t; U, Ug)
of the Riemann problem for (121), consists of three contact discontinuities, each
propagating with a characteristic speed (resp. up, — atr,u*, up + aTg), separat-
ing Up, two intermediate states U}, Uy and Ugr. The states U}, U% are re-
spectively characterized by (u*,I17;Tr, 71, qr) and (v*,IT5; TR, T, qr) with u*
solving

« ur, + up 1
+ —p(u)Aq= —— — — (Al — gA 12
u” + 5 op(u)Ag 5 55 9Aq), (123)
and the other quantities satisfying
HL —|—HR a 1

I = —— — —Au——(g — NA

L 5 5 Au— 5 (g — ap(u’))Aq

" 11, +1Ig a 1 "

R= 7% - §AU + 5(9 —ap(u”))Aq (124)

7. =70+ a(u* —up),

Th=Tr + a(uR —u”).

Proof. First, using the 2, 3,4-Riemann-invariants, we have u} = v = v* and
I — qr(g — ap(u®)) =117, — qr(g — awp(u”))
hence
AIl* =1l — 117, = (9 — ap(u”))Aq. (125)

Then, projecting C;(Up) and C5(Ug) given by Lemma 6, on the (u, II)—plane
gives

1 1
’LL*L =ur — g(Hz — HL)7 u} = UuR + a(HE — HR)
both expressions beeing equal to u* so that

ur, +upr 1 1
e —— — —All+ —AITl*
2 2a + 2a
and thus with (125)

1 1
wr=setur b b
2 2a 2a

(9Aq — ap(u”)Aq)

which means that «* is the solution of

« Uy, + UR 1
4 X ou)Ag = SETTUR AT
w5 elu)Ag 2 9,

1
—gAgq.
2a9q

Also
HE—FHE =1z +1II; — aAu,

again with (125), it gives

Iy, + 11 a
1% = ——A —(g — *NA
R 5 5 Au+ 5 (g —ap(u”))Aq
. I, + 1l a "
I = — 5 Au— 59— ap(u’))Aq
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We may define

15 + II% I, + 1 a
2 2 g =
and we check that when g and « vanish, I}, = II7 = II*. O

Let us introduce the ‘entropy’ (in fact the energy) for system (118)

S(roun, T) = &(T,n) + % + LD p"(Tn)

(126)

=&T,n)+ % + H(Tva);rﬁ(Tﬂl) (T — 1)

where &(1,m) = (o,n) is known to satisfy 0.& = —p.

Since system (121) is linearly degenerate, we do not need convexity to select
its admissible solutions. However, in order to justify the relaxation procedure,
we prove an inequality when we take into account the relaxation term of (118).
Assuming (109), we can prove

Proposition 8 Let Y be defined by (126). Then, for equilibrium states we have
S(r,u,m,T) =e.
Smooth solutions of (121) satisfy
010X+ 0 ((eX+1)u) — (gu—aup(u)dpq = —vo(0,p(T, 1) +a*)(t—T)?, (127)

which is negative if condition (120) holds. For a given U = (g, ou, on, 07, q),
let us note U¢? = (p, ou, on, 1, q). We have the following Gibbs principle:

ge = (¢¥)(U*™) = min (oZ)(U). (128)

In (128), K is a compact set such that it contains all values of 7 under consid-
eration.

Proof. Assuming that ¢ (u) = up(u), we have for a smooth solution of (118)
00dI(r, 0, T) + eudsTN(7, 1, T) + a*dgu = —v0(0-(B(T, 1) + a*)(r = T).

Then from the second equation we get

ou?
+ Opu(— +1I) — Ioyu — u(g — ap(u))dpqg =0

2
ou

9,5

2

)
and combining the two yields
ou®  oll? ou® | oll?

05+ 5u3) T 0u((55- + 5 + 1) —ulg — ap(u))duq

= Vo g (05T n) + a7 —T).

The remaining lines to get (127) follow easily.

For the proof of (128), we differentiate the function ¥ with respect to 7 and
get OrY = (0;p + a?)(T — 7) which vanishes only for 7 = 7 with a strictly
positive second order derivative at 7 = 7 if again (120) is satisfied. O
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Remark 8 By (127), smooth solutions of (121) satisfy
0t(0%) + 02 ((02 + Mu) — (gu — aup(u))dzq = 0, (129)

but it also holds for discontinuous solutions since all the fields are linearly de-
generate, in particular the field associated to u across which q is discontinuous.
We have seen in lemma 6 that W = T1—q(g— ap(u)) is also constant, hence the
Jump condition for (129) across such a contact discontinuity is also satisfied.

Now, with this definition of 3, we can check

Lemma 7 If the Riemann data are at equilibrium (7, = 71, T = Tr), the
energy of the two intermediate states defined in Proposition 7 satisfy

¥7 =YL — +(Iu* —Tgug) + 55u*(g — ap(u*))Ag
(130)
S5 =3r+ L(II*u* — gur) + 5u* (9 — ap(u*))Ag,
where T1* = §(IT; + 1T5) = 3(I1. + ) — $Aw.
Proof. Indeed, from (126) and lemma 6, we have across a 1-wave

1

S L (@@ + ur) + [T (T + T01)

(@[] + 1) = 5.5

%]
together with [IT] + afu] = 0, it yields [] = — 5= ([I](u* + ug) + [u] (1T}, + I11))
thus L

5 = —~[I

5] =~ {1l
so that Ilu + a is also a 1-Riemann invariant. Similarly, we find that ITu —aX
is a 3-Riemann invariant and the expressions (130) of 7 p follow from the
expressions (124) of II7 . Note that (130) corresponds precisely to formulas

(63) where 3 =e. O

5.3.2 The global relaxation scheme

Let us now define the resulting scheme which involves a fractional step method
to advance the solution in time from ¢, to t,+1 = t, + At with three steps:
reconstruction, evolution, projection. Before giving the details, we describe the
main lines of the relaxation part of the scheme, and for n = 0, since they are
similar at all other time. Let ug(z) = (00, 00u0, 00c0)T (x) be an initial datum
for system (108):

1. Define the extended initial datum Uq(z) = (0o, 000, 0070, 0070, q0)" ()
for the relaxation system (118), where ng = n(ug) and defining 7o = 1/9o:
Uy is at equilibrium.

2. Solve the Cauchy problem (118), (119) with the initial data Uy for ¢t €
(0, At] we obtain U7 (z) = U(x, At).

3. Project Uy = (o1, 0141, 01m1, 0171, q1)" on the equilibrium set of system

(118) (instantaneous relaxation) to get Uy = (o1, 01u1, 01M1, 1, q1).
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4. Define uy(z) = (01, 01u1, 01€1)% (2).

In fact step 4 is straightforward at the computational level but requires a careful
analysis to justify the scheme for u = (g, ou, 0e)” from the quantities U =
(0, ou, 0n, 07 ,q)T. The required material will be given in the next section.

The ‘potential’ ¢ needs only be defined for the full discretization and through
Ag. As usual ug(x) is first discretized

0 1 (4+1/2)Ax
u; = — ug(z)dz, (131)

T AT J12)ae

and we define Agj i/ = %Am (or some other consistent average of
0j, 0j+1, see (97)), which is of course coherent with (107). In steps 2 and 3 we
will use a Godunov-type solver, which means that we solve exactly a juxtaposi-
tion of Riemann problems associated to the piecewise constant data Ua(z,t,)
(function equal to U’ on Cj) and project the solution back on the grid, this
results in a global relaxation solver (it is a simple solver in the sense given in
section 3.1).

Let us summarize the resulting global relaxation method for approximating
Euler system with friction (108).

Starting from an initial condition ug(z) discretized by u? = (o, ou, ge)?, je
Z, setting p = At/Ax,
- define U} = ((o, ou, on)7, T and Agj41/2 the extended equilibrium state.
- solve the Riemann problems Wq(.;U;-‘7U?+1), j € 7Z, using the results of
Proposition 7, we know explicitly the intermediate states,
- using Godunov’s method define the update value U;-H'l_

n41— Az/2 z . TTn n
ujtt = ﬁ( o WalapUj_y, Uj)de
(132)
0 z
+f—Am/2 Wq(E;UyaU%—l)dm)a
it can be written in the form
Ut — U g (Gg+1/2_ - G;‘_l/2+) . jeZn>0,  (133)

J— T .
where G;-}-l/?:l: = (g;j-i-l/Q’ ggu,j—‘r.l/Q:I_:’ ggn,j+1/27 ggT,j-i—l/Q’ ggq,j+1/2) has in
fact only its second component which is non conservative.

- Keep the two first components for the two first components of u}’“. This

results in a conservative discrete equation for Q;H_l, since there is no source
term
1 .
gt =df - (gg,j+1/2 B 931—1/2) » JE€Zn 20, (134)

and a formula for (Q’U,);-LJrl
(QU)?—H = (QU)? —H (ggu,j+1/2_ - ggu,j_1/2+) , JE€Zn=0, (135)
where the source term has been taken into account.

Here, we postpone the details of step 4 which follows [10] for defining the
energy in the global solver so as to obtain a standard conservative scheme with
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an energy component of the flux, which will be written in the form (see (140)
below)

E]T»L+1 =E} —p (gg,j+1/2 - gg,j—1/2) » JeZnz0.

It will be the object of next section 5.3.3. Once the above equation for the
energy is given, the definition of the updated state u}“‘l is complete.
Moreover, using (128), an entropy inequality can be established. Note that
for (on), the value obtained after the same steps described for ¢ and pu is not
the value of the updated state, hence we note it with superscript n + 1— which

gives

(om)' = (o)} — (G0 112 — G i1)2)s (136)
where G .. /5 is the third component of Godunov’s flux in (133). The value
(en)j*' = (en)(u]*1) of the updated state will be such that we have:

Proposition 9 The global relazation solver satisfies a discrete entropy inequal-
ity

(Qﬂ)?“ < (977);‘1 - N(ggn,j+1/2 - ggn,j—l/Q)a (137)
where the discrete entropy flux G™ defined by the third component of Go-

on,j+1/2
dunov’s flux (133) is consistent with the exact entropy fluz.

The resulting scheme coincides with the one constructed in section 4.3 pro-
vided we set Aq = Am, where recall that Am has been defined by %Aw (or
some other consistent average of oy, 0r, see (97)), which is of course coherent
with (107), and if we choose C' = a. In this approach, the value of @ in (105) is
directly given by u*.

5.3.3 Definition of the numerical energy flux and discrete entropy
inequalities

Let 0% be defined by (126), we note £ = X and E = ge the total energies and

G(U) = (X + Mu = (£ + M)u. (138)

Note U(z, t,+1—) the value at ¢, of the solution obtained after the evolution
step 2 and £(U(x,t,,+1—)) its energy. Now £ is not a component of U. However,
because we use the exact Riemann solver at step 2 and our system is linearly
degenerate, we get by integrating the energy equation (129) the analogue of
(132) (which concerns the components of U) for this energy

1 n n n
e SO e =& 1 yap ~ GFga) ()

The state U7 is at equilibrium, hence we have £ = Qe(u;?) = E7. Define the
updated value E;?H by the right-hand side of (139)

E;LH = Ejn - M(gg,jﬂ/% - gg,j71/2+)~ (140)

Our scheme is now well defined by (134), (135) and (140), and it does coincide
with that of section 4.3.

We want moreover to prove some discrete entropy inequalities. & is not
convex and we cannot directly use Jensen’s inequality, we must use a refined
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argument. For the projection step, assume for a while that the projection on
the equilibrium manifold is done pointwise, i.e., define U(z,t, ;) by

($,t;+1) = Q(xvtn-l-l_)a
ou(z, n+1) = ou(w,tny1—), (141)
Qﬂ( T, n+1) = Qn(xvthrl_)?
T(xvtn—i-l) - T(xvtn-‘rl_)'

We use the minimization principle (128) of Proposition 8 which says that the
maximal dissipation of entropy is attained for equilibrium states (K is a compact
set such that it contains all possible values of 7 obtained at the first step)

E(U*") = min £(U).

Then, since for U = U(z,t,,41—), we have U°? = U(x,t, ), on the one side
we deduce from (139), (140)

i/ E(U(z,t,4))dx < 7/ E(U(x, tys1—))dz = EJH, (142)
AJI C;

on the other side we have
E(U(z,t,11)) = E(x,t,41). (143)

Since the three first components (g, ou, on) of U(x,t,+1—) are not changed
during the projection step, whether pointwise (141) or as initially defined,
”+1 fI x,t, ,)dx is given by the scheme (134) and (gu)"+1 by (135).

For on, since it should change, we have noted it with superscript n + 1—

n+l— 1 -
on; = Afx/cpn(x,tnﬂ)dff

and it is given by (136)

+1—
ong T = onj — 1(Gpnjr1/2 — Goni-1/2)-

Since the function (g, ou, gn) — E is convex, we can apply Jensen’s inequal-

ity to the expression E(x,t, ;) = E(o, ou, 0on)(x,t, ;) and get, together with
(142)(143)

mn — 3 n n 1 — n
B = Bl ) ey ) < 57 [ Bletde < B
J

Finally we use the fact that & satisfies 0,6(7,n) = —T < 0, hence the math-
ematical entropy 7 is a decreasing function of the internal energy. Noting
S(o,u, E) = on(r,e), where E = ge = o(e + u?/2), we get that 9gS < 0
and S is decreasing wrt. the third variable. Then define

>n+1 S( n+1 n+1 EnJrl)

(on 0; " uj

which is the definition of the entropy of u4 . Hence

(Qn)n+1 S(Q;LJrl7 ;LJrl En+1) < S( n+1 ;'1+17E;1+17) — (Qn);htlf

and together with (136), it yields

(Qﬂ)nH (977)? - N(ggn,j+1/2 - ggn,j—1/2)~

We have thus proved the result of proposition 9.
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5.3.4 Properties

The resulting scheme is well balanced in the sense that it preserves any equilib-
rium (10) for (108) which is discretized in a natural way.

Proposition 10 Let ug(x) be an equilibrium data for Euler system (108), i.e.
satisfying ug = 0,0zpo = 00g. Assume that u) is defined by (131) and define ¢°
with Aq = éAp. Then Vn > 0, ul = uf.

Proof. Let up(z) be a (non constant) equilibrium data for Euler, then the
‘potential’ satisfies d.pg = gd.,qo- This data is discretized for the scheme by
piecewise constant functions, thus u{ = 0, Vi € Z, and we have Ap = 09+0(Ax)
(we might also start directly from a discrete equilibrium data satlsfylng u; =0
and Apz;l/z _ L)1',+2.Qi+1
thus 1Y = p?, and moreover Agq is defined such that Ap = gAq.

Then for all local Riemann problems involved in Godunov’s scheme, noting
for simplicity by Uy, Uy the states U?, U?H on each side of an interface x; 12,
from (123)(124) we get u* =0, 77 = TR

g or any consistent discretization). We define 7.0 = 72,

L. AII
HL 7+HL_79A(]_HL—pL7
similarly II; = IIrp = pg the solution of the Riemann problem is indeed sta-
tionary. This is valid for any cell 7,

U x <0,
(.’L‘/t U 2+1) { U(i)+1 > 0’ (144)
thus the state U; = UY is at equilibrium (i.e. 7 = 7) and is a piecewise

constant stationary solution for system (121) and thus u} = uf is a discrete

equilibrium for the resulting scheme, i.e. a stationary solution with u = 0 and
32 = 09+ O(Ax). 0

The scheme is well balanced in the sense that it preserves a (non constant)
equilibrium for (108) which is discretized in a natural way. This is equivalent
to the strongly well balanced property of the scheme derived in section 4.3 (in
the sense of definition 6).

Remark 9 This property is derived directly from the nature of the exact Go-
dunov solver by noticing that (non constant) equilibria for system (121) with
u =0 thus ¥(0) = ¢(0) = 0, satisfy 0,11 — g0-q = 0; the solution at the evolu-
tion step satisfies Rankine-Hugoniot condition [II] = g[g] which means that the
solution stays stationary, and this property remains valid after projection.

Similarly, the scheme is naturally asymptotic preserving, at least from a
heuristic point of view. Indeed, the scaling is only active in the evolution step,
not in the projection (instantaneous relaxation) step, and this step uses an
exact solver for a differential system which mimics the original system (Euler
friction with potential); then, as we have seen in section 5.2, the asymptotic
behavior of the original system (112) is preserved. The advection equations
are invariant: 0;0 + u0,0 = 0, where 6 is any quantity advected by the flow,
becomes 950 +v0,0 = 0, the momentum equation becomes (at the order 0 in %)
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011 = (g — ¢(v))0rq. Thus, from a formal continuity argument, if the solutions
of (108) tend to solutions of (117) as 8 — oo, similarly, the solutions of (121)
tend to those of the following system

0s0 + 0. (ov) =0
01— (9 — ¢(v))0zq =0
ds(om) + 0z (onw) =0 (145)
0s(0T) 4 02 (0Tv) =0
0s(0q) + 0z(0vq) =0,

or for the energy equation
9508 + 0:((0 + M) — (g0 — P(v))deq = 0. (146)

For the relaxation process, we also scale the relaxation parameter p = [v in
(118) so that the relaxation term writes po(T — 7). Thus after first reconstruc-
tion by piecewise constant for Godunov’scheme and the projection-relaxation
on the ‘equilibrium’ manifold 7° = 7 for the global solver, we get (after scaling)
as § — oo a scheme consistent with (23).

6 Numerical results

We present several numerical experiments, assuming linear friction and a = 1
for (3). We compare the asymptotic preserving scheme (AP) developed in the
previous sections with two other schemes.

The first numerical scheme relies on a splitting method (noted SP) based
on two steps. The first step consists in approximating the first order part of
the system and the second one corresponds to the approximation of the source
terms. The numerical method for the first step is the approximate Godunov
scheme presented before in the homogeneous case (« = g = 0). The source
terms are solved by the implicit Euler method. Then, if U?H/ ? denotes the
approximate solution after the first step, the approximate solution at the end
of the time step, that is U?H, is given by:

Q;L-‘rl Q?+1/2
)nJrl _ Qn+1 un+1/2 +g At7
! 1+ aAt (147)

U n+1
(0B)I* = (B2 1 At((ou)*g - a((gglﬂ))

%

(ou

This splitting scheme is neither well-balanced nor asymptotic preserving. If we
start from an equilibrium data (10), it is naturally discretized by u? = 0 and
some discretization of d,p = ¢ of the form % = pg. But the first step of
the splitting scheme introduces waves, and an intermediate state with non null
velocity (given by the value of u* = —Ap/2C, following formulas (59) where o =

0 for this first step), and the second step, which writes u ™! = M
9= p b, = alt

does not restore exact null velocity. Then we note that this last formula is not
invariant under the scaling v = au, At = aAs.

The second scheme (which we denote below by NP) is very close to the
asymptotic preserving scheme (AP). Indeed, the only difference with the asymp-
totic preserving scheme AP is the definition of @, value of the velocity in the
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source term, in order to show the importance of the choice & = u* for the
asymptotic preserving property, as enlightened in Remark 5. We thus set
@ =u* + Ap/(2C), which yields

. gAm aAm\ ! 1
u —(ua 2C>(1+ 20) 2CAp.
The numerical scheme based on this choice is strongly well-balanced but it
is not asymptotic preserving (as can be easily shown, at least in Lagrangian
coordinates (cf. Remark 5).

In the following, we present two numerical experiments. The first one corre-
sponds to the ability of the scheme to converge to a stationary state with u = 0,
in order to investigate the well-balanced property of the numerical schemes. The
second test case illustrates the behavior of the numerical schemes for a solution
mainly governed by the friction effects.

The length of the domain of simulation is 1 meter. The Courant number is
0.95 for all simulations. The equation of state is a classical ideal gas polytropic
law p = (y — 1)ge, with v = 1.4 and the gravity constant is set to 9.81 m/s? for
both cases.

6.1 Convergence in time to a stationary state with a null
velocity

In this test, the initial condition is composed by two constant states. The
friction coefficient o is equal to 10* s™!. In the left half of the domain, we set
(0,u,p) = (2,0,10000) and in the right part of the domain, we set (g, u,p) =
(1,0,5000). At the boundaries, we impose a wall boundary condition, using
the classical mirror state technique. This test case enables us to investigate the
long time behavior of the three methods. All the figures are plotted at ¢t = 3 s,
which corresponds to converged (in time) solutions. The mesh is made of 100
cells. Actually, one may conclude that the three methods provide satisfactory
results and we can see in Figure 1 that the results of the schemes AP and NP are
very close. The main difference is noticeable when comparing with the splitting
method SP for the variables v and p (note that the scaling of the plot for p
has emphasized the difference). In particular, one may remark that the velocity
computed by this method is small but not null. This is made obvious on the last
figure were we have plotted the evolution of the (log)L? norm of the velocity:
for the splitting method, after some decade of decrease, the convergence history
exhibits a plateau.

6.2 Sensitivity with respect to the mesh size for large fric-
tion

Here, we focus on the comparison of the three methods on an unsteady test
case with a large friction (v = 10% s71). The initial condition corresponds to a
centered arch function. At the left and at the right, (o, u,p) = (1,0,10000) and
in the center, (o,u,p) = (2,0,26390.2). The boundary conditions are periodic
and the final time is ¢ = 0.01 s, in order to obtain a Darcy-like solution. Figures
2, 3 and 4 respectively represent the results of the scheme AP, SP and NP, for
several meshes (100, 1000 and 10000 cells).
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Figure 1: Convergence to a stationary state with a null velocity: o, u, p wrt. x
for the converged solutions and ||u|| 2 wrt. ¢ (bottom, right)

We can easily see that the results of the splitting method and of the NP
scheme are very dependent on the size of the mesh (note that, for coarse
meshes, the splitting method under-estimates the velocity while the NP scheme
over-estimates it). The asymptotic preserving scheme (AP) provides results in
agreement with the previous analysis: its accuracy depends very little on the
mesh size, which gives a hint that the numerical diffusion of the AP scheme is
independent of «, contrary to the other schemes (SP and NP).

7 Conclusion

We have developed a methodology to derive well-balanced and asymptotic pre-
serving schemes which is detailed on the model problem of Euler sytem with
gravity and friction and can be extended to a wider class of problems. In this
context, all the notions have been given a precise definition, even if the asymp-
totic results are not yet proved at the continuous level for the full Euler system
with energy. Such properties may be crucial in specific situations, as has already
been mentionned in references concerning well-balanced schemes (see for exam-
ple [8]). The AP property is more recently studied and has not yet received
its whole interest in the applications, but this should come shortly since it may
avoid, or make easy, coupling procedures for simulations of flows presenting
different regimes. Moreover, the numerical illustrations above prove that the
corresponding schemes behave very well on some test problems.

Apppendix: proof of Proposition 6
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Figure 3: Mesh convergence of the splitting method (SP): u and p

Skipping the time superscripts, the numerical scheme writes

_ At At
+ JE—

J—3

with

G111 =G(U;,Uj), S;1= S(Az, A U;, U 1q) (149)
and
G(UL,Ug) = 5(F(UL) + F(Ug))
(150)
—3{MI(UL = Up) + X2 (U — U) + A3 (Ur — Up) }

Recall that, as in subsection 3.3.1, we have chosen u = u*, leading to the
nonlinear scalar equation (68) for the actual calculation of u*.
Under the change of variables (72), At = SAs, we get

_ As As
U; :Uj—ﬁE(GH% —Gj_%)+67(sj_%+sj+%) (151)

so that the asymptotic behavior of G (U, Ug) and ﬁg(Ax, At; Uy, Ug) when
B (or a)— 400 has to be determined. We first rescale the velocity, setting

ut = %v* and in view of (73), we know that
Ap 1
Y (e R SR |k 152
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while ) 1
)\1 = B’UL — CTL = 7@7 +O(*),
No = Lo (153)
= —v 5
T8
1 C 1
A3 =—-vp+Crp=—+0(5).
3= 5vR R= (ﬁ)

Let us start with the first component of G(Up, Ug), that is

1 * * * *
§{QLUL + orur — [M|(0], — or) — [Xo|(0k — 01) — |As|(or — 0R)}-

We deduce from (104)

* -1 * -1
@:mo+mWw§ :m@+m@%» :m+a§

C 6C
and
—1 —1
u* —u v* —wv 1
QE—QR(l—W> —QR(l—QR(ﬁCR)) :QR‘FO(B)
and then

_ gt ee ) () er(vt —vr) _lfé’iL@L(v**vL)+O(i)
oL — 0 = 0L 3C 3C 3 C

and

o o R —vR) (1 er(V" —vR) "' or or(v" —vR) + o)
Or — OR = OR 3C 3C = 3 C .

The first component of G(Uy, Ug) thus writes

%{gm + orvR + 0p(v" — vi) — [v"|(or — o1) + 0r(v* — vR)} +0<;>
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S

62)

= 55 lenw” + 1)+ 0nle” — |67} +O(
)

1 «
= —(orv} + orv™) + O(@

g

where

1 1
v} = max(v",0) = 5(1}* +[v*|), v =min(v*,0) = i(v* — [v*)).

Let us carry on with the second component of G(Up, Ug), that is

Horu? +pr + oruk +pr — [Ml(0ju* — opur) — [Xo| (0 — 0} )u

—[Asl(erur — oRu*)}-

We have
. -1
opu* —orur, = %QL (U* <1 + W) — UL)
0L, 4 OLVL or(v* —wvr)\
=5 ) (1_ 50 ) (” 30 >
— %QL(U* —op) + (9(%)7
then 1 1
(or — op)u" = B(QR —or)v" + O(@)
and

__OR . ORVR or(v* —vr)\
Fom - (14 8520 (1- 2055

1 1
5 7

This second component of G(U, Ug) thus writes

or(vr —v") + O(

1/1 1,
B} @QLUL‘FPL‘F?QRUR‘FPR

L{C . 1 e C . 1
Q{ﬁ( *UL)+?(QR*QL)|U lv +E(’0R*” )+O(g2)}
C 1
:pa—%Av—FO(@).

At last, we focus on the third component of G(Uj, Ug), that is
s{(orer +pr)ur + (0rer + pr)ur — |M|(0j €5 — orer) — |2l (opeR — 0pel)

—[As|(erer — oReR)}-
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Using (63) with Am = p* (U, Ug)Axz we can write

orer, —orer = op(ep —er) + (0 — or)er
A
= (oL + O(ﬁ)) 30 ( prLvr —put + TxQ*(UbUR)((QU* - T/J(U*))>

or or(v* —wvr) 1
(50 +O(ﬁ )>(€L+2ﬁ2 7)

{pL'UL —pvt + A*Q (UL, Ug)((gv* — ¢(v*)) — or(v* — UL)EL}-i-O(

1
2 7

B

R =
Qlg

then

dici = (er+O(5) {en + gt + o (pon — 7o + 520 (UL U (00" - 0(0) )|

1
B)a

A
ohels = (QR-‘rO(%)) {ER + %vi + ﬂ% (p*v* — PrRUR + ;Q*(UDUR)((QU* - w(v*))> }

=orer + O(

= ORER + O(%)

and finally
ORER — 0RpeRr = 0r(er —€g) + (0r — QRr)eR

~(on+ O(5) 35 (70" = pren + S0 (UL Un) (90"~ v0) )

*— 1 1
- (Qﬂ”R(”C vr) | O<ﬂ2)> Cr+ 550h)

L.

_lom {pRUR prvt — A*Q “(U, Ug)((gv* — ¢(v")) — or(v" — UR)€R}+O(ﬂ2

g C 2
The third component of G(Uj, Ug) thus equals

5 { enen + 550h) 4 puvs + (enten + 3 0R) + pron

Az
- <vaL —pvt + 79*(UL,UR)((QU* —Y(v*)) —or(v* —vp)er + [v*|(orER — 0LEL)

1

+prUR — PV — %Q*WM Ug)((gv* = 9(v")) — or(v* — UR)€R)} + O(ﬁg

1
= %{Zp*v* + oreL (v + |[v*]) + orer(v* — [v*]) } + O( )

62

L.

1 * ok * *
= —(p™v" + oreLv} + 0ReRVY) + O(ﬂQ

g
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Gathering together the studies of the three components of G(Uj,Up) allows
to write

oLvy + orv:

pG(UrL,Ug) = Bpa — %('UR —vr) + O(%)- (154)

P V" + 0LELV] + QRERVE

On the other hand we have

0
AS(Az, At; Uy, Ug) = 0" (Ur, Ug) | B(g— o) |. (155)
gv* —(v*)

We thus deduce that in the limit o — oo, the numerical scheme (151) goes to

As
— + - + -
9 = 0~ AL {(ijﬁé + 054107 1) = (@j—1v)_y + ijj_%)}7

fo.
As

i€ = 9% T AL {pj+%“j+% T Pi-3Yi-3

1
E(Pﬂ% - ijé) =

Nl=

DN =

+ + -
+ojej0) 1 + 0j1€j1v;, 1) — (0j-18j-1v 1 + ijjvj_%)}

As
TS 9+1 (9(%‘7% +oj1) = (Y(v_y) + w(UjJr%)))
(156)
where
041 =0"(U;,Uj41),
v =t (g L PR 157
1= ,
JT3 Q]+% Ax ( )
1
Pity = 505+ pjt1)-
The pair (g;,&;) is then updated by
g =0~ & {(WL% + 05410 1) = (0j—1v)_y + ijj__%)}’
_ As — _
0j€j = Qi€ ~ Ax {(Qﬁj?};% + 011841, ) = (018510 ) + vy )
TPj+3V5+4 —Pj-1V-4
As
T505+4 (9(“3'—% + 1) = ($(v;-1) +¢(Uj+%)))
(158)
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with Qi1 1Vt and Pjy1 given by (157). Conversely, (157)-(158) imply (156).

Formulas (158) actually define a consistent explicit numerical scheme of the
asymptotic system

050+ Ozov =0,
(159)
Ds0e + 0 (0e + p)v = o(gv — ¥ (v))
with 1
v = 4,0_1(9 - 767;]7)7
Y (160)

p =p(0,¢),

which gives the desired result.
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