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OSAMOAL: OPTIMIZED SIMULATIONS BY ADAPTED MODELS USING
ASYMPTOTIC LIMITS*

ANNE-CELINE BOULANGER!, CLEMENT CANCES?, HELENE MATHIS?, KHALED SALEH?
AND NICOLAS SEGUIN®

Dedicated to “La cote de beuf”, 35 Cours Honoré d’Estienne d’Orves, Marseille.

Abstract. We propose in this work to address the problem of model adaptation, dedicated to hyper-
bolic models with relaxation and to their parabolic limit. The goal is to replace a hyperbolic system of
balance laws (the so-called fine model) by its parabolic limit (the so-called coarse model), in delimited
parts of the computational domain. Our method is based on the construction of asymptotic preserving
schemes and on interfacial coupling methods between hyperbolic and parabolic models. We study in
parallel the cases of the Goldstein-Taylor model and of the p-system with friction.

Résumé. Nous proposons dans ce travail de traiter le probleme d’adaptation de modele, appliqué aux
systeme hyperboliques de relaxation et a leur limite parabolique. Le but est de remplacer dans des zones
délimités du domaine de calcul un systéme hyperbolique avec terme source (le modele fin) par le modele
parabolique limite associé (le modele grossier). Notre méthode repose sur des schémas préservant cette
asymptotique et le couplage interfacial entre des modeles hyperbolique et parabolique. On étudie
les cas du modele de Goldstein-Taylor et du p-systéeme avec friction avec leurs limites paraboliques

respectives.
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INTRODUCTION

In simulation of complex flows for industrial purposes, it is natural to replace an accurate model by a simpler
one in the regions of the computational domain where the flow is supposed to be almost at rest for the sake of
reducing the computational cost. Let us give an example. Assume that the flow under consideration is a two-
phase flow, composed by air and water. In the highly heterogeneous regions, a complex model which accounts
for phenomena with very small time and space scales has to be used such as the Baer-Nunziato model [2] where
each phase is described by its own density, velocity and pressure and global relaxation terms represent the effects
of the differences of velocity and pressure. In some smoother regimes, drift-flux models can be used [18], where
the pressures are equal and the relative velocity between the phases is a given function of the characteristic
variable describing the flow (densities of each phases, mean velocity and mean pressure).

These regions where the simpler (or coarser) model can be used can be determined empirically or by the
use of preliminary computations. In this work, we continue the program initiated in [21] and [5] about model
adaptation. This techniques rely on automatically selecting the “good” model among a hierarchy of models,
compatible by asymptotic arguments. The notion of “good” model means that we want to maximize the local
use of coarse models without deteriorating the accuracy of the numerical results. Here, we focus on parabolic
limits of hyperbolic models, while hyperbolic limits were studied in [21] and [5]. We restrict ourselves to standard
systems and we do not investigate the dynamic part of the adaptation: we focus on the construction of numerical
schemes which preserve the parabolic asymptotic limit and on the interfacial coupling between the hyperbolic
system and its parabolic limit.

In the first section, we present the two models we are dealing with: the Goldstein-Taylor model and the
p-system with friction. We also provide their asymptotic limit, which turns out to be a parabolic equation. In
the second section, we derive and analyze numerical schemes which are able to reproduce the parabolic limits
at the discrete level, namely asymptotic preserving schemes. Up to our knowledge, the results on the p-system
are new. Note that we try to provide accurate stability estimates in order to fully understand the robustness of
the CFL condition when € — 0. The next part is devoted to the coupling between the hyperbolic model and its
parabolic limit through a fixed thin interface. It has to be done carefully because classical methods of coupling
fails to give accurate results. In order to illustrate our developments, preliminary numerical illustrations are
also provided.

1. MODELS AND ASYMPTOTIC LIMITS

1.1. The Goldstein-Taylor model

Let us consider the following fine model, called the Telegraph equation, the Goldstein-Taylor system or the
p-system with friction for a Chaplygin gas:

e + 0,u =0,

-0
edu + a?0,v = —u,
€

where o is a positive friction coefficient and a the sound speed.



ESAIM: PROCEEDINGS 3

An asymptotic analysis when € — 0, using the Chapman-Enskog expansion for instance, leads to a coarse
model, which is nothing but the heat equation:

a2
00 — —Oppv =0,
o

(MET)
u=0.
1.2. The p-system
Let us now consider the p-system with a friction term
e — Oyu = 0, s
(M)

edpu+ 0, P(1) = %Uu

where 7 is the specific volume, u the velocity and o is a positive friction coeflicient. The function P denotes the
pressure law and satisfies classical assumptions: the function P is decreasing, convex, and tends to 0 as 7 — oc.
Denoting P a primitive form of P, the homogeneous p-system

{50,57 — O0,u =0, (1)

edu+ 0, P(t) =0

admits an entropy n defined by n(7,u) = “—; —P(7).
Remark 1.1. For 7, fized in (0, 4+00), the strictly convex function

’LL2

me (7)== (P(7) = P(r) + P(r)(r = 7.) @)
is also an entropy for the system (1) (one could also use the term of relative entropy) and satisfies
Nr (u,7) >0, and 0. (0,77) =0.

The associated limit model, once again obtained by a Chapman-Enskog expansion, is

1
atT + ;azzP(T) = 0,

u = 0.

(ME39%)
Since the pressure law P is a decreasing function, the first equation is a nonlinear parabolic equation.

2. ASYMPTOTIC PRESERVING SCHEMES

The aim of this part is to present the design of numerical schemes which are compatible with the asymptotic
limits of the previous section, which commonly are called asymptotic preserving schemes [9,14,15,19,20].

Definition 2.1. A numerical scheme for system (M?T) (respectively (M%"")) is said to be asymptotic

preserving if it is stable and consistent with the solutions of the hyperbolic model (M?T) (resp. (M?isys)) for

all e > 0 and if, at the limit ¢ — 0, it converges to a stable and consistent numerical scheme with the solutions
of the limit parabolic model (MSET) (resp. (MPE=5Y%)).
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One of the important points is that the CFL condition for the approximation of the fine model becomes a
CFL condition for the approximation of the coarse model. In our case, since we only are dealing with explicit
schemes, this means that this condition for € > 0 is of the form At < C Az while at the limit ¢ — 0, it is of the
form At < CAz2.

In both cases, we construct first a well-balanced scheme, following [16] and [13]. We see that the CFL
condition induced by a classical stability analysis is too restrictive to be valid for all € > 0. Therefore, we
propose an implicit version of this scheme in order to make it asymptotic preserving. Note that this new scheme
is explicit in practice (the matrix to invert actually is diagonal). We then recover the pioneer work of Gosse and
Toscani [14,15] in the case of the Goldstein-Taylor and combining their method with a HLL (or equivalently
relaxation) scheme, we easily extend it to the nonlinear case of the p-system. In both cases, we provide energy or
entropy estimates together with CFL conditions and we carefully examine the behavior of these CFL conditions
as e — 0.

2.1. The Goldstein-Taylor model

We first present the well-balanced scheme for the Goldstein-Taylor model and show that it is not asymptotic
preserving. We then propose an implicit modification to correct it, recovering the Gosse—Toscani scheme [14,15].

2.1.1. The well-balanced scheme

The scheme of [6] and the scheme of [3] are both based on the construction of well-balanced scheme, following
[16] and [13]. As a consequence, applied to system (MFT), these schemes are identical and the authors of these
works claim that this scheme is asymptotic preserving. Their analysis is based on arguments of consistency
and on numerical tests, because the models they investigate are nonlinear systems and a complete analysis of
stability seems to be out of reach.

Actually, this scheme has been initially introduced in [14] in the context of system (M?T) Since this system
is linear, a complete analysis of the scheme can be carried out and the conclusion is that this scheme is not
asymptotic preserving in the sense of definition 2.1.

In the sequel, Az, At denote some positive parameters corresponding respectively to the space and time
steps. Let ug, v € L2(R) be initial data, then we discretize them as

| /2 | 1/2)A0
up(z)dx, v?

0
us i R
Az (i—1/2)Ax

= — vo(z)dz, Vi € Z. (3)
Az (i—-1/2) Az 0

Thanks to Jensen’s inequality, (u), and (v{). belong to £%(Z) and
H (u?)iHEZ(Z) < HUOHLZ(]R)’ H (vio)iHeZ(Z) < ”vOHL?(R)'

For i € Z and n € N*, we denote by W/ = (u} U”)T the discrete unknowns of the well-balanced finite

1 7

volume scheme. The derivation of such a scheme, which is described in the works cited above, is based on the
introduction of the function x(¢,z) = . System (M?T) is replaced by the fully first-order system

e + 0,u =0,

edu + a’d,v + guazx =0,
€

atX = 07

and the associated Riemann problem can be solved, with y, — x; = Az in order to mimic the jump of y at
each interface of the mesh. The eigenvalues of this system are 0 and £a/e and the two intermediate states are
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(v=,u/K.,xi) for —a/e < z/t <0 and (v, u/K., x,) for 0 < x/t < a/e, where K. =1+ ‘;ﬁf and

1
T (Wi W) = o1 = = (@(Wi, W) /K = w),

1
ot (W, W) = v, + 5(a(vvl, W,/ K. —u,).

As a result, the well-balanced finite volume scheme writes

At
n+1 n — n n — n n
U; = Uy — cK.Az [U(Wz ) i-‘,—l) —u(Wiy, W, )L (4)
2
n+1 n a At —— n n — n n
Uz‘+ =u; — Ax [U (W, i+1) *U+(Wi—17Wi )} (5)
Equation (5) can also be written as
2
n+l _  n a At — n n — n n UAt n
Uy =uUp = K. Az [U(Wz ) i+1) — (W, W] )] - —EgKaui ) (6)
where n 1
_ (% (%
oW, W) = 22—y — ) 7

Besides, the scheme (4) for the discretization of v writes

V. = v
2

n n
A N I o
' ' eK.Ax

Proposition 2.1. Under the CFL condition

1 aAtJr oAt <1
e+t \Ar 2(et+opr) )~

the scheme (6)—(8) is L2-diminishing, i.e. for all n € N,

ZAZ' n+1 n+1 ZAZ'

€L €L

a
+ 5(20? — U1 —

i) )

(v7")?) - (10)

Proof. In order to prove stability of our scheme under a given CFL condition, we adopt the Von Neumann
analysis. Assuming the solution is L2, we can introduce its Fourier modes in the following manner:

— Z an(k/,)eﬂﬂkz.

kEZ

Hence, )
un(l, + A.’L‘) _ un(x)ez%rkAz’

and the application of the Fourier transform on (6)—(8) leads to:

>
3
—
=y
~—

,anJrl (k/’)
= Acxp (k) ,
i+ (k) in (k)
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where, denoting by
alAt oAt

= eK.Ax’
the amplification matrix Aexp(k) can be written

ho (B) 1—2\sin®(ag) —p  —idasin(204)

ex: = A

’ —i—sin(2ay) 1 —2\sin?(ay)
a

Define

& = Mz — Msin®(204,),

then the eigenvalues vy € C of Aexp(k) are given by
v =1—2\sin?(ay) — g + V6.
Assume first that ¢’ > 0 (this is the case for ¢ large enough). In this case, one has [§'| < & then vy <1, while
v >1-2\—p.

One obtains thus that under the CFL condition (9), one has v_ > —1, ensuring the L? stability of the scheme.
Assume now that ¢’ < 0, so that

2 2 02 m? 2.2 ,U2
vi? = v |*= (1 — 2Xsin“ (o) — 5) + A% sin”(2ay,) — T
< 1 +4Asin®(ag) (A+%—1).
Hence, the scheme is L?-diminishing under the CFL condition (9). O

It particularly follows from (9) that At has to fulfill the e-dependent estimate

2 (e 22)
L)

At <

Hence, for a fixed space step Az, letting ¢ tend to 0 requires the time step At to tend also to 0. This can also
be remarked by taking constant initial data. Using the form (8)-(6), one can directly see that this numerical
scheme becomes a modified explicit Euler method for the equation edyu = —(o/e)u. It is well-known that such
a method can only be stable under a restrictive condition on the time step At, which makes it tend to 0 when
e — 0.

2.1.2. Implicit modification of the well-balanced scheme

As mentioned above, the time step At tends to zero when e tends to 0. The simple, but crucial, idea is
then to take an implicit discretization of the source term, as done in [14] (see also [15]). This leads to the new
numerical scheme

oAt

At Vg — U a
1 2Vi+1 -1 1
U;H‘ = u:l _ KAz |: i 5 J + 5(211,;” — u?-i-l — U?_1)j| — 52K8 ’LLZH_ , (11)
At ut g —up a
1 +1 —1
ot = - eK Az [ Z 2 — 5(21)? T U?_l)] - 2

The purpose of the following proposition is to show that the new scheme (11)-(12) is L2-diminishing for a choice
of At depending on Az but not on ¢.
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Proposition 2.2. Under the CFL condition

1 al\t
<1

L 13
€+%Ax_ (13)

the scheme (11), (12) is L%-diminishing in the sense of (10). The inequality (13) holds for all € > 0 if At
satisfies the usual parabolic stability condition

which does not depend on €.

Proof. The scheme (11)-(12) can be obtained by splitting the convection and the source term, i.e.
e step 1: compute the convective contribution, i.e.

+1/2 At vn—i-l — ’Un_l a
W= - ot [P S - ) (15)
At Uy — ug a
+1/2 +1 -1
vy / = — KAz [ - 5 - +§(2U?_U?+1_Uzﬂ—1)}; (16)
e step 2: take the reaction term into account, i.e.
At
“ (1 *or ) =u Tt = (17)

Clearly, the step 1 is L2-diminishing under the CFL condition (13). Indeed, the scheme (15), (16) corresponds
to the former scheme (6)—(8) in the particular case where o = 0. Therefore, its stability follows from Proposi-

2
tion 2.1. The step 2 is obviously L?-diminishing since for all i, (u?+1)2 < (U?H/Q) . O

We establish now that the scheme (11)-(12) is asymptotic preserving, in the sense that, for fixed Az and
T
for a convenient choice of At, then, letting e tend to 0, the solution W; "' = (uf’"“,vf’"“) of (11)-
(12) tends towards I/VZ-O’nJr1 which is the solution of a finite volume scheme which is consistent with the limit
problem (MST).

Proposition 2.3. Let (Wf’"“) - be the solution of (11)-(12) corresponding to data (uf). iez and (v9)
PE€EZL,nE

belonging to (*(Z). Assume that (14) holds, then, for all i € Z, uf’"Jrl tends to 0 as € — 0 and vf’nJrl tends
9n L of the consistent discretization of (MST) given by

i€EZ

towards the solution v;

2
0 1 a®At
o) =

i — Y cAx2 [21):1 - ’Uzn—l - U;'n-i-l] ) an > 1) (18)
2
0,1 a At aAt
v = Uzo T oAL2 [QU? - U?—1 - Uz(')+1] T oA [U?+1 - U?—ﬂ- (19)

As a consequence, the numerical scheme (11)-(12) under the CFL condition (13) is asymptotic preserving in
the sense of definition 2.1.

Proof. Assume that (14) holds, so that it follows from the proof of Proposition 2.2 that for all € belonging to
an unlabeled sequence of R} tending to 0,

Zm(( 5”“/2) + (o) ) S Az (W) + (19)*) < +oo,

€L i€EZ
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£ 1/2
where ui’"+ /

that

is given by (15). Since Az is fixed, we know that there exists C' > 0 not depending on ¢ such

) n+1/2
Vi € Z, u;™ / ,

vjv"“‘ <c. (20)

Therefore, since o > 0 and since e2K. — 0 as ¢ — 0, it follows from (17) that u."*" — 0 as ¢ — 0.

e,n+1
4

Thanks to (20), there exists an unlabeled subsequence of (v ) converging towards some v?’”“ with
g

(v?’nﬂ)_ € (*(Z). Using the fact that eK. — 222 we obtain that (18) and (19) are fulfilled at the limit

2a

e — 0. O

Remark 2.1. As it appears in the first iteration of the limit scheme (19), an additional quantity

0 .:“_At[uo —u,]
1 O'AZL'2 1—1 i+1

has to be taken in consideration. It is easy to check that for ug € L*(R), thanks to (14), the quantity r{ tends
to 0 in (*(Z) as Az, At — 0. More precisely, if ug € HY(R), there exists C' depending neither on Ax nor on

At such that ||(7’?)||€2(Z) < CAx. Denote by

A *(z2) — *(z)

2
a“ At
wi Wy — 23 2w — w1 — wita],

and assume that there exists ¢ € (0,1) such that the following more restrictive CFL condition holds: ‘f‘“zzAZt <.
1

Then the mapping A is invertible and ||A_1|| < - Therefore, there exists a unique (6?) € (%(Z), such
that AD) = r). Moreover, (09) tends to 0 in (*(Z) as At, Az — 0 since (r9) does. The solution ()i, of
the scheme (18)-(19) is then the solution of the usual approzimation of the heat equation (18) for the slightly
modified initial data v? + 0, the correction (f}?)iez tending to zero with the discretization parameters Ax, At.
Thanks to the continuity of the solution v to the heat equation with respect to the initial data vg, this allows to
claim that the discrete solution provided by the scheme (18)-(19) converges in L*(R) towards the unique solution

v of the heat equation

a2
o — ;amv =0, V},_o = Vo-

2.2. The p-system

Let us now consider the case of the p-system.

2.2.1. The well-balanced scheme

Once again, the schemes proposed in [6] and in [3] follow the construction of well-balanced schemes and lead
to the same numerical scheme. It is based on the HLL scheme [17] and can also be derived by the mean of a
relaxation procedure (see e.g. [4,6,7]). It writes, for all i € Z and n € N,

T."+1:T.n__At u . —ul
% i cAx i—1/2 i+1/2]

21
n+1 — At ( )

Uy Y T AL {H?ﬁ/z - H?iz/z} g
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where u, |y, HZ: /o and TZ::{:/Q are given by
1 ul +uiyy,  P(r') = P(r]},)
n = 22
uz+1/2 1 + % 2 + 2(1 ’ ( )
05 s =P() — alulyy o — ), (23)
H?J:/Q =P(1}1) —aluiy, — U?+1/2)- (24)

In the above system, a > 0 is a parameter to be fixed later (cf. Proposition 2.4). By taking (22)-(24) in
consideration in (21) and introducing L. =1+ %‘5, this scheme can be reformulated as

n " At ul | —ul 1 n n n
= - L. Ax [ - ) =+ % (=2P(7]") + P(1}41) +P(Ti1))] ’ (25)
£
At [P(r)— Pty a oAt
n+1 _ no_ 1+1 1—1 = n__ ,n . o n
ul T =) LAz { 5 + > (2% u uH_l) —EQLE uy. (26)

We fail to obtain a complete analysis of stability for the scheme (25), (26). Nonetheless, a simple case can be
used to check that this numerical scheme also suffer from a too restrictive stability condition of the same type
as (9). Assume that

YieZ T1'=T, ul =1,

where 7 and @ are two positive constant. Then, the scheme (25)-(26) writes

. n+l _ = n+1 __ oAt —
VieZ, 1,7 =T, u; = <1 - EQLE) .

This formula corresponds to an explicit discretization of the ordinary differential equation

() =0,
u'(t) = fgu.

As a consequence, a necessary condition of the stability (in L? for instance) of the scheme is

oAt
<1.
2e2L, —

Here again, this condition implies that At — 0 when & — 0, which means that the scheme (21) is not asymptotic
preserving.
2.2.2. Implicit modification of the well-balanced scheme

Following the idea used for the Goldstein-Taylor system, we replace the explicit discretization of the source
term of (26) by an implicit one, which yields

At ur o —ul 1

n-+1 n i—1 i+1 n n n

ntl _ on _ 4+ — (=2P(+") + P(+" ;) + P(7! 927
Tz Tz 5[6 QSC |: 2 2 ( (Tz ) (Tz-i-l) (Tz—l)):| ’ ( )

At [P(r]'y)—P(t]y) a oAt
n+1 n i+1 i—1 n n n n+1
e (U —ut — _ , 9

i i eL.Ax { 2 2 ( i i qu) e2L, * (28)

While we have not been able to completely study the stability of the numerical scheme (21) (but we proved
that the associated CFL condition is too restrictive), we can prove that this new scheme is stable under an
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e-independent CFL condition and therefore, it is asymptotic preserving. Note that the stability we invoke is
the decrease of the entropy.
Let 7, € (0,00), let n;, be the entropy of (1) defined by (2), and let 79, up be measurable functions such that

/Rnﬂ (70, up)dx < 400, (29)

and such that (79 — 7.) € L™= N LY(R). We moreover assume that 7 is essentially bounded away from 0. The
initial data 7y, uo are discretized by

| [E+1/2)Ae | /20
0= 7o(x)dz,

3 = AL uO(z>d$7
Az (i—1/2)Ax Az (i—1/2) Az

so that, thanks to Jensen inequality,

an NAz < / Nr, (70, up)da < +o00.
i€EZ R

In particular, there exists 7,7 > 0 such that 0 < 7 < 7, <7 < 0, and such that 7 < 79 <7 a.e. in R.
Proposition 2.4. Under the Whitham condition

2 /
a” > 2maxmax (*P( ), =P l+1/2)) (30)

where the quantities T

+1/2 are defined by

1
+
1+1/2 =7+ - (“?4—1/2 - U?) ) 7}+1/2 =T+ = ( (I “?4—1/2) )
and the CFL condition
2aAt
Az (e+252)
then the scheme is entropy dissipative, i.e. the solution (Ti"""l u’“‘l)iez of the scheme (27), (28) satisfies

[

Do (T A <Y e (77 uf) A (32)

€L iI€EZL

1, (31)

Proof. As previously in the proof of Proposition 2.2, making the source term implicit allows to write the
scheme (27), (28) as a splitting scheme.

e Step 1. We compute the convective contribution given by:

n+1/2 n At U?_l — U?_,’_l 1 n
X =71, — + — (—2P(7")+ P + P(;
Ti T eL.Ax |: 2 2a ( (Tl ) ( H‘l) (Tz—l)) ’
At [P(r]'y)—P(t]y) a
n+1/2 n 7 7 n n n
ui+/ :uifEE x{ 1 5 1 +—(2ui—u-1—ui+1) .

This scheme is nothing but the usual HLL scheme to solve
0T — Ogu = 0, Ou+ 0, P(1) =0

with a time step At = Following [4], this scheme is entropy dissipative under the Whitham
condition (30) and under the CFL condition (31).

At
elL. "’
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e Step 2. The contribution of the source term is now computed with the implicit scheme

AL\

= (1 +5 > a7 (33)
e? L.

In view of the definition (2) of the entropy 7, this step is also entropy dissipative, so that the rela-

tion (32) holds.

O

Remark 2.2. As it was noticed in Proposition 2.2 for the case of the Goldstein-Taylor model, the CFL condi-
tion (31) is fulfilled for all € > 0 if one requires that

oAx?

At < ———.
— 4q?

(34)

As done previously on the Goldstein-Taylor model, we investigate the limit as € tends to 0 for fixed dis-

cretization parameters of the discrete solution, denoted by (77", u;"™), , of the scheme (27)-(28).

[t

Proposition 2.5. Under the Whitham condition (30), the CFL condition (34) and the finite entropy condi-
tion (29), then for all i € Z, the limit of the scheme (27)-(28) when € — 0 writes

At
0,n+1 0,n 0,n 0,n 0,n
P = 70— = [ 2P + P + P ez, (35)
At
Tz’OJ =7 - AL [72]3(7—1.0) + P(r)) + P(Tz'o+1) +alu;_, — u?+1)] . (36)

Proof. Tt follows from Proposition 2.4 and Remark 2.2 that under the Whitham condition (30), the CFL
condition (34) and the finite entropy condition (29) on the initial data, one has, for all n > 1,

Z Az n(r, " u™) < /}Rn(To,uo)dz < 0. (37)

i€’
This ensures that there exists C' > 0 not depending on ¢ such that for all € > 0, one has

ViezZyn>1, " <C, P <C.

. 7
/L7n ’

Hence, there exists (u?") and (’P-O’") ~ such that up to an unlabeled subsequence,
nn

VieZ, «— ud" -l PrE™) = PP ase — 0.

(% 3

2

Since P is strictly increasing and continuous, then, denoting by TiO = pt (PQ’"), we obtain that

Vi e Z, S " ase — 0.
Thanks to (33), we obtain that for all n > 1 and for all i € Z, u)"™ = 0. Since 2aeL. — oAz as € — 0 (recall

that L. = 1+ "2@11 ), considering the limit as € — 0 in (27) yields (35), while a contribution coming from ug still
0

appears in the computation (36) at the first time step. Obviously, since (35)-(36) define (T. ”) ~in a unique
i,n

3

way, the whole unlabeled sequence ((T.E’”)i n) converges towards (TZ-O ") when ¢ — 0. (I
e

A .
in



12 ESAIM: PROCEEDINGS

We provide now the proof of convergence of the scheme (35), (36) towards the unique weak solution of the
problem

1
ot + ;amP(T) =0, To_o = T0s lim 7=r7,. (38)

r—+o0

Lemma 2.6. Assume that a> > —P'(1), then there exists w € (0,7) and Az, > 0 such that for all Ax < Ax,,,
one has

P er—wr+w, VieZVn>1. (39)
Proof. Since a® > —P'(1), there exists w > 0 such that a* = —P’(r — w). Denote by (71;),1)- the quantities
defined by '
At
~0,1 ;
Fol— 70 _ . [—2P(7)) + P(r_1) + P(7},)] . Vi€

Then it follows from classical monotonicity arguments that

~0.1 — .
7 < Z-O’ <7, VieZ
Now, since
0,1 _ ~0,1 GJO'At 0 0
T =T+ Az2 (Uz'+1 —Uj_1),

we obtain, thanks to the CFL assumption (34) and from the regularity of ug that for Az small enough,

ez —w, T+ w), Vi € 7.
Hence, the condition a? = —P’(r — w) ensures that the scheme is still monotone on this new range of values of
TiO . Therefore, from a usual discrete maximum principle, we obtain by a straightforward induction that (39)
holds. O

We now state a L!-stability result, whose proof relies on classical monotonicity arguments (see e.g. [8]).

3

[7,7], then, for a®> > —P'(1), under the CFL condition (34), and for Ax small enough, one has, for all n >0,

g Ax TZ-O’"JFI 7ﬂ0,n+1‘ < E Ax

iI€EZL i€EZ

Lemma 2.7. Let (TZO") ,(ﬁ- ") be solutions of (35)-(36), corresponding to initial data (77),, (7)), €

On  -0n
7'1- Ti .

Denote by 7a, the piecewise constant function defined almost everywhere by
Ta(z,t) = 70" i (2,1) € ((i — 1/2)Az, (i + 1/2)Az) x [nAt, (n + 1)At).

From previous lemma, we deduce directly the following regularity result by choosing 7 = 72 ;:

Lemma 2.8. Assume that 7o € L*°(R; [z, 7]) with 1o — 7 € L'(R), assume that a® > —P'(1) and that (34)
holds, and assume that Ax is small enough, then, for alln > 1,

0, 0, aO’At
Z " =12 A < Z |Tz'0 - 7'1'071|A35 + Z Az2 ‘U?Jrl - UZQ - (Ugfl - U?72)| .
i€z = i

In particular, under the CFL assumption (34) and if 70 € BV (R) and ug € W N L?(R), then there exists C
not depending on Ax, At such that

TV (taz (1) <TV(up) +C < o0, VteR;. (40)
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Assume that the assumptions of Lemma 2.8 hold, then, thanks to the tools introduced in [10], we can claim
that, up to an unlabeled subsequence of (7az) A, then there exists 7 € L> N BV (R) that satisfies

Tar = 7 in Li (R x Ry) as Az, At — 0. (41)

It remains to check that 7 satisfies (38), in particular that for all v € D(R xR.), the following weak formulation

holds:
// TOppdadt + / Tot(+,0)dx — // )z tbdazdt = 0. (42)
]RX]R+ RXR+

The condition at  — Zoo is fulfilled in the sense that, as a direct consequence of Lemma 2.7, one has
T — 1 € L'(R).

Proposition 2.9. Assume that ug € WH*(R), that 1o € BV (R) such that 1o € L®(R;[r,7]) and 7o — 7 €
LY(R), then, under the condition (34) with a®> > —P'(1), the limit T of Ta, exhibited in (41) is a solution of (38)
in the sense that T — 7, € L>®(Ry; LY(R)) and that the weak formulation (42) is satisfied. As a consequence,
the numerical scheme (27)-(28) is asymptotic preserving.

Proof. The convergence of 7o, towards 7 in the good functional space has been already justified from com-
pactness results. It remains to check that the weak formulation (42) is satisfied. Let ¢ € D(R x Ry ), then we
denote by
1 (i+1/2) Az
Y= — / P(z, nAt)dzx, Vi € Z,Yn > 0.

Az (i—-1/2)Ax
Multiplying the scheme (35) by 71/);‘+1Az, (36) by —}Ax, then summing on i € Z and n € N yields, after
reorganization of the sums,

A+B+C+ D=0, (43)

where

A= ZZ Onw _ZAAt

i€Z n>0
B = ZTiOi/}?A:L',
i€EZ
A C— YL L]
CZZPW)( BN wz‘l)mmv
i€Z n>0

alAt
D = Z m(qu — uz,l)d)}Az
iI€EZL

It follows from the L' convergence of 7a, towards 7 and Lemma 2.6 that

sl gt = [, s -
AliIEOB = /RT()’I/)(',O)dZ', (45)
At}g;l_}QC’ =- //]RX]R+ P(7)0ypptpdadt. (46)

Now, we deduce from the CFL condition (34) and from the regularity of uy that

ID| < CAz. (47)
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Therefore, by considering the limit Az, At — 0 in (43), it follows from (44)—(47) that 7 satisfies (42). O

3. INTERFACE COUPLING BETWEEN THE FINE MODEL AND THE COARSE MODEL

In this section, we investigate the coupling through a thin interface between the hyperbolic model (M?T)
or (M%) with the parabolic model corresponding to its large time asymptotic limit, namely (MET)
or (M273¥%). As shown later in figure 2 for instance, a naive coupling by transmission of the information
by Dirichlet boundary conditions in the spirit of [11,12] leads to inaccurate results. Therefore, we solve at the
thin interface a coupled system in order to connect the fluxes of both models.

3.1. The Goldstein-Taylor model

Let us first illustrate the construction of the coupling condition on the simplest example, that is the Goldstein-
Taylor model. Consider a fixed interface at x;,1/2 € R. We aim at giving a numerical value for the fluxes at
the interface w4 /o for the variables u, v, where, on the left side of the interface, the fine model is solved:

e + Oyu =0,

0w + a?0,v = —Zu, .
€ for (z,t) in Dy = (=00, 2141/2) X [0,00), (48)

u(z,0) = ug,

’U(.CC, 0) = VL,
while, on the other side of the interface, the coarse model is considered:

Opv — “;szv =0,
u=0, for (x,t) in D = (2741 /2,00) x [0,00). (49)

v(x,0) = vg,

A first naive idea would be to solve the Riemann problem for the fine problem on both side of the interface,
with the initial data ug = 0 and use the solution to construct numerical fluxes for both sides. As illustrated on
Figure 2-right, this algorithm produces quite bad results. In this test case, the regime is such that the Goldstein-
Taylor model (./\/lJCfT) and its parabolic limit (M?isys) provide similar results (actually, they are superposed
on Figure 2-right). Nevertheless the naive coupling provides a very different solution which is discontinuous at
Trey1/2-

Therefore, another strategy has to be developed in order to improve the behavior of the coupled numerical
solution and recover the continuity of v at z;;1/5. To do so, we introduce some auxiliary unknowns U* =
(u*,v*)T on the left-hand side of the interface and solve a partial Riemann problem, see Figure 1. The Rankine-
Hugoniot condition through the 1-wave of speed —2 yields

u* —up, = a(vy —v¥). (50)

By requiring the continuity of the flux of v through the interface zy 1/, we impose that

u* a?vp — v*
- k- 51
€ o —A; (51)
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t=At
U
Uy = (ug,v)" v
t=0
hyperbolic part parabolic part

FIGURE 1. The interface states U* = (u*,v*) are linked to (ur,vr) by the 1-wave of speed
—a/e, and to vg by imposing the continuity of the numerical flux of v.

This condition is very natural since it ensure the conservation of v. Combining (50) and (51), we obtain the
intermediate values

* 1 2ea ur,
v (WL,UR) = (ﬁ) (’UL + O'A;L'UR + ?) . (52)
1
u (W, vr) = = (ur + a(vr = vr)), (53)

€

It remains to plug these formulas in the numerical scheme (4) and (5) setting ¢ = I and replacing the numer-
ical flux u(Wp, Wp,,)/K. and o~ (W7, W ) by w* (W7, v}, ;) and v* (W, v, ;). Then, the source term is
once again treated in an implicit way in order to obtain an asymptotic preserving scheme which, after some
computations, leads to

n+1 At

v =vp — cK. Az [“? + a(v}ﬁrl —wp) —a(Wr_y, Wln)}a (54)
n n a2At n — n n oAt n
UIH =uy — EI(ET.T [UI+1 —o(Wr_y, Wy )} - EQKEUJHa (55)

while the parabolic flux is the cell T + 1 is given by (34) and (53). Note that the numerical flux at the interface
Tri1/2 in (54) satisfies
Loout " 2a% vy, — VR
gl_% ?((Ufao)vvlﬂ) T e Az
which is not a consistent approximation for the flux of the expected heat equation that v should satisfy.
Nevertheless, the resulting coupling method provides very good results.
We illustrate this new coupling method in a simple test case. The 1D space domain is split in two parts:

(—1,0) and (0,1). The model in the left part is the fine one (M?T) and in the right part, the model is the coarse
one (MST). We compare the numerical coupling method described above with the basic one, which amounts to
set u}, ; in the hyperbolic scheme (4)-(5) to define the numerical coupling flux. We also plot the results obtain
with the full hyperbolic solution and the full parabolic solution. The initial condition is of Riemann type, with
v = 1 and vg = ur, = ug = 0. The values of the parameters are set to: ¢ = 2 and a = 1. Each part is
discretized with 30 cells. One can easily check that the basic coupling method introduces a jump at the coupling
interface. Moreover, for ¢ = 0.1 (right figure), though the full hyperbolic solution and the parabolic solution are
superposed, the basic coupling still provides a jump at the coupling interface. Actually, this test case was the
motivation of the construction of this new coupling method. We can check that in this latter case the results of
the new coupling method are very good. If we go back to the case ¢ = 0.2 (left figure), the hyperbolic solution
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1.0 1.0

100% hyperbolic
100% parabolic
Basic coupling
Osamoal coupling

100% hyperbolic
100% parabolic 0.9
Basic coupling ]
Osamoal coupling

0.97

0.87 0.87

0.7 0.7 7

0.67] 0.6
0.5 0.5
0.4 0.4
0.3; 0.3;
0.2 0.2

0.17 0.17

0.0 T T T T T T = T T 0.0 T T T T T T — T T
-1.0 -0.8 -06 -04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 -1.0 -0.8 -06 -04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
FIGURE 2. Approximate v with € = 0.2 (left) and with ¢ = 0.1 (right) at ¢ = 0.05.

and the parabolic solution are very different. Nonetheless, the new coupling method is close to the hyperbolic
solution in the left part and close to the parabolic solution in the right part.

3.2. The p-system

We perform a similar coupling technique for the p-system. Here again the fine model (M’%™**) is solved on
the left side of the interface and the coarse model (MZE~5Y%) is solved on the right side of x;. Because of the
nonlinearity of both models, the design of an exact coupling strategy with a partial Riemann problem would
lead to a nonlinear method. In order to avoid this, we make use of a relaxation method [4,7] to linearize the
p-system and we study the associated coupled partial Riemann problem in order to define the numerical fluxes.
It takes the form

€0y — Ozu =0,
Zta;u:)\a(xTﬂ(_Tj,ﬂ;,) B for (z,t) in Dy = (—o0, 1) x [0, 00), (56)

(1,u, T)(x,0) = (Tp,ur, 1),

where 7(7,T) = P(T) + a*(T — 7) denotes the relaxed pressure and we assume that the Whitham condition
a? > maxg | P'(s)| is satisfied. The coarse model (MP~5¥%) to be solved on the right side of the interface reads

T+ 10,,P(1) =0,
u =0, for (z,t) in D, = (x5,00) X [0, 00). (57)

7(x,0) = TR,

Following the same strategy as the one used for the Goldstein-Taylor model, we introduce an interfacial state
U* = (7%,u*, )T on the left hand side of the interface. The left state and the interfacial state U* are related
by the Rankine-Hugoniot condition through the 1—wave of speed —2, i.e.

a(t* — 1) = (u* —uyp) (58)
—a(u* —wuyp) = (7" — P(11)) (59)

since my, = P(11). First, we assume that the pressure is continuous through the interface, that is to say that
there is only one pressure at the interface, namely 7*. In order to obtain a conservative method for 7, the
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associated flux has to be the same through the interface =, which leads to the equality

1, 1 P(tg) — 7*

—EU p Az s (60)
2
which is nothing but the counterpart to (51). Combining equations (58), (59) and (60), we obtain
1
T*:TLJFE(U**’UJL), (61)
"= (1 ) (e - 5P - P ©2
u = —_— ur — — T — T ,
e ) (g - P
N 1 2ae
™ = (@) <P(TL)+ mP(TR) +0/LLL) . (63)

As in the case of the Goldstein-Taylor model, the values u* and 7* are plugged in the well-balanced scheme (21)
for the cell i = I. Following the same computations which leads to the scheme (25)-(26) and after the implicit
modification of the source term, one obtains

a1 " At

T =T~ N [“? +a(P(rf4q) — P(11")) — U?—1/2}a (64)
u1+1 =uy — ELE—A.T [P(Tu-l) —(Wr, Wy )} - 52L8u1+15 (65)

where uy_, , is given by (22) and

(W, Wa) = 5 (P(72) + P(ra)) — 5 (ur — us).

Remark 3.1. Other coupling conditions could have been chosen, for instance the continuity of the specific
volume T through the interface instead of the continuity of the pressure. However this condition requires to solve
a nonlinear problem in order to determine the interfacial state.

Let us now present the numerical results of two test cases. The pressure law is P(7) = 772 and o0 = 2.
The initial data corresponds to a Riemann problem with 77, = 2, 7 = 1 and ur, = ug = 0. Once again, each
part of the computational domain is discretized in 30 cells. Two tests with different values of € are provided in
Figure 3. In the right figure, ¢ is sufficiently small to obtain very close solutions for the fully hyperbolic case
and for the fully parabolic case. The solution of our coupling method is also very close to these two solutions, as
expected. In the contrary, the basic coupling method, which amounts to use the hyperbolic flux with u;41 = 0,
introduces a jump at the coupling interface. In the left figure, the solutions of the fully hyperbolic case and of
the fully parabolic case are different since € is greater than in the previous case. A jump of 7 appears with the
basic coupling method which is larger than in the case of a smaller €. Indeed, some complementary numerical
experiments let us think that the amplitude of this jump to tend to 0 when & goes to 0. The result provided
by our coupling method is very satisfying. It follows the shape of the hyperbolic solution in the left part and
the shape of the parabolic solution in the right part. As in the Goldstein-Taylor case, the transmission through
the coupling interface with our new coupling method is however not fully perfect. Indeed, a small jump can be
detected for both values of € which can be probably related to the lack of consistency of the coupling flux when
¢ tends to 0.

4. CONCLUSION

During this project, we have proposed asymptotic preserving schemes for the parabolic limit of the Goldstein-
Taylor system and of the p-system. The core of these schemes and their analysis was already present in [14,15]
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b 100% hyperbolic q 100% hyperbolic
1.97 100% parabolic 1.97 100% parabolic
1.8 Basic coupling 184 Basic coupling
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FIGURE 3. Approximate 7 with ¢ = 0.4 (left) and with ¢ = 0.1 (right) at ¢t = 0.2.

as far as the Goldstein-Taylor model is concerned. We also have provided an original coupling method between
a hyperbolic system (with source term) and its parabolic limit in order to remove the jumps that the classical
coupling method makes appear. The remaining work about the model adaptation concerns the dynamical part:
definition of error indicators and development of the fully dynamic adaptive algorithm, following [5,21]. This
is under investigation, as well as the extension to more complex models.
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