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Abstract: In the present work, we study and analyze an efficient iterative coupling method for
a dimensionally heterogeneous problem . We consider the case of 2-D Laplace equation with non
symmetric boundary conditions with a corresponding 1-D Laplace equation. We will first show
how to obtain the 1-D model from the 2-D one by integration along one direction, by analogy with
the link between shallow water equations and the Navier-Stokes system. Then, we will focus on
the design of an Schwarz-like iterative coupling method. We will discuss the choice of boundary
conditions at coupling interfaces. We will prove the convergence of such algorithms and give some
theoretical results related to the choice of the location of the coupling interface, and the control of
the difference between a global 2-D reference solution and the 2-D coupled one. These theoretical
results will be illustrated numerically.
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Une méthode de couplage de type Schwarz dans le cadre
d’un probléme multi-dimensionnel

Résumé : Dans ce document nous étudions et analysons et une méthode de couplage multi-
dimensionnel itérative. Nous considérons le cas de I’équation de Laplace 2-D avec des conditions
aux bords non symétriques, couplée avec une équation de Laplace 1-D correspondante. dans
un premier temps nous montrons comment obtenir le modéle 1-D & partir du modéle 2-D par
intégration verticale et par analogie avec la dérivation des équations de Saint-Venant & partir
des équations de Navier-Stokes. Ensuite nous présentons un algorithme de couplage de type
Schwarz. Nous discutons le choix des conditions aux interfaces de couplage. Nous démontrons
la convergence de tels algorithmes et donnons quelques résultats théoriques sur le choix de la
position des interfaces de couplage. Un résultat théorique sur le contrdle de ’erreur entre la
solution globale 2-D de référence et la solution 2-D couplée sera aussi donné. Enfin nous illustrons
ces résultats numériquement.

Mots-clés : couplage multi-dimensionnel, décomposition de domaine, analyse muli-échelles
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1 Introduction

Hydrodynamical phenomena can be described by a wide variety of mathematical and numerical
models, spanning a large range of possible levels of complexity and realism. When dealing with
the representation of a complex fluid system, such as an ensemble of rivers and channels or a
human blood system, the dynamical behavior of the flow is often spatially heterogeneous. This
means that it is generally not necessary to use the most complex model everywhere, but that
one can adapt the choice of the model to the local dynamics. One has then to couple several
different models, corresponding to different areas. Such an approach is generally efficient from
a computational point of view, since it avoids heavy computations with a full complex model in
areas where a simpler model is able to represent the dynamics quite accurately. Thus this makes
it possible to build a hybrid numerical representation of an entire complex system, while its
simulation with a unique model would be either non relevant with a simple one or too expensive
with a complex one.

In such a hierarchy of models, the simplest ones are often simplifications of the more complex
ones. Let mention for instance the so called “primitive equations", which are widely used to
represent the large scale ocean circulation, and are obtained by making some assumptions in
the Navier-Stokes equations. It is important to note that such simplifications may involve a
change in the geometry and in the dimension of the physical domain, thus leading to simplified
models which are m-D while the original one was n-D, with n > m. An obvious example is
given by the shallow water equations, which are derived from the Navier-Stokes equations by
integration along the vertical axis, see for instance [I] for a rigorous mathematical derivation using
asymptotic analysis techniques in the 2-D to 1-D case . Such a coupling between dimensionally
heterogeneous models has been applied for several applications. Formaggia, Gerbeau, Nobile
and Quarteroni [2] have coupled 1-D and 3-D Navier-Stokes equations for studying blood flows
in compliant vessels. In the context of river dynamics, Miglio, Perotto and Saleri [3], Marin and
Monnier [4], Finaud-Guyot, Delenne, Guinot and Llovel [5], Malleron, Zaoui, Goutal and Morel
[6] have coupled 1-D and 2-D shallow water models. Leiva, Blanco and Buscaglia 7] present also
several such applications for Navier-Stokes equations.

Several techniques can be used to couple different models, either based on variational, al-
gebraic, or domain decomposition approaches. In the context of dimensionally heterogeneous
models, in addition to the previously mentioned references, there exists also a number of papers
on this subject for purely hyperbolic problems (e.g. [8, 9], [I0]), but we will not elaborate on
these studies since our focus is much more on hyperbolic/parabolic problems.

In our study, we will focus on the design of an efficient Schwarz-like iterative coupling method.
The possibility of performing iterations between both models, i.e. of using a Schwarz method, is
already considered in Miglio, Perotto and Saleri [3] and Malleron, Zaoui, Goutal and Morel [6].
This kind of algorithm has several practical advantages. In particular, it is simple to develop and
operate, and it does not require heavy changes in the numerical codes to be coupled: each model
can be run separately, the interaction between subdomains being ensured through boundary
conditions only. These are important aspects in view of complex realistic applications.

Our final objective is to design an efficient algorithm for the coupling of a 1-D/2-D shallow
water model with a 2-D/3-D Navier-Stokes model. As a first step in this direction, the present
study aims at identifying the main questions that we will have to face, as well as an adequate
mathematical framework and possible ways to address these questions. We will perform this pre-
liminary stage on a very simple testcase, coupling a 2-D Laplacian equation with a corresponding
simplified 1-D equation. Seemingly similar testcases were addressed by Blanco, Discacciati and
Quarteroni [IT] and Leiva, Blanco and Buscaglia [12], but with different coupling methodologies
(variational approach in [I1I] and Dirichlet-Neumann coupling in [I2]). Moreover we have chosen
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to use non symmetrical boundary conditions in our 2-D model, in order to develop a fully two
dimensional solution, and our 1-D model is obtained by integration of the 2-D equation along
one direction, by analogy with the link between the shallow water system and the Navier-Stokes
system. The rigorous mathematical derivation of the 1-D model clearly highlights its validity
conditions.

Section 2 is devoted to the presentation of the 2-D Laplacian model, and to the derivation of
the corresponding reduced 1-D model. Then a Schwarz iterative coupling algorithm is presented
in Section 3, and its theoretical convergence properties are analyzed. In particular, the influence
of the interface location is discussed. Finally numerical tests are presented in Section 4, which
fully validate the previous analytical results.

2 Derivation of the reduced model

We are interested in the following boundary-valued problem in a domain Q C R2:

—Au(z,z) = F(z,2), V(z,2)€Q, (1a)
a%(m,z) + ku(x,z) =0, V(x,z)€ 0, (1b)

with « and x are nonnegative numbers that allows for Dirichlet, Neumann or Robin boundary
conditions.

In this section, we want to take advantage of the shallowness of the domain € (or some subdomain
of ) to derive a reduced model. As it is done for the derivation of the shallow water model (see
e.g. [1), we want to replace the complete 2-D model () by a (simpler) 1-D equation wherever it
is possible (and keep the original 2-D model everywhere else). We will finally obtain the coupled
1-D / 2-D system ([IH)-([I6) which we will analyze and simulate in the coming sections.

In order to discriminate between 1-D and 2-D regions, we introduce the following definition:

Definition 1. Let Q1p be the subset of 2 in which 2-D effects may be neglected, and Qap =
Q\Q1p the subset of  in which 2-D effects cannot be neglected.

Remark 1. Naturally the definition of Q1p depends on several features, such as the domain
aspect ratio, the considered system of equations, forcing terms (including boudary conditions),
etc.

For the sake of clarity (see Figure[Il), we will assume that there exists H and L; such that

Qip :Qﬂ{$<L1}:(O,L1) X (O,H) and Qsp :Qﬂ{x>L1}.

Let us now consider equation (Il) with the following boundary conditions (see Figure [ for
the notations):

—Au(z,z) = F(x,2), ¥Y(x,2)€Q, (2a)
%(m,z) =0, V(z,z2)elr, (2b)

%(m, z) + ku(z,z) =0, Y(z,z)elg, (2¢)
u(z,z) =m(x,2), V(x,z)eTly, gggg

u(z, z) = ya(z, 2), V(z,z) € g. (2¢)
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Iy Qp Pz

Figure 1: Typical computational domain €2, including a zone with a true 2-D behavior (z > Lq)
together with a shallow zone where we intend to use a 1-D model (x < Ly).

In order to derive the 1-D model in Q1p = QN {z < L}, we introduce the following
dimensionless variables and numbers:

H
€= L—17 (3)

- 12
7= Lil 5= % (i, 2) = “(Zz), F(#,2) = F(x,2) 7+ and & = rLy, (4)

where Ly (resp H) is the characteristic length (resp height) of Qp, ¢ is called the aspect ratio,
and U is a characteristic value for u(z, z).
The nondimensional form of equations [2]) in Q4 p readsEI:

01 1 9%4 ~
“om mpm oL M (52)
ou 1
&ZO on FT:FTO(’)QlD (5b)
1 0u
_28_1;+ga=0 on I'p=TpNdQip (5¢)
ﬂ:% on FlL:FL. (5d)

We assume (see [I3] for the scaling of &) that

~ 0%

F=0(1), 32 = O(1) and &= 0O(e), (6)

which is a sufficient condition to ensure that the 2-D effects are negligible in ;p. Indeed we
deduce from equation (Bal) that

I8 0. (7)

ISince Q1p = (0, L1) x (0, H) we have i = e, in (D) and (Gd).

RR n°® 8182
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By vertical integration on (Z, 1), and accounting for the boundary condition (BL), we find:

o1 9
= =0 )
and finally:
(%, 2) = w(z,0) + O(e?). (9)
Going back to original variables, we have:
u(, ) = u(z,0) + O(2), ¥ (z,2) € Y. (10)

We now introduce the averaging operator in the vertical direction. For any function f of z,
we set:

_ 1 rH
f-g | e ()
We integrate equation (@) for z € (0, H) and obtain:
a(z) = u(z,0) + O(e?), Yz € [0, L]. (12)

We now average equation (Bal) in the vertical direction, taking into account the Robin boundary
condition ([Bd) on 'k, and find:
u K

T2 + Eu(x, 0)=F, (13)
For every x € [0, L1] we may use approximation (I2)) to introduce the new problem:

2

—%%+%m=Finm@¢ (14)
It will replace ([a) in Q;p. As evoked in Remark [I the reader can be easily convinced that
it is particularly awkward to guess the value of L. Indeed one has to specify the criteria that
define 2-D effects, and in practical situations we may only be able to define Lo, which is such
that (Q N{x > Lg}) C Qsp, or in other words Lo > Lq. In this work we consider two different
situations:

- a funnel-shaped domain (see Figure 2)) with a thin left part, so that we anticipate 2-D
effects on the right (wide) part of the domain. In this case the definition of Ly is based on
a geometrical criterion.

- a rectangular domain (see Figure [B)) with a small aspect ratio ¢ = H/L (so that we can
anticipate weak 2-D effects), but with some 2-D forcing terms occuring in the right end of
the domain. In that case the definition of Lo is based on the support of forcing terms.

At this point we have defined an upper bound Lo > Li, but the exact value of L; remains
unknown. From now on we choose an interface Ly without any a priori information (other than
Lo < L) and decide to consider the model reduction [IH) on 21 = QN {x < Lo}, while we keep
the 2-D model in Qs = QN {a > Lo}. Finally we have the two following systems

Puy K .
1-D model: 92 + Eul = Fyin (0, Lo), (15)
u1(0) = M.

Inria
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x= Lo

Figure 2: Funnel-shaped computational domain. The domain is shallow for = < L.

H 2D region

Figure 3: Rectangular computational domain Q. The domain is shallow: H/L < 1, and we
assume that the forcing terms are supported in {x > La}.

and

—AUQ = F2 in Qg,

0
92 _onT2 = T7rnoQs,

2-D model: PR (16)
—2+liu2:00nFQB = I'pNoNsy,
on

us = 72 onl'p.

where F} = F and F, = Fa,.

Two cases may occur:

- Favourable case: Ly < L1, so that 1 C Q1p and the following model reduction is relevant.
In particular, hypothesis (@) holds so that Theorem [I] applies,

- Unfavourable case: Ly > L1, so that Q1 ¢ Qip and the 1-D model will not be able to
reproduce the 2-D reality (in particular, hypothesis (@) does not hold).

RR n°® 8182
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Figure 4: Computational domains for the 1-D/2-D reduced model

We now want to evaluate this model reduction in the favourable case Lo < L.

3 Coupling algorithm

Let us consider the two models (IH) and (6] to be coupled respectively through the interfaces
x = Lo and I" as shown in Figure @

In coupling problems, the first difficulty lies in defining the coupling notion by itself, 7.e. defining
the quantities or values to be exchanged between the two models through the coupling interfaces.
In our case and from a physical point of view, one may propose the following conditions, see [11],

[12]: .
ui(Lo) = %/0 uz(Lo, z)dz (17a)

aul 1 H aUQ
— == — (L d 17b
Ge o) =7 | G (Lo.2)d: (17)
which correspond to the conservation of w and its flux through the interface.
Unfortunately these two constraints do not allow the well-posedness of the 2-D model and of the
coupled problem. They are called defective boundary conditions in the literature, |2], [14], [12].
One should then rather apply a coupling method ensuring the following points:

(i) the well-posedness of the 1-D and 2-D models
(ii) the physical constraints are satisfied

(iii) the control of the difference between the coupled solution and the reference one (corre-
sponding to the 2-D model over the whole domain ). Indeed, due to the nature of the
problem, the reader can be easily convinced that one does not expect to end with a solution
of the 2-D model equal to the restriction of the reference one on 2.

The coupling problem with (I7a)) and ([7h) has been studied in [IT] and [12] using variational
and algebraic approaches. In this section, we propose an iterative coupling method based on
classical Schwarz algorithms. These iterative methods were used for the first time in the context
of dimensionally heterogeneous coupling in [2] and [3] to study a nonlinear hyperbolic coupling

Inria
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f}ﬂrlmt (;)5-15“;

Figure 5: Computational domains for the dimensionally homogeneous coupling problem

problem.

We will prove the convergence of these algorithms given an appropriate choice of boundary con-
ditions at x = Ly and on I'. Then we will study the solutions obtained after convergence and
compare them to the global reference solution u defined by [@)). Finally we will give some results
regarding the choice of the coupling interface position.

3.1 Schwarz algorithms

Let us introduce first the Schwarz algorithms in the context of dimensionally homogeneous cou-
pling. Consider the two systems, defined on ©; and Qs shown in Figure [}

{Euufu in Q CR and {Evva in Q5 CR (18)

by t ty t
By =g, on 0Q¢" By =g, on 00Q3"

The operators £,, and L, are different. We assume that u and v have to satisfy the following
constraints derived from the physics :

Ciu = Cyv (19a)
lu=Chv (19Db)
through the interface ", where C7, C7, C2 and CY are differential operators.

To couple these two models we can implement the following iterative algorithm:
For a given 00 and at each iteration k > 0, solve:

LyuFt! = fu in O Lokt = fo in Qo
Bovtyk+l = g, on 009" then Bovtyktl = g, on 00"
Byu*tlt = Bk oon T Blv*l = B/uAt on T

Once convergence is achieved, the physical constraints (I9al) and (I95) have to be satisfied. Then
care should be taken to choose the operators B,,, B!, B, and B! in order to ensure convergence

RR n°® 8182
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toward the unique solution defined by ([I8)), (I9a) and (I9L), see [15] and [16].
This method can be generalized to the dimensionally heterogeneous coupling case. Let assume

that we have to solve the following 1-D model/2-D model coupled problem:

Liug = f1 m Q9 CcR and Loug = fg in Qy C R2
BS¥yy =g on 909 BS%us = go on 9034t

and we suppose that we have the following coupling constraints to satisfy at © = Ly and on I':
Cl’u,l(Lo) = CQ (RUQ) (Lo) (20&)
Chus(Lo,z) = C] (Eu1) (Lg,2) on T (20Db)

Rus is a restriction of ug at @ = Lo and Eu; is an extension of uy (Lg) all along T'. More generally
we can define the operators R and £ as in [II] by:

R:AN — AO
Uglr Ruz\r

and

5:A0 — A

ul'I:Lo gul‘z:Lo

The spaces Ay et A are the trace spaces on the interface x = Ly for 1-D functions and on the
interface T" for 2-D functions. As mentioned in [IT], these two operators are not invertible.

One may thus implement the following algorithm:

For a given ug and at each iteration k > 0, solve:

Lyt = fi in O Loub™ = fo in
Bf“tu]f"'l = g1 on OOt then BS“ty k+1 = go on 009"
Bt = BoRub at oz =L Bgu’;“ = Bi&ut™ on T.

In practice, we do not have conditions such as (20al) (at © = Lo) and @20D) (for (z,z) on I),
but only conditions at & = Ly such as ([[7a)) and ([7h). This leads us to make a choice of the
operators R, &, C1, Co, C] and C%,.

In general the choice of the restriction operator R is more straightforward than the choice
of the extension operator £ one. In this study, since the 1-D model is obtained after some
approximations and by averaging the 2-D model, it is reasonable to define R as the vertical
average. On the other hand, the question of the choice of the operator £ remains open.

In [1I1] and [12], authors proposed a constant extension of (I7a)) and (IZhH) along I', and impose
the following strong coupling constraints:

ug(Lo,z) = U1(L0) on I u1(Lo) = H/ uz(Lo, 2)
ouy _ " Ous or
%(LO) = 7 O —— (Lo, 2)dz %(Lo,z) = 581&1 (L) on T

It is a choice among many others. One may also choose a multitude of operators C7, Co, C| and
C} ensuring the physical constraints to be satisfied.

The strategy that we adopt here is to choose, due to relations ([I0) and (I2)), a constant extension
of u; along I' and then to implement a family of Schwarz algorithms with appropriate boundary

Inria
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conditions at * = Ly and on I'. In this case Schwarz coupling algorithm reads:
For a given ug and at each iteration k > 0, solve :
7 *uktt g

oot uiT =R in (0, Lo)

W (0) = 3 (21)

Blulerl(Lo) = Blﬂlg
and then solve

7A’U,]2C+1 = FQ m QQ

a k+1
1;2 =0 on IZ%
n
guktl 22
1:32 +fiu§+1:O on T'% (22)
n
’U/]2€+1:’72 on I'gr

B2U§+1:BQ’U,]1€+1 on T

The linear operators By and Bs will be defined such that the points (i), (ii) and (iii) (see
introduction of Section [B]) are satisfied and such that the algorithm converges.
We will first study the convergence of the coupling algorithm. Subsequently we move on the
point (iii).
To ensure the convergence of Schwarz algorithms in the case of classical domain decomposition
without overlapping, it is proposed in [I7] to use Robin operators. We will extend the use of
these operators to our coupling problem. We define the operators By and By for a given A > 0
as follows:

B = 6inl + \d (23)
and
By = i + \ld (24)
ons

where n; and ny are the outward unit normal to the 1-D and 2-D domains respectively. We note
that the operators By and By ensure the well-posedness of the problem at each iteration. Let us
study the convergence of Schwarz algorithm with this family of operators.

3.2 Algorithm convergence

Proposition 1. For each A > 0, the (u},uk) Schwarz algorithm converges in H' (1) x H'(Qz)
to (uy,uy) that satisfies the physical constraints (I7d), (I7H).

Proof:
Let define the differences between two successive iterations:

ey (z) = ui™(z) —ui(x), Va € (0,Lo)

RR n°® 8182
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and

eé“(m, z) = ué“(m, z) — ué“(ac, z), Y(z,z) € Qo

These functions satisfy the following systems:

8261f+1 K

+ el =0 in (0, L)

Ox? H
ef0)=0 (25)
dektl oek _
alx (Lo) +Aef ™ (Lo) = 6—;(%) +Ae5(Lo)
and
—Aeb™ =0 in Q
k+1
a% =0 on IZ
n
k41
822 + meé“ =0 on T% (26)
n
eé“ =0 on Ig
aek+l aek+l
~ 8250 (Lo, 2) + b1 (Lo, 2) = —=2—(Lo) + A" (Ly) on T.
The first two equations of (25) lead to:
e"(2) = apy1sinh(azx), Yz € (0, Lo) (27)
where a;y; € Rand a = %

If we take the vertical average of the boundary condition on I' in (26]), and due to the boundary

condition at x = Ly, we obtain :

85’5“ k+1 a€]f+1 k+1
5, (Lo) + Ay (Lo) 5, (Lo) + Aey ™ (Lo)
6ék+1 6€k+2
8250 (Lo) + Aes ™t (Lo) alx (Lo) + Aeyt*(Lo).
This implies:
1
élg-’_l(Lo) = ﬁ (A()ék+2 + BOék+1) (28)
and
ekttt 1
;z (Lo) = 5 (Aagt2 — Bagy) (29)
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where A = acosh(aLg) + Asinh(aLg) and B = —acosh(aLg) + Asinh(aLyg).

Now by multiplying the first equation of (26) by e§+1 and by integrating in {29, we obtain:

aek—i-l
/ |Veb™ 2dadz — / 2 ektldo =0
o o0, On

then using the boundary conditions on I'2. and I'g, we obtain:

k+1
Oes

e (Lo, 2)eb™ (Lo, 2)dz. (30)
r

/ |Ve§+1|2dacdz+/ klesT 2de = —
Qs r2,

k+1
2

ox

We replace (Lo, z) in B0) by its value obtained by using Robin boundary condition on I':

akJrl
| vt sz [ wiestipae — [ ( (L) + A6l (Lo) ~ Ak (Lo, 2) | e+ (Lo, 2)dz
9 72 I

B
H
= BakHHé’;“(LO)—A/ leAT112(Lo, 2)dz
0

Bag+1H " k412
= —y (Aagio + Bags1) — )\/ les™ 2 (Lo, 2)dz.  (31)
0

We now replace eX (Lo, z) in (B0) using the same Robin boundary condition:

VA Pdads + flebH2dp = 1 76611€+1(L)+>\ek+1(L) 86§+1(L s
Q 2 22 N rA or ! 0 or O
2 B
1 H aek"rl
_X/o 8250 (Lo, 2)| dz
B I 9kt 1 [H]|gek+
_ Qpi1 862 (LO) - 862 (LO; Z) dz
A ox AJo Ox
Ba H 1 H a€k+1
= -2l (o~ Bow) -5 [ |F (L) d

Due to the fact that A > 0, we deduce that:

Bogp 1 H
;7;1 (Aagie + Bagi1) >0
and
Boyp 1 H
*;7;1 (Aagt2 — Bagy1) > 0.
Thus:

2 2 2 2
Afag o — B aj; <0.

Then we obtain:
o7y - B_2 _ —acosh(aLg) + Asinh(aLo) |* <1
ap ., A2 acosh(aLg) + Asinh(aLg)

RR n°® 8182
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and finally
Qk42

B
<|—=| <1 32
Qg1 ‘A' (32)

So that the sequence (ay)ren converge to zero.
Let us now remark that for all kK > 0, n > 0, we have:

n—1
1
ulchrn _ ullc _ E :ellc-i-p-'r
p=0
and
—1
6(u1f+"—u]f) N del ot
ox ox
p=0

Using the relation ([27)) and the fact that the sequence (ag)ren converges, we can prove that
k

0
(u¥)ren and (%)keN are Cauchy sequences in L?(€;). So that (u})ren is a Cauchy sequence
x
in Hl(Ql>
In the same way we observe that for all £ > 0, n > 0, we have:

n—1
k+n By k+p+1
Viug ™ —usy) = E Ve,
p=0

Using ([B1]), we deduce that:

Bak_;’_lH

o) (Aagyo + Bagt1)

/ |Vebt2dedz <
Q2

and then we can prove that (Vek)ien is a Cauchy sequence in L?(£22) and due to the Poincaré
inequality we have also (u})ren is a Cauchy sequence in L2(Qs). So that (u5)ken is a Cauchy
sequence in H' ().

To conclude we have prove that (u¥,u}) Schwarz algorithm converges in H'(;) x H'(£y).
Moreover, at convergence the limit (u3,u3) verifies Bous = Bouf and Byu} = Byuj. Taking the
vertical average on I' gives two linear combinations of the constraints ([7al), ([CZ0).0]

Remark 2.

e The Schwarz algorithms converge for all X positive, but we remark that for A = a coth(aLy),
we have exact convergence in two iterations. Indeed we have in this case:

aek+1
- 81 + acoth(aLy)e®™ =0 Vk >0,
x
and then:
aek+l aek+1
Boeht! = f% + acoth(aLg)es™ = 78; + acoth(aLg)ef™ =0 Vk >0,
x x

0
The operator e + acoth(aLg)ld corresponds to the absorbing operator of the 1-D model.
ni

We denote by Aopi this value of A, see for example [18].

Inria



DDM for a dim-heterogeneous problem 15

o If we take Ay # \a, we have a priori (uy*,uy) # (u}?,uy?). This is in accordance with the

ill-posedness of coupling problem defined by (I3), (I0), {I7Zd) and (I78).

For the sake of clarity we will denote (uy,us) the limit of Schwarz algorithm instead of (u7,u?).

3.3 Control of the difference between the coupled solution and the
global reference solution

Unlike the case of domain decomposition, at convergence of Schwarz algorithm, we have ug # ulq,
due to the model reduction. But as mentioned above, we have chosen the family of Robin
operators in order to get some control of the difference between us and u|q,. In fact we have the
following result:

Theorem 1. for each A > 0, let (u},ud) denotes the limit of the Schwarz algorithm. If Lo < L;
then there exists M (\) > 0 such that:

||u‘g22 — UQHHI(QZ) < M()\)E\/ 1462 (33)

Ly

where § = rLO

Proof
The function u|g, — us is the solution of the system:

—A(u—uz) =0 in
O(u — ug)
on

Ou —uz)
on

=0 on TI%

+k(u—uz) =0 on TI%

u—uy=0 on I'g.

By multiplying the first equation by u — uy and using the boundary conditions on I'2 UT% UT g,
we obtain:

|V (u — ug) |*dvdz + Klu — ug|*de — Ofu = uz) (u—wug)dz = 0. (%)
/. J; J

2 T an
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%+>\UQ = 7%4*)\11,1

The integral term on I' is reformulated using the boundary condition — 3 3
x x

satisfied by the limit us:

O(u — us) B H 9w — uy)
/FT(ufUQ)dz = /0 T(Lo,z)(u—UQ)(Lo,z)dz

H
9
- - 5 (Lo,2) (u = ug) (Lo, 2)d=

_ /OH <%(Lo) + Aui(Lo) — Aua(Lo, z)> (u —u2) (Lo, 2)dz

_ /OH< gu(Lo,z)Jr)\u(Lo,z)) (u — uz) (Lo, 2)dz

_ /OH (_%(LO) + )\ul(LO)) (u — uz) (Lo, 2)dz
H
—)\/O (u — uz)” (Lo, 2)dz.

e The first term reads:

/ ! (—?+>\U) (Lo, 2) (u— uz) (Lo, 2)dz = OH (—%Hu) (Lo, 2) (u(Lo, 2) — (L)) d2

T

+/OH (_% + )\u) (Lo, 2) (@(Lo) — u1(Lo)) dz

! /OH (_% - A“) (Lo.2) (u1(Lo) — uz(Lo, 2)) dz.

@(Lo,z) + \u(Lo, z) = O(1), we
T

Due to the relations (I0) and ([I2) and to the fact that — 3

deduce:

/OH (‘% " *“) (Lo, 2) (u(Lo, 2) — u(Lo)) dz = O(<*)

In the same way, if we assume that Ly < Ljp, so that 2-D effects are insignificant in ; N
{Lo < x < L1}, and applying a similar asymptotic analysis as in the first section to the 2-D
model defined in 5, we can deduce that:

us(Lo,2) = ia(Lo) + O(8%2)
= u(Lo) + O(6%c?), Vz e [0, H] (34)
So that:
/O ! (% + Au) (Lo, 2) (un(Lo) — us(Lo, 2)) dz = O(6%2)
Finally:

/OH (—% + )\u) (Lo, 2) (@(Lo) — u1(Lo)) dz = H (—% + Au) (Lo) (a(Lo) — u1(Lo))  (35)

Inria



DDM for a dim-heterogeneous problem 17

e Since u1(Lg) = ua(Lg), the second term reads:

- /OH (_%@0) + )\ul(Lo)) (u—ug) (Lo, 2)dz = —H (—w + A — u)) (Lo) (@ = u1) (Lo)

- H (—% + )\u) (Lo) (@ —u1) (Lo) (xx)

We reformulate the first term of the right. Note that the function w; — @ satisfies the equation:

—W(m) + a2(u1 —u)(x) = aQ(Q(ac) —u(x,0)), Va € (0,Lo)

So that by multiplying this equation by u; — @, after integration on (0, Lg) and use of the
boundary condition u1(0) = @(0), we obtain:

/OLo (%)2 (z)dx + a® /OLO (uy —)* (x)dx — W(LO)(M _a)(Lo) =
[ a0 w0y @) - D

thus:

—Uu Lo
,%(Lo)(ul —a)(Lo) = /0 a?(a(z) — u(z,0))(u1(z) — a(z))de — Ay (ug — 4, ug — )

where A (uy — @, u; — @) = /OLU <w>2 (z)dx + a® /OLU (uy — @)” (x)dz.

And then (=) becomes:

H 8u1 _ Lo _
_/O (_%(LO) + )\ul(Lo)) (u—wu2)dz = H/ —u(x,0))(u1(z) — a(x))dr
—HA;(uy — @ uy — @) + MH (@ — u1)? (L)

“H (—g——i-)\u)( o) (@—w)(Lo)  (36)

e To recap, the boundary term on I' in (@) becomes:

— U2 2 2.2 LU2— i
[ wmuyas = 0+ 0@ + 1 [ (o) — ule,0) s (+) - s
T 0

—HA(uy — @, u1 — @) + AH (@ — u1)? (Lo)
a 2
—)\/O (u—wu2)”dz
We first observe that:
/0 o2 (ia() —u(z, 0)) (ur (z) — () )dar < —/ () —u(z, 0)) dx—f——/ (ur () — (z))2dz.
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It follows that:

— U 2y _2 a* [t 2
/F%(uug)dz < C(1+5)5)+H7/0 (u(x) — u(z,0)) dx

—HA (uy — a,u; — 1) + H% /O 0(u1(,7:) — a(x))?d
H
+AH (@ —u1)? (Lo) — )\/0 (u—ug)? (Lo, 2)dz

where C' is a positive constant.
Then we have:
a2 Lo
—Aj(u1 — @, ur — ) + ?/ (ui(z) — @(x))*dr <0
0
and finally, using the definition of w(Lg) and the relation uq(Lg) = u2(Ly), we obtain:

2

H H H
NH (’l_l,*ul)2 (LO) )\/0 (U7u2)2 dz = MH (%/0 (U’LLQ)dZ> )\/0 (uqu)Q dz

(/OH(UUQ)dz>2)\/OH(uu2)2dz
/\% (/OH 1dz> (/OH(UUQ)?dz) A/OH (u—ug)? dz

0.

A

| =

IN

IN

We now come back to (), which gives:
/ |V(u—uQ)|2dacdz—|—/ Klu —ug|?de < M(1+ 6%)e?
0, r2,

and thus:
/ |V (u — ug) |?dedz < M(1 4 6%)e?
Qo
Where M denotes a positive constant.

Finally, due to the fact that w — us = 0 on I'g, and by using Poincaré inequality we can deduce
the inequality (B3]).0

Remark 3.

e This proposition fails if we choose the interface position in a zone where 2-D effects are
significant. In this case relation (34) is no more available.

e The right term of (33) is also an upper bound of |uy" — ug‘QHHl(gb) for all Ay and Ao
positive.
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4 Numerical results

The test cases presented in this section illustrate the coupling method of 1-D and 2-D elliptic
equations based on Schwarz algorithm. All the computations have been done using the software
package Freefem++ [19], with a P> finite element discretization.

In the first part of this section, the two test cases will be described in details. In the second and
third parts, we will focus on one hand on the Scharwz algorithm convergence and on the other
hand on the comparison of the coupled solution with the reference solution in order to enlight
the theoretical results obtained in the previous paragraphs.

4.1 Description of the test cases
4.1.1 Test #1:

The first test case is concerned with the solution of the 2-D problem (2) where the domain is
a rectangle Q = [0, L] x [0, H| which is assumed to be uniformly shallow: H < L. Let us
consider that the right-hand side term F(z, z) of the full 2-D problem is F(z,z) = mexp(—(z —

2
x*)?) sin(ﬂ)7 where o* < L.

The global reference solution w is displayed in Figure

-0.0949 -0.000242 0.0944
I -

Figure 6: 2-D reference solution for the first test case where L = 20, z* = 19, H = 0.5 and
k = 0.001.

We notice that the 2-D effects are due to the particular form of the forcing term F' and are
located around z*.

Now let us define the coupled model.
The interface is located at * = Lo < x* as shown in Figure [l In the part of the domain
Oy = [0, Lo] x [0, H], we assume a priori that the 2-D effects are negligible and consequently we
replace the full 2-D equations by the 1-D model (see (IH)).

4.1.2 Test #2:

In this second test case, the 2-D effects are due to the funnel-shaped geometry of the domain
(see Figure Ral), and the forcing term is constant (= 1).

The reference solution in the whole domain is displayed in Figure
The coupled model is defined by splitting the domain in two parts. The interface I' is located at
x =Ly, 0 < Ly < Lo as shown in Figure 8

RR n°® 8182
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H...Pf- 0 [y

L

Iy
0
] I (s s
0 Ly 1y b,

(b) Computational domain for the 1-D/2-D reduced model

Figure 7: Computational domains for both the reference and reduced models in test case #1.
For the reduced model (b), the 1-D/2-D interface T is located in x = L.

4.2 Convergence of the Schwarz algorithm

In this section we provide numerical results to assess the theoretical results of 8 We are inter-
ested in illustrating the optimal convergence of Schwarz algorithm for the parameter A = Agp¢.
Figure [[0al shows the difference between the iterates of the Schwarz algorithm in L* norm for
the two test cases.

As demonstrated in §3] the Schwarz algorithm converges in two iterations for the optimal parame-
trer A = Agp¢. It is important to notice that this result is independent of the interface location.

4.3 Difference between the coupled solution and the full 2-D solution

One important point in the analysis of the accuracy of the coupling procedure is the comparison
of the coupled solution with the reference solution as a function of the interface location z = L.
Contrarily to the classical domain decomposition problems, here there is a difference between
the (converged) coupled solution and the full 2-D solution; this difference is due to the model
reduction that is performed in the 1-D part of the domain. This difference depends on the loca-
tion chosen to discriminate between 1-D and 2-D regions. Figures [Tal and [[11]left show the H'!
error between coupled and reference solutions as a function of the interface location for the two
test cases. Figures [Tal and [[1H right show the H' error in 5 between coupled and reference

. . H
solutions as a function of ¢ = T for the two test cases.

It is interesting to notice that for both test cases there is a discontinuity in the curve rep-
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[+ H

(a) Computational domain for the 2-D reference model

0 r

I'p

(b) Computational domain for the 1-D/2-D reduced model

Figure 8: Computational domains for both the reference and reduced models in test case #2.
For the reduced model (b), the 1-D/2-D interface T is located in o = L.

resenting the error as a function of Ly (see Figure [[I] left column). This discontinuity occurs
both for the numerical difference between us and ug, (black curve), and the theoretical curve
(in red) corresponding to the right-hand-side of estimate [B3]). Indeed, if L is greater than a
certain threshold, the error grows very rapidly (and 6 — oo in estimate (33))). This could be
an indication of the real (a priori unknown) value of L; (see discussion at the end of Section
above).
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2.39e-36
I

0.473

0.945
B

Figure 9: 2-D reference solution for the second test case where L = 2, H = 0.05, [ = 3 and

x = 0.001

log{DDH2 Sup Error}
'
&

lanbda optinal
lanbda=1
lanbda=5
lanbda=18
lanbda=28

-2
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-8

log(DDH Sup Error)

lanbda optinal
lanbda=1
lanbda=5
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lanbda=28

200 300 400 568 600 700
Iterations

48 -] 80
Tterations

Figure 10: Convergence of Schwarz algorithm with various values of A. Left: test case #1 with
L =20, Ly =16, H = 0.5 and k = 0.001. Right: test case #2 with L =2, Ly = 1.5, H = 0.05,
=3 and k = 0.001.

5 Conclusion

In this paper we studied a linear boundary valued problem set in a 2-D domain, and assume
that the solution may be approximated by a 1-D function in some part of the computational
domain. We thus derive a reduced model that consists coupling a 1-D model (wherever we think
it is legitimate) together with the original 2-D system (everywhere else).
The model reduction is performed thanks to a small aspect ratio hypothesis, with an integration
in the shallow direction (we mimic the derivation of the shallow water equations). After this
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4
Log10 H1 global error
Log10 theoretical upper bound error 0
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(a) Test case # 1: (left): L =20, H = 0.5 and x = 0.001. (right): L =20, Lo = 14 and x = 0.01.

Log10 H1 global error
Log10 theoretical upper bound error 0

Log10 H1 global error
Log10 theoretical upper bound error

10 . . . . . . . . . ) ; . . . . . .
o 02 04 06 08 1 12 14 16 18 2 -92.6 24 2.2 2 -1.8 -16 -1.4 12

Lo Log10(epsilon)

(b) Test case # 2: (left): L =2, H = 0.05 and x = 0.001. (right): L = 2, Lo = 1.5 and & = 0.001.

Figure 11: Relative error as a function of Lo (left) and e (right) between the coupled solution
and the 2-D reference solution in test case #1 (top) and #2 (bottom). In the left column, the
red curves correspond (for both test cases) to the RHS of estimate (33).

derivation we introduce an iterative method that couples the 1-D and 2-D systems and we prove
some convergence results. One original aspect of this work is the particular attention that is paid
to the location of the 1-D/2-D interface. These theoretical results are illustrated with numerical
simulations that underline the importance of the interface position, but also the way 1-D and 2-D
models are coupled (boundary conditions at this interface). All these aspects, that have been
studied here with a linear model, will be considered in a forthcoming study of dimensionally
heterogeneous modelling in fluid dynamics.

Acknowledgments

This work was supported by the research department of the French national electricity company,
EDF R&D.

RR n°® 8182



24

M. Tayachi , A. Rousseau , E. Blayo , N. Goutal and V. Martin

Contents

References

(1]

2]

13

14]

[5]

16]

7]

18]

J. F. GERBEAU, B. PERTHAME, Derivation of Viscous Saint-Venant System for Laminar
Shallow Water; Numerical Validation, Discrete and Continuous Dynamical Systems, Series
B 1, (2001), pp. 89-102 .

L. FORMAGGIA, J. F. GERBEAU, F. NOBILE AND A. QUARTERONI, On the coupling of 3D
and 1D Navier-Stokes equations for flows problem in compliant vessels, Computer Methods
in Applied Mechanics and Engineering, 191, 6-7 (2001), pp. 561-582.

E. MiGgrLio, S. PEROTTO AND F. SALERI, Model coupling techniques for free-surface flow
problems : Part I, Nonlinear Analysis ELSEVIER, 63, (2005), pp. 1885-18896 .

J. MARIN AND J. MONNIER, Superposition of local zoom models and simultaneous calibra-
tion for 1D-2D shallow water flows, Mathematics and Computers in Simulation, Volume 80
Issue 3, (2009), pp. 547-560.

P. FinauD-GuyoT, C. DELENNE, V. GUINOT AND C. LLOVEL, 1D-2D coupling for river
flow modeling, Comptes-Rendus de I’Académie des Sciences, Vol 339, (2011), pp. 226-234.

N. MALLERON, F. Zaoul, N. GoUTAL AND T. MOREL, On the use of a high-performance

framework for efficient model coupling in hydroinformatics, Environmental Modelling and
Software, 26, (2011), pp. 1747-1758.

J. LEva, P. BLANCO AND G. BUSCAGLIA Partitioned analysis for dimensionally-
heterogeneous hydraulic networks SITAM Multiscale Model. Simul., vol 9, (2011), pp. 872—
903.

E. GOoDLEWSKI AND P.A. RAVIART, The numerical interface coupling of nonlinear hyper-
bolic systems of conservation laws. The scalar case, Numerische Mathematik, vol. 97, (2004),
pp. 81-130.

Inria



DDM for a dim-heterogeneous problem 25

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

E. GopLEwskKI, K.C. LE THANH AND P.A. RAVIART, The numerical interface coupling of

nonlinear hyperbolic systems of conservation laws. The case of systems, Math. Mod. Num.
Anal., vol. 39(4), (2005), pp. 649-692.

B. BoutrTIN, Mathematical and numerical study of nonlinear hyperbolic equations: model
coupling and nonclassical shocks., Ph.D. thesis, Université Paris 6, 2009.

P. J. Branco, M. DISCACCIATI AND A. QUARTERONI, Modeling dimensionally-
heterogeneous problems: analysis, approrimation and applications, Numer. Math, vol. 119,
Number 2, (2011), pp. 299-335.

J. LEIvA, P. BLANCO AND G. BUSCAGLIA, [terative strong coupling of dimensionally-
heterogeneous models, International Journal for Numerical Methods in Engineering, Vol 81,
(2010), pp. 1558-1580.

Y. CENGEL, Introduction to thermodynamics and heat transfer, McGraw-Hill Higher Edu-
cation, 1997.

L. FOorMAGGIA, J. F. GERBEAU, F. NOBILE AND A. QUARTERONI, Numerical treatment of
defective boundary conditions for the Navier-Stokes equations, STAM Journal on Numerical
Analysis, Volume 40, Number 1, (2002), pp. 376-401.

A. QUARTERONI AND A. VALLI, Domain Decomposition Methods for Partial Differential
Equations, Oxford University Press, NewYork, 2005.

V. MARTIN, Méthodes de décomposition de domaine de type relaxation d’ondes pour des
équations de l’océanographie., Ph.D thesis, Université Paris 13, 2003.

P. L LioNs, On the Schwarz alternating method. III. A variant for nonoverlapping subdo-
mains, in Third International Symposium on Domain Decomposition Methods for Partial
Differential Equations (Houston, TX, 1989), SIAM, Philadelphia, PA, (1990), pp. 202-223.

C. JAPHET AND F. NATAF, The best interface conditions for domain decomposition methods:
absorbing boundary conditions, in Absorbing boundaries and layers, domain decomposition
methods, Applications to Large Scale Computations, L. Tourrette and L. Halpern, eds.,
Nova Science Publishers, Inc., New York, 2001, pp. 348-373.

F. Hecht, O. Pironneau, and A. Le Hyaric. FreeFem++ manual. 2004.

RR n°® 8182



V4

: informatics , mathematics

RESEARCH CENTRE
GRENOBLE - RHONE-ALPES

Inovallée
655 avenue de I'Europe Montbonnot
38334 Saint Ismier Cedex

Publisher

Inria

Domaine de Voluceau - Rocquencourt
BP 105 - 78153 Le Chesnay Cedex
inria.fr

ISSN 0249-6399



	Introduction
	Derivation of the reduced model
	Coupling algorithm
	Schwarz algorithms
	Algorithm convergence
	Control of the difference between the coupled solution and the global reference solution

	Numerical results
	Description of the test cases
	Test #1:
	Test #2:

	Convergence of the Schwarz algorithm
	Difference between the coupled solution and the full 2-D solution

	Conclusion

