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Analyse de convergence d’un schéma de
projection semi-implicit pour des problemes
d’interaction fluide-structure

Résumé : Dans cet article on étudie la convergence d’un schéma de projection
semi-implicite pour la simulation des phénomenes d’interaction fluide-structure
dans le cas ou le fluide est visqueux incompressible. L’analyse d’erreur est
effectuée sur le systeme linéaire des équations de Stokes couplées aux équations
de D'élasticté discretisées en temps et en espace. La discretisation en espace
repose sur une approximation éléments finis avec raccordement incompatible
a l'interface fluide-structure. La discretisation en temps des équations fluides
repose sur le schéma non incrémental de Chorin-Temam et le couplage entre
le fluide et la structure se fait de fagon semi-implicite en temps. On montre
que Pordre de convergence est au moins de /8t en temps alors que l'ordre
de convergence en espace dépend de l'opérateur éléments finis de raccord a
Iinterface et du modele de structure considéré. Des tests numériques sur la
convergence en temps confirment les résultats thériques obtenus.

Mots-clés : interaction fluide-structure, analyse de convergence, couplage
semi-implicite, schéma de projection de Chorin-Temam
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1 Introduction

The numerical simulation of fluid-structure systems involving an incompress-
ible viscous fluid may be difficult when the so-called added-mass effect is strong
[12, 2I]. This remains true even for really simple linear coupled systems. In
literature, a great variety of strategies have been proposed to solve this kind of
problem. Generally speaking, they can be classified in three groups of coupling
schemes: implicit (also called fully coupled), explicit (or staggered) and semi-
implicit. The implicit ones, like for example [3], 19} 23] B6], preserve the energy
balance at the interface between fluid and structure but are computationally ex-
pensive. Explicit schemes are cheaper but generally unstable in problems with a
strong added-mass effect. They require ad hoc treatments of the interface cou-
pling conditions to be stable (see for example [I11 [30]). Semi-implicit schemes,
which represent a good compromise between the previous two, are cheaper than
the implicit ones but more stable than the explicit ones [1l 4, 20, B7]. In the
latter group, the key idea is to perform an explicit-implicit splitting, based on
the use of projection schemes, like the Chorin-Temam method [13] 14} 43] or the
algebraic splitting methods [38] [40]. At each time step, the projection sub-step
is implicitly coupled with the structure, whereas the viscous sub-step, taking
into account the convective-viscous effects and the geometrical non-linearities,
is treated explicitly.

A number of works has been devoted to the analysis of fluid-structure inter-
action (FSI) coupling schemes [17, 25, [26], 42], among them we refer in particular
to [34], in which the convergence of a fully implicit time dependent linearized FSI
problem with non matching finite elements at the interface has been analyzed.
There, optimal error estimates are derived.

Our work is devoted to the convergence analysis of the projection semi-
implicit algorithm proposed in [20], in which the non-incremental Chorin-Temam
projection scheme has been used to obtain a conditionally stable semi-implicit
coupling scheme (see [20, Theorem 1]). The analysis will be carried out for a lin-
ear fluid-structure problem where the fluid is described by the Stokes equations,
the structure by the classical linear elastodynamics equations (linearized elastic-
ity, plate or shell models) and all changes of geometry are neglected. The fluid
and structure equations are fully discretized in space and time. In particular, for
the coupled problem a space finite element discretization with non-conforming
matching at the interface is considered, the fluid is discretized in time with
the non-incremental Chorin-Temam projection scheme, while the structure by
a first order in time scheme. The coupling conditions at the interface are first
order in time approximations and are treated in a semi-implicit way.

The algorithm raises interesting theoretical and numerical problems concern-
ing its accuracy in time and, to our knowledge, this is the first study where error
estimates are derived for such schemes. Our aim is to better understand what
kind of time accuracy could be expected. It is clear that the scheme will be at
most of order one. However, there are two main reasons for which it could be
of order less than one. First, it is well-known that the non-incremental Chorin-
Temam scheme, in a pure hydrodynamic problem, has a reduced time accuracy.
For the latter, the following error estimates for the velocities uy, w, and the
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4 Astorino & Grandmont

pressure p;, were indeed proved (see [2, [I8] 28] 29] B9] for more details):

[Jw(t™) — wpllie 2y + [[w(t”) =y |l (L2(0r)) < c(hFTT 4 6t),
Jw(t™) — g |1 i)y + [[PE) = DRl z2aryy < e(B® +V6t),

where k is the finite element order (we refer to Section [3|for the notation used).
How the accuracy of the fluid scheme acts on the one of the coupled scheme
must then be studied. Second, the semi-implicit treatment of the coupling con-
ditions at the fluid-structure interface may also contribute to a modification
of the convergence order. Our aim is therefore to investigate through a theo-
retical analysis and by means of some numerical experiments if and how the
convergence rate of the projection semi-implicit algorithm is affected.

The paper is organized as follows. In Section [2| the coupled fluid-structure
problem is introduced in a differential form. Initial and boundary conditions are
given both for the Stokes and the elastodynamic equations. Subsequently the
variational formulation and the corresponding variational setting are presented.
Section [3| describes the projection semi-implicit scheme proposed in [20]. Spe-
cial attention is given to its time and space discretization and to the interface
matching operator between the fluid and structure domains. In particular, we
remark that for the structure, the Leap-Frog time discretization scheme is used
throughout the analysis since a conditional stability has been proved in this case.
The study for the Newmark scheme is still an open question from a theoretical
point of view, even if computationally it is known to lead to stable algorithms.
A non-conforming space discretization of the coupled domain is considered and
two possible matching operators are analyzed: a pointwise matching and an
integral one. The introduction of a matching operator comes from the fact that,
for the time being, the stability analysis of the semi-implicit scheme is proved in
[20] under stability conditions that involve different mesh sizes for the fluid and
the structure. In Section [4] we build appropriate finite element approximations
of the continuous velocity, pressure and displacement. In Section [5] we state
the main result and we detail the error analysis of the numerical scheme. A
discussion on the optimality in space of the error estimates depending on the
structure model, on the interface matching operator and on the polynomial de-
gree of the approximation for the fluid is also presented. Numerical experiments
that confirm the theoretical result are given in Section [6] There, the time ac-
curacy of the analyzed semi-implicit coupling scheme is compared to the ones
of two other FSI algorithms with respect to an analytical solution. Finally, the
last section is devoted to concluding remarks.

2 Problem setting

2.1 Hypotheses and notations

In order to carry out the analysis we consider a simplified fluid-structure in-
teraction model where a low Reynolds regime is assumed and where the fluid-
structure interface undergoes infinitesimal displacements. The fluid might then
be simply described by the Stokes equations in a fixed domain Qf ¢ R?, d = 2, 3.
For the structure we also consider a linear behavior, described either by the
classical linearized elastodynamics equations or by equations based on linear
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Convergence analysis of a semi-implicit FSI coupling scheme 5

beam/plate/shell models. The reference domain of the solid is denoted by
Q° c R?. It will be either a domain or a surface of R? (in this latter case the elas-

tic domain is identified by its mid-surface). We still denote by ¥ f 900 N on?
the fluid-structure interface. When the structure is described by beam/shell
model we have Q° = ¥, see Figure [l We indicate by T'¢ (resp. I'?) the fluid
(resp. structure) boundary which doesn’t belong to the fluid-structure interface.

Namely I‘fc = 9Q/\X (resp. T'? = 9Q°\%).

- /

(a) Case Q5 # 3 (b) Case Q5 =%

Figure 1: Examples of geometric configurations.

When dealing with a d-dimensional structure, our fluid-structure problem
reads as follows:
Find the fluid velocity u : Qf x Rt — R9, the fluid pressure p : Qf x R* — R
and the structure displacement n : Q° x RT — R? such that

P ou -V ol (u,p) =0 in QF
V-u=0 in O,

wu=0 on I (2)
p°Oun—V-o°(n) =0 in QF
n=0 on T%

with the interface coupling conditions

u=0m on X,

{Us(n)ns =—o/(u,p)nf on . 3)

Here, p/ and p* represent respectively the fluid and solid densities, o/ (u, p) def

—pI+2ue(u) stands for the fluid Cauchy stress tensor, with p the fluid dynamic
viscosity and €(u) def 3 (Vu + VuT) the strain rate tensor. In the structure
equation, o*®(n) stands for the Cauchy stress tensor and is related to the dis-
placement 7 through an appropriate constitutive law (the Hook’s law in the
case of linearized elasticity). The coupling between the fluid and the structure
is realized by imposing at the interface % the kinematic condition 1 and the
action-reaction principle 2. In ([@)2, nf and n® define, respectively, the out-
ward unit normals to the fluid and solid domains. The coupled problem —
is finally completed by the initial conditions

u(0) = ug, n(0) = ny, 9n(0) =mn;. (4)

Before going any further in the analysis, a few remarks are in order:
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6 Astorino & Grandmont

e To avoid a pedantic notation the space-time dependence of the unknowns
will be occasionally omitted throughout this work, the equivalence of the
notations

u=u(t) =u(z,t), p=p(t)=px,t) and n=nt)=mn(=x,t),
is however assumed.

e For the sake of simplicity, we choose to consider homogeneous Dirichlet
boundary conditions on I’jﬁ and I'? and no external forces on the cou-
pled system. Nonetheless, the performed convergence analysis could be
easily extended to a case where more general assumptions on boundary
conditions hold and external forces are considered.

e When the structure motion is described by a beam, shell or membrane
model the coupling condition is the kinematic condition (equality of the
velocities) and instead of condition (32, the load applied by the fluid on
the elastic media appears in the right-hand side of the structure equation.
Nevertheless, the variational formulation of both problems takes the very
same form.

2.2 Variational formulation

In order to provide a variational setting for the above coupled problem, we
consider the usual Sobolev spaces H™(2), m > 0, with the subspaces

HYQ) Y {feH™Q): f=0 on 00}

and
HPW (@) {fe H™Q): f=0 on T}

Here L?(2) = H%(Q) and the associated scalar product will be denoted by
(,-)a. The space H™(Q) is equipped with the norm || - ||, o and semi-norm
| |m. for a given domain 2 C R?. Hence, for the fluid, we define the functional
spaces

Vfdéf{vfGHl(Qf) : v/ =0 on I“}},

def
Q= {qe LX)},
while for the structure, the functional space is denoted by V* C {v* € H(Q%) : v* =0 on I'!}.
In the particular case of linearized elasticity the equality holds, that is
Vi={v*e H'(Q*): v*=0 on I‘g}.

We also assume that no distinction will be made between spaces of real-valued
functions and spaces of vector-valued functions.

A first weak formulation for the problem — can be derived by multiply-
ing equations (21 and (2)4 by a test function v € H}(Q/ UQ* UX) such that
v|qs € V°. Performing an integration by parts and using the interface condition
2 yields

ps(attna v)QS + a’ (777 U) + pf (815“’7 U)Qf + QM(E(U), E(U))Qf
— (0, V v)g, + (. V- u)g, =0,
V(v,q) € HY(Q UQ UE) x L*(QF), vjg: €V, (5)

INRIA



Convergence analysis of a semi-implicit FSI coupling scheme 7

where a®(-,-) denotes the bilinear form associated with the structure part. We
will assume that a®(-,-) defines a scalar product on V* and that exists r > 1
such that

a*(v,0) = Cllol2 g, Vo e V™. (6)

Typically, r will be equal to 1 or 2. In the case of linearized elasticity, a®(-,-)
writes

a*(n,v) = (a°(n), €(v)) .,
and it is coercive in H} 1.,(€°) (thus r = 1) thanks to Korn’s inequality [15].
In (5], a global test function v € H} (2 UQ*UX) has been used. Nonetheless,
we could also have independent test functions that are not necessary equal at
the interface X of the two subdomains. In this case, a more general variational

formulation of — could be written by introducing a Lagrange multiplier &
such that (u,n,p, &) satisfy

ps (atﬂ% ’US)QS + a’ (na vs) + pf (atua vf)Qf + 2M (€(u>7 e(vf))ng
- (p7 V. vf)Qf + (q7 V. U)Qf + <§7US - vf>2 = Oa
V(' vl,q) e Ve x VI xQ. (7)

Here, the operator (-,-)y, denotes the duality product between (Héo/2 (X)) and

HOIgQ(Z). The space HSéQ(E) is a subspace of H'/2(X) with a strictly finer
topology, such that, if we extend by zero on 9Qf (resp. Q%) any v € HééZ(E),
then the extension belongs to H'/2(9Q7) (resp. H'/2(99°)). For a proof of the
existence of the Lagrange multiplier & we refer to [34].

This last formulation will be the one used in our analysis. As a matter of fact,
since we will consider non-conforming finite element, the discrete test functions
will not be equal at the interface but will only satisfy a weak matching.

Note that any regular enough solution of such a coupled fluid-structure sys-
tem satisfies an energy equality that writes

Pf 2 2
Lok v P+
2 Jas Qf
—_——— N—————
Fluid kinetic energy Dissipation within the fluid
P’ L
B |0im|? + 54 (n.m)
Qs
S

Structure kinetic energy Structure mechanical energy
f s 1
p p :
= [ ol B [+ gt
of) Qs

For the well-posedness of the linear fluid-structure interaction problem we refer
to [17), B84, [35], and, in all that follows, we will assume that its solution is smooth
enough.

Remark 1 We recall that for the coupled problem — different resolution
strategies has been developed: from monolithic approaches, to partitioned proce-
dures (see e.g. [22, Chapter 9] for a review). The semi-implicit fluid-structure
interaction scheme we will analyze is based on a Dirichlet—Neumann partitioned
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8 Astorino & Grandmont

procedure: the fluid problem is solved with a Dirichlet boundary condition at the
interface, the structure with a Neumann boundary condition. In this framework,
the variational formulation could be equivalently rewritten in the following
way:
For all (v/,q) € (VI NH}(Q)) x Q and v* € V*, find (u,p,m) € VI xQ x V*
such that

pf (atu7vf)Qf + 2/1‘(6(11‘)7 E(vf))Qf - (pa \E vf)Qf + (Qa A\ U)Qf = 07

u = 875777 on E, (8)
ps(attn7 US)QS + a’s(na Us) = <R(u7p)a E(’US» .
The operator L represents a continuous extension operator from V¥ into the
space VI, while <R(u,p),vf> is defined by
(R(u,p),v") def i (8tu,'uf)m+2,u(e(u), e(vf))m —(p, V-vf)m, Vol e V7,

and it represents the fluid interface load on the structure.

Note that, since <R(u,p)7 'Uf> depends only on the trace of v° at the interface
and not on the choice of L, we can easily prove the equivalence between and
thanks to the following decomposition

Hy(Q uQus) =Vp & Vy,
where
Vp={veHy(Q uQUD): v =v' € (V/ NH{(Q)) and v =0},

Vv ={ve H)(QUUQUY) v =v*€V*® and I L s.t. viar = L(v°)}.

3 Semi-implicit projection scheme

Let us denote by dt > 0 the time step. Assuming that @”, u™, p*, n™ and "1,
approximations of u(t"), n(t"), p(t") and n(t"~1), are known at time t" = nét,
the semi-implicit projection scheme, introduced in [20], for the coupled system
- is given by
Step 1: (explicit viscous-structure coupling)
,&n+1 _ n
f 5 —2udiv (e(@" ™)) =0, in Qf,

! (9)

n—1

n o__
,&n+1:777 (5: , on .

u
p

Step 2 : (implicit pressure-structure coupling)

e Fluid projection sub-step:

wntl — gt
o’ 5 Lvptl =0, i QF,
dive"™ =0, in Q, (10)
n+l _ . n
"t nf = A -nf, on X.

ot

INRIA



Convergence analysis of a semi-implicit FSI coupling scheme 9

e Solid sub-step:

s ,ranrl _ an + nnfl
ot2
-nf = af(

o —dive*(n"™) =0, in Q° (11)

n+1) ,an-i-l’

o_s(,n pn+1) 3 ’I’LS, on Y.

Note that, at the first step, the kinematic condition verified by @" "' is explicit,
whereas, for the second step, the kinematic condition verified by ™! is implicit.
The stress applied by the fluid on the structure is thus split in two: the pressure
part computed through an implicit procedure and the viscous part computed
through an explicit one.

Remark 2 Usually the time discretization for the structure is based on a New-
mark scheme. Nevertheless, since the conditional stability of the semi-implicit
has been proved only for the Leap-Frog time discretization scheme, we will derive
error bounds in this case. The study for the Newmark scheme is still an open
question from a theoretical point of view, even if, from a computational point of
view, it leads to stable algorithms.

In order to define the variational formulation of @- we introduce the spaces
yf {v/ e ?() : Vv e L2(Qf), v/ n=0 onT%},

Yofdéf{vfGYf:vf~nf:0 on X}.

n n—1

Assuming that 4", u", " and n
discretized in time formulation writes:
Find (@™, unt! prtl nrtl)y e VI x Y/ x L2(Q)) x V* such that:

are known at time t" = ndt, the semi-

Step 1: (explicit viscous-structure coupling)

f
14 ~n ~ ~n ~ -
5 (@™ — u",vf)m + 2p(e(n +1),e(vf))m =0, vof e Vv/nH}Q),

n n—1

ﬁn+1:"7 _T’

5t , on X,

(12)

Step 2: (implicit pressure-structure coupling)

f
P n+l _ ~n+l _ f
5 (u a"t o)

v(v!,q) e Y x L2(QF),

n+l f 77"+1 -n"

Qf = (an’V ‘ 'Uf)m + (q,V : un+1)ﬂf =0,

u -n' = 5 n’, on I,
ps 7 — S 7 £ Y ¢
5?(,’7%&-1 —2n v nn 17vs)Qs +a (T] L+17,Us) — _ <Ru(un+1)’£(vs)>

_ <7€p(u"+1,p”+1),£(vs)>, Vo' e VS,
(13)
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10 Astorino & Grandmont

where R, and R, are the fluid residuals

f
ity op\ det Py - . i
<R/t(“ +1)7vf> = ~(a ow ’vf)Qf + 2u(e(n H):E(vf))nf’

ot

f
£ -
<Rp(un+17pn+1),,vf> def %t(unﬂ _ un-&-l’vf)ﬂf _ (pn+17 v. vf)m7

for all i}f, vf € V7. In this scheme the residual R has been split in two terms,
R, and Ry, one associated with the viscous step, the other with the projection
step.

3.1 Fully discretized scheme

In the following, {Thf}oghsl (resp. {7} o<m<1) is the family of triangulations
of the domain Q7 (resp. Q). For each triangulation the subscripts h, H € (0, 1]
refer to the level of refinement of the triangulation. In particular, h is defined
as
h def max hg,

KeT,)
with hx the diameter of the element K. We define H in an analogous way. In
addition, we assume that both families of triangulations are quasi-uniform. For
instance, for {'Zﬁf}khgl, this implies that

% < Cgr, hg >Cyh, VKeT, VYhe (0, 1], (14)
where pg stands for the diameter of the largest inscribed ball in K and Cgr, Cy >
0 are fixed constants. In the sequel, C' > 0 is used to denote a generic mesh
independent constant. We define @)}, as an internal Lagrange finite element
approximation of L2(Qf), X }: as an internal C° finite element approximation of
HY(QF), Vhf = X,{ nv/, V5 being an internal, at least CY, finite element space
approximation of V*. We assume that X }J: satisfies:

{vh € CO(QF), vy i € Py, VK € Thf} c X, with k> 1, (15)

where P, k > 0, is the space of polynomials of degree less than or equal to k.
Moreover, the spaces Vhf and @}, are chosen in such a way that every couple
(Vh, qn) in Vhf x @y, satisfies the LBB condition [9, [10]. We refer to [I7] where,
assuming that (VhfﬂH& Q) x (QnNL3(Q)) satisfies the LBB, it is proved that

it is also the case for V,f x Qp. Here, the space L2(£2f) denotes the subspace of

L?(Q)) of zero-average functions in Q. We also set V}fio C Yyl A HL(QS). The

space Y/ (resp. Yof ) is approximated by Y,‘lf (resp. Yhf o) such that Vhf C Y,'lf . For
a discussion on the possible choices of approximatioh spaces for the projection
method we refer to [2§]. Furthermore, we denote by V5 (%) and Vhf (%) the finite
element trace spaces associated with V}; and Vhf , respectively. Note that V5 (X)
is equal to V}5 whenever Q° C R4™1. Finally, 7 : V5 (Z) — VJ(E) stands for a
given interface matching operator. For instance, 7, can be a linear interpolation
operator associated with the fluid finite element (nodal-wise matching) or a
projection based operator (see [7]). Therefore, the fully discretized problem

INRIA



Convergence analysis of a semi-implicit FSI coupling scheme 11

writes as follows:
Find (ap ™, wltt prtt ittty e VI x v x Qp x Vi such that

f
P (=nt1 n ~f sntly (o f — = f
E(“h —ujy, 0y) o + 20 (e(@y ), €(03)) o =0, VO € Vi,

n _ n—1
ﬁZ“:wh <?7H &;qH ), on X,

(16)

f
+1 _ =ntl o f +1 S 1y =
E(uz _'U'Z ’vh)Qf - (pﬁ 7V'vh)Qf + (qh’V'uﬁ )Qf =0,
v(”iaq}t) € Yhf,O X Qn,
n+l _ n
Wt nf (’711&7711) nf on %,

L (it = 2mpy o) o, + (i o) = = (Ru(@g ), La(v)

— (Rp(up ™, pth), Lu(viy)) . Yoi € Vi

(17)

Here, Ly, : V5(2) — Vhf stands for any given discrete continuous lifting oper-
ator satisfying
Eh(bH) :ﬂ'h(bH)7 on . (18)

There are several reasons for introducing non-conforming finite elements at
the interface. On the one hand, the fluid-structure problem could involve differ-
ent type of operators (take, for instance, Stokes coupled with a plate) for which
the finite element discretization may lead to non-conforming finite elements at
the interface even for matching grids. On the other hand, from a technical point
of view, the stability of this semi-implicit scheme is known under sufficient con-
ditions obtained by using different mesh sizes [20]. Note, however, that in [I],
where the Nitsche’s method has been used to impose Dirichlet boundary condi-
tions in the explicit step, this restriction does not appear. We finally recall that
for the scheme ([L6)-(17) the following stability result has been proved in [20]:

Theorem 1 Assume that the interface operator m, : V5(2) — Vhf(Z) is L2-
stable on V5 (X). Then, there exists a constant C' > 0, independent of the
physical and discretization parameters, such that under the condition

ho st , wi [0, if =3,
$>C|(pf— + > ,  with o = _ 19
P (p He " hHe 1, if B4, 19)

the semi-implicit coupling scheme is stable in the energy-norm.
Considering , we note that:

e when a = 0, then the stability condition does not involve the structure
mesh size and, in particular, one could set H = h, and stabilize the scheme
by simply reducing h (and 6t).

e when a = 1, if p® is large enough, then one could also consider conforming
matching at the interface. Note moreover, that in the numerical simu-
lations performed so far, a conforming matching has always been used
without any consequence on stability.
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12 Astorino & Grandmont

3.2 Interface matching operators

We now give the definitions as well as some properties of two possible matching
operators: a pointwise matching and an integral one.

3.2.1 Pointwise matching

Let 7, : CO(X) — Vhf (X) be the standard finite element interpolation operator
associated with the fluid part. As in Theorem [} we assume that this operator
satisfies the assumption:

7, is L*-stable and Hj-stable in V5 (X), (20)
and the following approximation property: V0 <1 < k+1, s.t. V() ¢ H{(X),

7 (brr) = brrllos < Chbulliz, Yoy € Vi(S), (21)

where V*(X) denotes the space of trace functions on the interface ¥ of V*.
Note that since we assume that V* is continuously embedded in H"(2%), then
I <r— 3 with

_ (22)
1, if Qs #£3%.
The property holds true, for instance, when the fluid interface mesh is

a sub-triangulation of the solid interface mesh, namely, for all K € Thf with
|K NX| # 0 there exists K’ € T} such that

def{o, lf @ZZ,
a =

KN cK'nx.

We refer to [20] for a proof of the L2?-stability. In a similar way one can prove
that the finite element interpolation operator is H}-stable on V5 (¥). Under
the same assumption on the interface meshes, estimate (21f) can be proved by
introducing the Clement operator that is known to verify (see [16]) and by
using for the finite element interpolation operator mp,.

Remark 3 Note that if we consider the Clement operator instead of the stan-
dard finite element interpolation operator them properties and hold
with no additional assumption on the interface mesh (see [16}]).

3.2.2 Mortar matching

In the case of a mortar matching, the operator mj, : L(X) — Vhf(E) is defined
as follows:

[ o=m®)- 6, =058, € V() (23)
)

where f/hf (X) is a subspace of X ,{ (3) such that
{wec%ﬁﬂwKePb%VKETXwMWKﬂm¢O}Cﬁﬂm,mmkzL

We will moreover assume that f/}f (X) has good approximation properties. More

precisely, let 7, be the L? orthogonal projection operator on Vhf (X), then V0 <
T<1,YveH(Y)

0,2 + h_%HT?h(’U) il

< Cr||v]r 5 (24)

mn(v) —v 1
|7 (v) wh ey

INRIA



Convergence analysis of a semi-implicit FSI coupling scheme 13

The proof of this property, in the two-dimensional case, can be found in [7, [§].
Moreover, we require that the mortar operator 7y, verifies the following stability
properties: Vv € H} ()

7 (v) (25)
[mn ()2 2y < Cllvllma s, (26)

and for all v € HO%O(Z),
lmn()]l 4 < Cllvll (27)

HE(®) HE ()

Finally, the following error estimate is assumed to hold true, V % <A AN<Ek+1

1
Vo € HN(Z)N Hg(R),  [lmn(v) — || <CP i olas. (28)
H020(Z)
The proof of (25))-(28) can be found in [5] for the two-dimensional case. Exam-
ples of three-dimensional finite element spaces verifying the same inequalities
can be found in [6]. Note that these properties imply that V}f (¥) is a good

1
approximation of the space (HZ (X))’

4 Construction of the finite element approxima-
tions

In this section, we build an appropriate finite element approximation of the
exact solution (u, p, ) defined in Section that verifies an implicitly discretized
kinematic condition at the interface (see (29)). A time discretization error
will be consequently introduced in the error estimate. In [34], a quite similar
construction is made. There, the authors first build approximations of the
fluid and structure displacements that match at the interface at each time and
then they build velocities satisfying an implicit condition at the interface. Here
instead we directly build the approximations of the fluid velocity w(t) € Vhf
and of the structure displacement 1y (t) € V5 such that

up (1) = wh("H(ti) ;:'H(ti_l)), Vist. £ <T. (29)

Moreover, since we consider two different types of matching operators 7y, at
the interface, a discussion on the optimality of the pointwise matching operator,
depending on the elastic model, will follow (the mortar operator leading to
optimal error estimate in every cases).

First, we define (P,f(u)(t), P,{(p)(t), Pi(n)(t)) as follows:

2 (e(Pf (@) @), o))+ (P{®)®).V -vn) =
2 (e(w)(t), €(vn))qs + (p(1), V - vi)gs , Yor € V),
(Q}uV P (u)(t) )m 0,Ygn € Qn,

RR n° 6996



14 Astorino & Grandmont

and

aS(PﬁI(n)(t)a vH) = as(n(t)a ’UH), Vo € VI-SI
Then, in a standard way (see [10, [I6]), these finite element functions satisfy the
following error estimates:

1B (u)(t) = w(®)]l1.0r + [P (p)(t) = p(t) [o.0r <

inf [Ju(t) —vnllior + inf [Ip(t) —anlloos.  (30)
’U}LEVhf qhEQR

1Pir(m)(t) = m(®)llve < inf [ln(t) —vlve. (31)

vpeVy

We now build corrections of (Pf{ (u), P$(n)) such that is satisfied and
(V-up,qn)gr =0, Vg, € Qn. These two conditions imply that

/Eﬂh(nH(ti) —é;m(t“)) .

o () o))
ot

Nevertheless, /

) -n # 0. Consequently, we add
b
a correction ¢y (t) to Pg(n) so that / T (Pf}(n) (t) + cH(t)> -m is equal to a

bX
given time independent constant. Let u}; € V}; be an approximation of u® € V'*
such that [;u®-n # 0. Then, for h and H sufficiently small [ 74 (uj;)-m # 0.

We set
/ (m(Pﬁ;(n)(t)) - 770> a
na(®) = P (m)(t) + cn () = Py (m)(t) — 2 uly.

/E T (uy) -

With this definition [y, mp(ng(t)) - n = [ ng - n, for all t. Next, we build a
correction of P,{(u) (t), denoted z(t), that is affine in time and such that

P (w)() + 24 (t) = wh("H“” ‘JH“”)) n on S,

and
(V : Zthh)Qf = 07 V(Jh € Qh'

This can be done by solving a discrete Stokes problem:
Find (25,(t)), un(t))) € Vif x (Qn N L3(Q7)) such that

{ 20 (e(zn(t)), €(v)) s + (10 (). V- vn) g, = 0, Vo € Vf 1 HA(Q),
(qi“v.zh(tl))ﬂf = 0 ,Vgne€ thL%(Qf)a
and

Zh(ti) — 7Th<nH(ﬁ) _5?H(tz_ )) ‘n— P}{(U)(ti), on Y.

This discrete Stokes problem is well-posed and the couple (z,(t?), s (t%)) satis-

fies y (nH(ti) — nH(ti_l)) — P (u)(t")

of <C

2 (E) s + () N
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Finally, we define affine in time velocity and pressure such that
un(t') = P (w)(t') + zn(t"),
pu(t’) = PL(0)(t') + pan (t).

We now verify that the considered velocity, pressure and displacement are
good approximations of (u,p,n) in V/ x Q x V*. Thus, the correction terms
(21, th, i) have to be estimated. In this study, an error in time as well as an er-
ror due to the incompatible matching at the interface will appear. First, we esti-

mate en(t) = = [ (w0 (Palm) - n = my - s, with wy = 0
by

fz mh(ug) - m
. We note that /

n(t) -n= / 1, - n for all ¢, consequently
by b

eut) = = [ (mu(Pim)©) -n (o) n )i (33)
Next we distinguish two cases.

Pointwise matching. If the operator m;, is the interpolation operator then
we write

eutt) = = [ (mu(Pame)-Patn ) i+ [ (Patn©-nw) n.

Consequently, we obtain

les(®)llv- < c(nm(PﬁI(n)(t)) Py llos + n(t) — Pﬁ(n)(t)lloz)-

To estimate the first term we use assumption , and the second term is
estimated using . Thus,
Vs>7

for all 0 <1 < k + 1 such that V*(X) is continuously embedded in H!(X). In
particular, [ < min(r — §,k + 1), where « is defined by and r is such that
V* is continuously embedded in H"(2°). Moreover, due to the definition of

P (n), for | <r — 5, we have

1P5(m)lis < CllPg(n)]

ler (8)]

v C(MIPR O + |

inf t) —
Jnf [n(t) —vul

ras < CIPE(m)|lve < Clnllvs.

This last inequality yields

les®llv- < C<hllln(f)vs T+ infn() - anvs).
veEVS

RR n° 6996



16 Astorino & Grandmont

Mortar matching. Now we consider the case where the matching is ensured
by the mortar finite element operator. We have the following decomposition of
cu(t)

enlt) == [ (m(Pam©) -n—nw)-n)a
(Lt~ a) - )i + [ (mu0) 0 n)a
Consequently,
lea@llv- < € (I (Phm© - n0) o + | [ (mntae) = n(o) -] ).

Since we assume that the integral matching operator is stable in the L?-norm,
see ([25]), we obtain

len (8)]

Ve < c(nPfI(n)(t) —n®)llox +

[ ntn(e = (o) "D

The first term of this inequality is estimated as in . For the second term,
we take advantage of the definition of the operator to get

/ (mr(n(t)) —n(t)) -n= / (mr(n(t)) —n(t)) - (n — Tr(n)),
p) by
and thus

[ = 7n(n)]|

/E(ﬂ'h(n(t)) —-n())- n’ < Cllma(n(t)) =@

1 1 .
H§, () (Hgh (%))

From the assumptions and made respectively on 7, and 7, we have

[ mnte) ~n(e)-n| < COlnOlhs. ¥ 5 <A<kn

To summarize, in both cases we have

vp eV

|cH<t>|wsc(hl||n<t>||w+ inf n(t)—anvs),

where, in case of the finite element interpolation operator,

lgmin(rf%,k'le); (34)
while in the mortar case )
B <I<k+1 (35)

Thus the difference between the continuous displacement 1 and its finite element
approximation ny in V® can be estimated by the best approximation of n in
Vi and a term measuring the error due to the non-conforming matching at the
interface:

Vs —+ 1nf

’UHGVI_SI

() =0 @)]ve < C(’%llln(t) n(t) _'UHHVS)7 (36)

INRIA

S
H-



Convergence analysis of a semi-implicit FSI coupling scheme 17

where [ is subject to the same restrictions — as above.
Now we take care of the fluid velocity and estimate [|w(t") — wy(t") ]|, or . We
have to estimate ||z(t)||; os. By definition of zj, and remembering (32),

™ (nH(ti) — nH(ti_l)) _ P}{(’U,)(tl)

i <
l#n(t)h0s < C 2

(37)

1
HOZD (E)

But thanks to the assumption of Hy/>-stability of 7, (see and (27)) and to
the fact that 7, (vy) = vy, Yoy, € Vhf(E)

1

. t’L _ ti—l ;
lzn()hor < CH”H() Ul )_p,{(u)(t) L
HOZO(Z)

ot

Note that we have used the Héé ®_stability of 7, not only on V5 (%) but also on
the space of functions that writes as a sum of functions of V}5(X) and of V}f (2).
It is clear the mortar finite element operator verifies this property. For the finite
element interpolation operator at the interface it is stable on every spaces whose
€O functions are polynomial on K € 7,/ with |[K N¥| # 0. The needed stability
property will then be verified for instance when the fluid interface mesh is a
sub-triangulation of the solid interface mesh. Consequently

s < | O oy | s fomate) - omel,y
o) - Ple)] s . )
- c( HnH(ti) —6;711(#’1) ) . |Pr@m)(#) = amE]
o5 o+ ) - P s )
< o it Jom) ~ouly.+ inf () - o,

h

N "nH(ti) *6;71{(#’1) 3 amH(ti)‘

C + oen®)]| >

HEZ (%) H (%)

AN i—1 )
T’H(t ) 6;7H(t ) _ 8th(tz)‘

We have then to estimate

and ||O,ep (t9)]| 1
HO%O(E) Ho (2)
Recalling the definition of i, it is easy to see that

HnH(tz) _5;71{(% ) —8th(t")‘ < HP;,(n)(tl) —;ﬁf(n)(t“ ) ~PR@m) )| |
Hg, (%) Ho (2)
b ettt ey e .
pu 1O en O g ey = ([ (PO LHOED gy ) )y,

which yields

CH(ti) — CH(tiil)

ot — atCH(ti)

S CétHnHW?:OC(O,T;VS)’

1/2
Hyf* (%)

RR n° 6996



18 Astorino & Grandmont

and thus, due to the definition of Py,

nyt) —ngE1) i
H 5t —Ompy(t") L < C&t”nHWZOC(O’T;VS).
00(
Moreover, as for the estimate of |lcx|| 1, we have
0
1Den (@)l < ClorenE)lv- <€ (hlnam(tm vk, int o) - UHVS) |
00 VH

with [ verifying either in the interpolation case or in the mortar case.
Therefore,

th(ti)HLQf =< C<5t“n||w2v°°(0,T;V5) v Héf o) —valf,.

bl [ule) —oul, + O o). )
EV,L

and

Ju(t) — uh(ti)Hl,Qf = C<5t||"HW2m(0,T;Vs) inf _ {|om(t) - ”HHVS

vgeEVy

ot )~ vl (06) =0y + e ) 39

Finally, for the pressure we have exactly the same estimate, namely,
Hp(ti) _ph(ti)Hl,Qf < C(atHn||W2v°°(0,T;V5) + UHHEn;H H@m(ti) - UHHVS

+ Helf/ [ (t") UhHl,Qf + qlgcg Ip(t") qhHO,Qf + thamw)HHl(z))' (39)

Again, [ verifies either in the interpolation case or in the mortar case.

5 The error analysis

Here we focus on the error analysis of the projection semi-implicit scheme for
the velocity unknowns. The analysis will be performed assuming homogeneous
Dirichlet conditions on the fluid velocity and on the structure displacement.
As observed for example in [29], different boundary conditions could be used,
provided we have at hand proper assumptions and regularity estimates. In the
following, for the sake of conciseness, we will indicate with
ko def 1k kﬁ ak — s k. def s
e = up —up(t’), & = ay —un(t’), 6H—77H ny(t"),

the errors associated with the fluid velocities and with the structure displace-
ment.

INRIA



Convergence analysis of a semi-implicit FSI coupling scheme 19

5.1 Main result
Theorem 2 Assume that hypotheses — (resp. —) are satisfied

when 7y, is a finite element interpolation (resp. mortar) operator at the inter-
face. Under the stability condition of the semi-implicit scheme, i.e.

0, if =3,
p82C<pfh+'u5t>7 with a—{ /

He " hHe L if TS

and if the solution of the coupled problem 1) is smooth enough in space
and time, then the discrete solution of lb satisfies the following error
estimate

n+1 n
ey — el
ot

f s
p n+12 p
e g+

0,Qf

N
1 -
+4at (e el )+ udt]|e(@ G or
n=0

< Cot+ Ch?* + CH?™ 4+ Ch?, (40)

0,0

where C' denotes a strictly positive constant independent of h, H and 0t. Here
m depends on the choice of the finite element approrimation space associated
with the structure part and, for v° smooth enough, is such that

inf ||v®—wvyllve <CH™,
va eV

while | depends on the choice of the operator mwy, that is,
e [ < min (r - 9. k+ 1) for interpolation type operator,
. % <1 < k for mortar type operator.

Before giving a proof of the previous theorem, a few remarks are in order.
Considering the accuracy in time, the fluid-structure interaction scheme has
globally a convergence order of v/dt. As observed in the proof, this is due to
the use of the non-incremental Chorin-Temam projection scheme in the fluid
problem (which is known to satisfy for the hydrodynamic problem) and to
the semi-implicit coupling at the interface. Moreover, the optimality of the
error estimate is strictly dependent on the interface operator used. As a matter
of fact, the mortar matching will give, in any case, optimal error estimate,
whereas the finite element interpolation operator will lead to an optimal error
bound only in specific cases depending on the structure model and on the degree
of the polynomial approximation for the fluid. For instance, if we consider a
membrane, then 7 = 1 and o = 0 and the error estimate will be optimal for
k = 1. Table [[l summarizes the different cases.

Proof. For the sake of clarity, due to its complexity, the proof will be split
in several parts. Each one focuses on a particular point of the error estimate.

Part 1. The first step to obtain the error estimate (40]) is to derive the equa-
tions verified by the errors ef, é¥ and €.

Let us consider the fluid equation associated with the coupled problem .
Choosing (vf, ¢, v®) = (vi,qh,()), with (vf,q) € Vh}iO X Qp, in and recall-

ing the definition of the finite element approximations (wy (t"*1), p,(t"*1)) of
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20 Astorino & Grandmont
d-dimensional (d-1)-dimensional | (d-1)-dimensional
structure structure: 279 structure: 4"
h (r=1, a=1) order oper. order oper. (
S (r=1, a=0) r=2, a=0)
Interpolation non optimal k =1 optimal k < 2 optimal
Mortar optimal Vk optimal Vk optimal Vk

Table 1: Optimality of the error estimates depending on the structure model,
the matching operator and the polynomial degree of the approximation of the
fluid.

(uw(™ ), p(t"+1)), we obtain

u n+1 —u n . f
Pf< = 2515 bl )7U{L>Qﬁ+2ﬂ(€(uh(tn+1))7e(vi))gf(ph(tn+1)’v'v£)ﬂf

Up (thrl) — Up (tn)
ot

+ (a0, V- un (") o pf< 8tu(t”+1),v£) . (41)

Qf
Similarly, for the structure part, thanks to the definition of the finite element
approximation 1 (t"*1) of n(¢"*!) and choosing, in the variational formulation
@), (v/,q,v%) = (Ln(vyy),0,v%), such that v3; € Vi, we have

(M thrl _2,,, n +n tnfl s s N s
pr (M2 D) ) ) )

QS
s tn+1 _ 2 tn + tnfl " s
=) nH( ) ngIt(Q ) T’H( ) _attn(t +1)7UH> (42)

(Rt p(t")), L)) QS
a (g () =t ) ) + (7Y, v — (o))

The two equations are satisfied for all t"t! < T. The last two terms on the
right-hand side of are respectively due to the introduction of the finite
element approximation and to the non-conforming finite element discretization
at the interface. The discrete lifting operator Lp, : V5(X) — Vhf verifies

Ly (vYy) = m(vy), on 3.

The lifting Ly, is chosen to be equal to rp o mp,, where rp, is a continuous linear
lifting from Vhf (3) onto Vhf (for example defined thanks to a discrete Poisson
problem), such that

Irn(@h) 10 < Cllvf| ) Vol € VI(2), (43)

1
2
0

Here the constant C' does not depend on the space discretization. Consequently,
L, satisfies

1£n(@i)lLesr < Cllmnpll g o YO € Vi ()- (44)

1
HZ (T
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Subtracting equation from (|16]);, we get the error equation associated
with the first step of the semi-implicit scheme:

(], qn) € Vhf,o X Qhn,

én+1 _ en ~ . ~ . ~

o (hath’”ﬁ)m + 2#( (6 +1),e(v£))ﬂf + (ph(t v, vﬁ)m
w, (E" Y — wp (B)

— (g0, V- un(t"h) o, = p’ <é%"(tn+1) il ;t ) £> I (45)

Q

The error equation associated with the fluid part of the second step can be
obtained by rewriting 1 in the following form:

f
p n ~T n n
5t (ehH eh+1 vl{)Qf_(ph+17V'U{L)Qf—'_(qh’V'eh+1)ﬂf+<Qh’V'uh(tn+1))ﬂf =0,
Y(v],qn) € Yhf70 X Qn. (46)

Finally, for the structure part, subtracting equation from (|17)3 leads to

n+1 n n—1
e —2e% +e
ps(H H H ’,qu) +a(”+lqu)
Qa

0t?

tn-‘rl -9 tn + tn—l

_ ps (attn<tn+l) _ nH( ) ”731;(2 ) nH( )71];[) +7;1n+1
Qs

- GS(WH<tn+1) - n(tn+1)avsH) - <§(tn+1)7’v% - 7Th(vsH)>2 ) vUSH € VI}»
(47)

where
T (R, pE™h), Ln(vi)) — (R (@), La(vi))
— (Rp(wirt i), La(viy)
= (Oult™ ), L (V) g + 2n(e(u(t™), e(La(v]y))) o

— ("), V - L (v3y)) o — P (“h —Yh (o )
Qf
f

n+1 ~n+1
—2p(e(up ™), e(Lr(vi))) o — P ( 5t ’Eh(vH)>
—i—(PhH \ ’Ch(vH))Q

n+1y\ _ n
e e R e eh)

Qf

Qf

f GZJrl — e;f s sn+1 s
. (,.ch@,,))m — 2 (e(@r ), e(L(v3)) s

+2p(e(ut™™) —un(t"), e(Ln(vi)) or + (P = P, V- La(v5)) -
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22 Astorino & Grandmont

Part 2. We now add , and and test them using the following
test functions:

US
vi = eyt — ey, vﬁzét(eﬁ“—ﬁh(d}g)), gn =0,

s n+1 n n—1
of = ot (é;;“ — L ("H) + L, (eH ~2¢h +en )

ot ot
‘L, (UH(t"+1) —2ng (") + UH(tn_1)>)
ot ’

where £}, is a second discrete lifting operator, satisfying £, (vg) = m,(v) on X.
It is defined as in [20] by:

Np,
c,by) < Z (b)) (],) 0},

i=1l,zi €x

with {zi}Mn | {41}V the sets of nodes and shape functions of V,/. We dis-
tinguish the latter from L} since the two have different properties. This new
lifting satisfies the following lemma (proved in [20])

Lemma 1 If the interface operator m, is stable in the L?>-norm on V5 (X), then
there exists a constant C > 0, depending only on the local mesh geometry and
on the polynomial order, such that:

Ch
Fallbn g

C
IVLL )5 0r < 77z 1ballG0n

1£5 ()5 06

IN

(48)

A

for all by € Vi3, and o given by .

Remark 4 The last two terms in the definition of the test function f){L represent
an appropriate correction, added because &Z‘H 18 equal to the structure velocity
at the previous time step at the interface (explicit coupling). This guarantees
the admissibility of the test functions.

After some direct simplifications, we have

o (G = e ) g, 28t ) [ s + 7 (e — e e )

n+1 n n—1
e —2e +e
s H H H n+1 n s/ n+l n+l n
+P< 512 1 E€H _6H> +a®(ef ey —efr)
QS

AP et ST = DR+ AR (49)

In the left-hand side P};H, C',?H and S{L‘H are respectively defined by

A TN AC A A
et — 9en 4 el
+6t <ph(t"+1),v-z:’h( H &{f H ))
Qf
tn+1 ) ) + tnfl
46t (ph(tnﬂ),v'ﬁ;l (WH( ) mgi )+ i ))) (50)
Qf
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o tn-l—l -2 " tn—l
CZH def o (éZH —en ol (TIH( ) = 2ng(t") + g ))) f
Q

ot
n+1y) _ n n—1
) ot Qf
8’7;-&-1 déf pf (éZ+1 . ez’ﬁ,h (6?{"’1 _ 267131 + 6?{—1>)
5t o

n+1 _ 2 n n—1
+2udt (e(é;;“),e (L}l (eH ChtCn ))) . (52)

The term P;ZH regroups all the parts related to the pressure py, (t"*1). In C,’ZH
we put the terms associated with the semi-implicit coupling (see the follow-
ing remark for more details), while in 8,’;“ there are the terms that will be
controlled by means of the stability condition .

Remark 5 The discrete fluid velocities, ﬁZ‘H and uZ“, verify respectively an

explicit and an implicit interface condition, while the finite element approxi-
mation of the continuous solution w is based only on the implicit one. This
difference generate therefore terms like the ones in , By the way, we also
observe that the last term in is of the same kind. Note that similar terms
would appear using a finite element approrimation of w satisfying an explicit
coupling condition.

Finally, considering the right-hand side, in DZ'H we include terms in which a
time consistency error has to be estimated, that is

o tn-l—l _ tn
prit L ot (&u(t"“)—uh( ) — )é”“) f
Q

ot h
n n n+1 n n—1
f n+1 _“h(t H)—Uh(t ) . (€ — 2y el
+o 5t <8tu(t ) - L 2 5
n+1y _ n n+1y _ n n—1
ol ot ((Du(entty = 2 Zwn () () = 20 () + 0 ()
ot St o
s n npt™) =20 (") + 0", .
+p (@m(t +1)_ H( ) glt(2 ) H( ):eHJrl_eH QS; (53)

while AZ‘H regroups terms in which a space consistency error has to be esti-
mated (depending on the finite element approximation of the continuous solution
we built):

APt g () — (), et — e — (6T e — ey — (et — )y,

+2u(e(u(t™) —un(t™)), e(Lnlel™ — ef) g
n+1

Tt (phu"“) (), V- L (H&‘H)) | (54)

In , most of the terms involving the continuous lifting £} cancel each other
except for the two appearing in AZH. The cancellation is due to the fact that
they are linked to the energy balance of the system at the interface.
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Next we set
gt L pf (@t —ep, et +2udt]e(@ 2 g + o (e -t ept)

en+1 2em. +en 1
ar (B g ay) eyt ). 6)
QS

n S,:‘H we collect all the terms associated with the energy of the system. Using
the identity (a — b,a) = %[lal|* — 3[|b]|* + %[la — b[|?, the bi-linearity and the
symmetry of a®(-,-) and introducing the quantity

2

s n+1 n
1
En+1 def p || n+1||0 o + pi €g  —€g + 7@8(6?[+1,€TI7'{+1),
2 ot oqs 2
we have
n+1 pf n+1 n+1 n|2 n+l ~n+1
& o= 7[||€h 15.0r = lenllgar + €T = erlls or + llep 15.07]
o (e e e e || 2o e |
2 ot 0.00 ot 0.0¢ ot 0,08
1
+5 [a® (e}t 6}?1) a’(efy, efy) + a’ (el — ey, et — )] + 2udtlle(@n )1 o
= B - [||~”+1 W —eplls s ] + 2udtlle(@ G o
el — 9en 4 enl 2 1
% i H || g 5as<ez+l B (56)
0,0

Making use of the equality in and reordering the different terms, we
get

~ p » - -
EMT 4 S llen W= enlgar et = &G o] + 260t e(@ G o
P |ler — 2e + e 1 1 1
+ 5 5t OQS+2G (e — e el —el)
= —pptt —cptt - Sptt 4 DRt ARt (57)

Part 3. We now give an upper bound for each term in the right-hand side
of . In the following we will frequently make use of the classical Young’s
inequality

1
<2 2
ab 2a +27b Vv >0,
that will be simply replaced by
ab < %cﬂ +OB?, (58)

or by
ab < C(a® +b%), (59)
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whenever the definition of the constant « for one (or both) of the terms doesn’t
play a key role in the convergence analysis. The quantity C represents a positive
constant.

Let us consider P"H First we integrate by parts all its terms:

- Pt = ot(Vpn(t"th), et —epth)
n+1

n e — ¢ + et
+6t (Vph(t +1),c;< i 5f H ))
Qf

st (Vph(fnﬂ)aﬁk (nH(t"Jrl) - ngt(t") + nH(t"1)>)§§§0)

note that in the latter no extra boundary terms were introduced since

n+1

= 2m 4+t
(el — &) n|g = m ( H &H H_ ) . qly

Then, the Young’s inequality and the properties of £}, yield

Pn-ﬂ,—l ’YIp ||€n+1 ~n+1||2 , + Chpf TL-‘rl — 26% + 6?{_1
2 €n 0,22 Ho 5t 0.0
— 2
Chp! ||ng™t') =20y (") + ng (" ") C5t2 Vo (712
+ L il V(IR
(),Qs

(61)

In a similar way, for CZH and S;ZH, defined respectively by and , using
and the properties of L}, we get

Cn+1 ’YQP ||~n+1 ~n+1) 2

- eh||0 ar T 7310t e( ||0,Qf

n n n— 2
L C Lpf pot Ny (") — 2m 5 (") + ny (") (62)
He " hHe it 000
n 71p n en
=S < et — 2 o + vsndt]le(@n IR o
e (hpf i ) R (63)
hHa 5t 0,0Q¢
For D" defined by (53), we rewrite the first term as
h
tn+1 _ £
pfét (atu(t"+1)— Uh( ) uh( )’~Z+1) —
ot Qf
tn+1 _ £
o st ((%u(t”“) g )& up )’éz+1 _ €Z+1)
Qf
tn+1 _ tn
+ oot (8tu(t”+1) _ al )& unl ),6Z“> , (64)
Qf
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then, the use of and once again of the properties yield after some
rearrangements

Chp! 6t || e = 2e + i ||
Dyt < Cplst([eg —eir 3 s Hieh I g )+ oot || = 2
Ho 5t .
n n n— 2 n n 2

n Ch/)i(;t HTIH(t ) =2y (") +np () + Ot eyt — el

H ot 0,00 ot 0,00

t’n-‘rl _ tn 2
+Cpf§tH8tu(t"+1)— uh( ) uh( )
ot 0.7
tn+1 -9 " + tnfl 2
+Cps5tH3tm(t”+l) _ T]H( ) ng{tg ) nH( ) (65)
0,0¢

Remark 6 Instead of rewriting the ﬁrst term as in , another possibility is
to apply first the Young’s inequality (59) and then com‘ml ||eh+1|| s thanks to
the Korn’s inequality.

Before estimating the four terms of A”H7 we first apply to the error equation
the estimates ( 9, , 1 3 and ., respectively obtained for P"‘H
Cy 1 S,’;H and Dy Then, after adding up from n = 0 to N, where N is a
positive integer such that (N 4 1)6t < T, and rearranging the different terms,
we obtain

N
~ p ~
ENTL 4 5 Z 1—p)lleptt —eplld ar + (1 —27)llep ™ — &5 o]
N
+ ) 2u8t (1 — s) [le(en™! (eft! — e el —efy)
n=0
. XN: (ps _ Chp! c,m) et 26H+ez K
Z\2  H>  hH® ot 0.0
hpt 0t \ [l () = 2050 (1) + g (") ||
< EO° C
N +Z ( hHa ot 0,0

o512 . hp 5t ) — o (1) + (Y |
+Z ||V (t +1)||0S2f +ZC o H ( ) fgi ) H( )
n=0 0,08

+ZCpf5t ey ™ — e 5 ar + llen 15 0r)

n=0

2 2

al et —en
+ e A

Chpfét
Ha

"H —2ef + e !
ot

0,08 n=0

N n+1ly _ n 2
+ZCpf5t‘atu(t”“) LoU el )

n=0

0,0

0,07
2

N
. " ,’7 tn+1 _2,” tn +T] tnfl
N &‘ ety M) =20 0) ()

0,02

N
+) ARt (66)
,$2° n=0
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Remark 7 We note, in particular, that the second and fourth term in the the
right-hand side have been separated intentionally. Indeed, as observed in the
following, the second one induces a lower convergence rate in time for the semi-
implicit scheme, while the fourth one doesn’t.

For the sake of clarity, in the following we will redefine 271:[:0 APt as S TN,
where TiN for 1 < i < 4 are introduced and analyzed below. We set

TV - Za () = () e — ),
L
de: n n n n n
T2N = Z <§(t +1)76H+1 — g — ﬂ-h(eH-H - eH)>E’
n=0
def n n n n
T?fv ZZ t +1 h(t +1))76(£h(€H+1 _eH))>Qf’
and
dof
e n n n
T = (on™h) = pt™), V- Ln (e = er)) or
n=0
Considering the term T}{ = — Zﬁ;o a*(ng (") — " th), e?[“ —efy) we
have
N+1 N
T = = 3 () = () )+ 3 0 g (47 = @) )
n=0
N
= 3@ () = (") — (g (") —n(t™), k)
n=1
S

—a* (g (V) = (V) e + (g (t) — n(t!), ely)

Choosing 14 (t°) =n% (i.e. €% = 0) and using the continuity of a®(-,-) we get

N n+1 n+1 n n 2
N < (") —n")  ngE") —n")
| < Y ot (H 5 5 o

+ as(e}ine}b))

2 V4
O lma () =V [+ G (el e,

By a Taylor expansion, since we assume that the continuous solution is smooth
enough, T}V can be bounded by

N n+1y _ n 2
- ZC(%(H@W“H)_W@ ) =y (")
n=1

5t e

+as(e’ﬁ,e’ﬁ)>

2 Y4
O mg (74— [7 + Lt (e e+ 0o (67)
Before going on, we observe that the quantity ||n; (tV ) — (V") Hf/ will be
estimated by means of estimate (36[). Moreover, the Taylor formula and the fact
that €9, = 0 will be used also in the remaining estimates of T}V, V 2 < i < 4,
but their notification will be omitted.
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The term T3V = — ZnN:o (@), e — ey — (el — €))y,» represent-
ing the consistency error associated with the non-conforming matching at the
interface, can be rewritten as

N+1 N

Y = - Z "),ef = mhlef))g + Y (€@ el — male)

n=0

= —Z (") — (t"), € — mn(ef))s

—<€(tN+1)7 e —mnley )y + (61, €l — malelr))y-

Depending on the choice of the operator 7, we have different kind of estimates.
If 7, is a mortar-type operator, using property we have

N ntly _ = n+1 ny _ % n
S (SRR D )
>

ot ot O T Th
—(EENTH) = mR (VT ey T = malel ) g + (E1EY) — Au(E(EY), e — ma(ed))ss

where 7, (£(1Y)) € Vhf(Z) denotes the L? orthogonal projection of f(ti) on V}f ().
First we estimate |T4¥| as

Y| < ﬁ: st (H(z_ ) (W)

+CO(Z — ) (€M) ]

2
- nly

f (E))’ HOQQ(E)

N+1 N+1)H i

He —mp ey sy

(Hg, (E))’
1

Then, the HZ (X)-stability of 7y, see (27), and the coercivity of as(:,-) on

H&’FZ(QS) yield

’ ’ T

eHH2H2(E) OHeHulﬂ <as(eH’eH)

2
et —mu(eml o, <

Therefore |T| can be controlled by

N n+1y) _ n
|T2N| < ;C& (H(I_ﬁ—h) (W) (H, %(E))'

+C||(T = 7n) (£7HD) H?Hi(z)y e el

ZC& (H(I 7n) (O §(t"+1))H(H2 =) +a’ (e%,e%))

n=1

HONE = A CE ) + g0 (R ™)+ Cot(08)

2

+ aS(é’i;»@?z))

IN

To estimate the quantity |(Z=7n) (€N )| (as well as || (Z—75) (8:£(t" )| s )

(H2 (=) (Hgp ()

we make use of ( and of the standard finite element estimate on {v, €
CO(Z), vnx € Pk,l,\ﬁ( e T,/ with |K N¥| # 0} c V/ (%),
1(Z = ) (£(9) | = [[€(t") = &n (") — 7 (&(t") = En )]

< ChJe(t) (69| < O [CE)

(Ho%o(z))/ (Ho%o(z))'

i <I<k, VY& eVI(®).
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We note, in particular, that Vhf (3) has good approximations properties for

(HO%O(E))/ . Therefore, in the mortar case, 74" can be controlled by

N
1

TN <> Cotas (e, ) + 2a (Nt Nt 4 052 + Ch2, V¥ = <1<k
2 H>€H 5 H 9

n=1
(69)
Whereas, when 7, is a finite element interpolation operator, we can
conclude that

N
T < > Cétllel — mnled)llos + Clely ™ = mn(eyllos

n=1
N

> Csth efyllus + CR ey ™ s

n=1

IN

< ZC&H@HHE+C|\6N+1||Z’E+Ch2l, with z<mm( —k+1)

n=1

where we have used the approximation property . Finally, the inequality
[olls < Cllvllivg .00 < Cllvllrgs, Yo € H' (),
and the coercivity of a®(-,-) in V¥ C H"(02%) lead to
N @
T | < Z Céota’ (e, e?{)Jr%as(eZ'H eNTH+Ch*,  with! < min (T — 5 k+ 1) .

n=1

(70)
Like the previous terms, T = SN 2u(e(w(t™+1) —u, (17H1)), e(Lp (el —
e’}{)))ﬂ ; is first rewritten as

N+1
Y = Z2u w(t") — un (")), e(Ln(eh) Z2u w(t™ ) — g (7)), e(Ln(€))) o

() () )

20 (e(u(t™ ) —un (), e(Laley ™)) g — 20(e(u(t!) —un(th)), e(Lnlef))) g
and then bounded by
N
< Z Cot <u2

O (™) —un (V) 5

¢ (atu(t"“) _ un(®) - uh(t")) ?

ot 0.07

+ He<ch<ez>>|\§,m)

f+CH Ln(e NH )HEQ

; +C6t2.

The definition of £y, the inequality and the stability properties of 7, (see
in the finite element interpolation operator case or in the mortar case)
yield
2 S n n

1 >
HO%O(Z < < Ca’(ey,ey) Yn >0,

(71)

letenteills.ar < Cllmeila o < Cllekl;

HZ(Z -
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that gives
N 2
n Up ") — wp (1" s(,n _n
T3] < ;Cét (;ﬁ e<8tu(t +y )& ( )) Omw(eH,eH))
O [ut™ ) —un (g, + Gat (el ey + OO (72)

Note that here |[u(t¥*+!) — uh(tN“)Hi s can be estimated as in (38).

Finally, for 7)Y = SN (pa(t"+1) — p(t"t1), V - Ly, (el — e}))qs we have
that

def pad -~
Ty = (n(t") = p(t"), V- Lalel)) g = D (a(t"Hh) = p(t™+), V- La(e)) s
n=1 n=0

I
] =

X ((f’h(tm&‘ ph(t">> - (W"“zst‘ p“"’) v (ﬁh(e}y)))m

(on (YY) = p("), V- (Laler ™)) qr = (r(th) = (1), V - (Lr(€h))) s

and therefore

3
Il

N 2
tn+1) _ ph(tn)

TN < cot [ |apaen+r) — 2ol

Tl < Z (H 1Pl ) ot 0,07

OV = pr (N )[o o + Brat (el el T + Cot2, (73)

where, as for T3V, we have used the fact that

|V - (Ln(el) < Ca’(efy,ey) VYn>0.

Moas

Note moreover that the quantity ||p(tV*!) — ph(tN“)H?Jm verifies estimate

(39)-

Part 4. We finally replace in the terms TiN7 for 1 < ¢ < 4, by the

corresponding bounds , (169) (or (70) depending on the type of matching
73

operator at the interface), (72)) and (73)), and we set v; = i, Yo =3 = % and

INRIA



onvergence analysis of a semi-implicit coupling scheme
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74 = 5. After some rearrangements, we obtain
of N
EN+L T Z ~n+1 ehHOQf + ||en+1 n+1||0m]
N
2 mtlel@ e + 3 Z h = i i)
n i p° Chpf ~ Cudt et —2en 4 ent ?
He hH<« ot 0,05
< ZCpfét leptt — n+1||0 Qr T ||en+1||o,m)
ZCS(S nr_en 2 EN:Chpfét e’;IH—QeH—i-e’;Il
+ p tH +
n=0 ot 0,02 n=0 He ot 0,00
N
+ 37 Cota* (e, ef) + I +H+ T + Cot? + Ch?, (74)
n=1
where
+1 2
pr+l de def P ” n+1||OQf i [j enH _erﬁ + la ( nH-H 67}’[+1).
2 at oo 4

Here, 7 contains the terms that cause a reduction of the convergence rate in
time, H the ones that introduce a time consistency error, while Z regroups the
remaining terms, associated with the space discretization errors. More precisely

T C[n (V) = n )|y +Cp? u( ) —u

Using , and , 7 can be bounded by

I < C6&6t2+Ch** +CcH*™ + Ch?.

W7 o+ C )= (V)] -

(75)

In 7 k and m represent (and will represent in all that follows) the fi-
nite element order respectively for the fluid and the structure part, while | <

min (r — &,
mortar) matching operator at the interface.
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‘H regroups some of the terms coming from the estimates of DZ‘H and of
TN, TN, TN, and is equal to

N 2

Ho= 253‘7hpf5t“"H(tn+l>-QnH(t”)+-nf{un—l>
=0 e ot 0,058
al 2
wp, (17T — wp (1)
+ Cpfét‘c’)utnﬂ _
T;) t ( ) 5t 0,Qf
-*fiC ot oy ety - Mt = 2 () + mpg ) |7
P aal ’ .
n=0 7
al 2
ot gty _ M -
+n§::1c Ham( ) 5t o
> 2
wp (") — un (1)
+> _Cotp? ||e <5 w(t™th) —
nz—:l (™) 5t o

() — () ||

ot

N
+y_Cot Hatp(tnﬂ)

n=1

0,Qf

The first term can be bounded by

iv: Chpfét
n=0 He

n n n— 2
’nH(t ) —2my (") + () < thf 512 (76)
= Ha b

(St O,QS
using the fact that
n n n— 2
ng (") = 20y (t") + ng (")
ot 0,0
tn+1 _ tn 2 ") — tn_l 2
<C ( "'71{( 2515 (") Inp (t") + ‘ omp ") — 7 (") 5;7H( )
0,05 0,08

< C6t2. (77)

In order to control the remaining time consistency errors, we will follow the
same steps as in the derivation of , and and use the defini-
tions of the different correction terms (zy, un, cy). For example, considering

n ny 12
Hatu(tnﬂ) - un(? +1) — un(t") we have
ot 0.0f
n ny |12
Hatu(tn—'—l) _ wp(t +1) — up(t")
ot 0.0/
2
_ |ou@try - & () () = Pl (w) (") 2 () =z (1)
t ot 5t
0,0f
2 tn+1)7z (tn) 2
< n+ly _ pf n+1 Zh( h )
¢ H&gu(t ) = By, (Qpu)(t )Ho,Qf ot 0,07/ ot
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The first term can be estimated by remembering the definition of P,{ :

2
|ou) = Pl @) <c inf () ~ ol
’ Vh h

For the second term, recalling the definition of the correction term zj, it is easy
to see that

Zn (") — z (1) ||
6t O7Qf
n+1y _ n n—1 n+1y _ n 2
0 (M) = 2 ) £ T ()~ i) |
512 ot )

1
Thus the HZ,-stability of 7, and the fact that m,(vy) = vy, Yo, € Vhf(E), lead
to

Zh(tn-i-l) _ zh(tn) 2
ot

0,Qf
n n n— n n 2
<c (") =20y (t") + (") pf w(t™) —u(t")
- ot? h ot 3oy
HZ (D)

The upper bound is now estimated following the same arguments used for the
estimate of zj. In particular, by taking into account the fact that dyu(t) =
Oun(t) at the interface, we get

Z (") = za(t") | AL . i 2
ot 0,0/ =o ||n||W3'°°(0xT;V")+v;Ig/§ |9un() vy .

£ it (o) — vl +Cn ||8tm(ti)||f/s) ,

vhEV)

with % <[ < k+1 for the mortar case and ! < min (r — %, k + 1) for the inter-
polation case. Therefore, with our particular choice of the finite element approx-

t’rLJrl _ tn 2
imation spaces, the quantity Hatu(tnﬂ) — un( )(St un(t") is controlled
0,07
by
2
ntly wp (") — up(87) 2 2 . i 2

Joru(e) T e L GO R 2

: i 2 l NIE

bt e~} + on¥aun);.
v h
< C6t* + Ch*k 4 CH?™ + Ch*. (78)

All the other terms of H can be bounded in a similar manner, consequently,
using :
. , hpt
H < Cot? + Ch? + CH?™ + Ch? + O 2ot
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Finally, the stability conditions imply:
H < C6t? + Ch*F + CH*™ + Ch?. (79)
Let us now consider

2

N _
g def Z c (hpf ot > HnH(t”“) —2ng(t") +ng" ")
Ho hH ot

n=0 0,05
N
Cot? n
+ ZO S 1oP (™ ) ar. (80)
Using , T can be bounded by
hpt 1ot
< —_— .
’T_C(Ha hHU‘+1) ot (81)

By applying the stability conditions (19), 7 can be bounded by C§t, which
leads to a time error estimate of order v/ dt.

Remark 8 Note that the reduction of the convergence rate in time is due to two
Ny (") =20y (") + 0y (")
ot

comes intrinsically from the semi-implicit coupling (see Remark @ The second
part, associated with the term || Vpp, (" +1) Ham , comes from the non-incremental
Chorin-Temam scheme. It is well-known that this scheme has a reduced time
accuracy in a pure hydrodynamic problem. Nevertheless, we must observe that,
for the non-incremental Chorin-Temam scheme, the reduced time accuracy af-
fects the fluid pressure in the L>(0, T; L?(Qf)) norm and the fluid velocity error
in the L>=(0,T; H*(Q)) norm (see for example [33]). Here we also obtain a
reduced time accuracy for the fluid velocity error in the L>=(0,T; L?(1)) norm.
This may be due to the way we derived our error estimate as well as to the fact
that the reduced time accuracy observed for the pressure and the fluid velocity
affects the whole fluid—structure scheme.

2
different contributions. The first part, associated with the term

)
0,0

Remark 9 Note finally that, if in we don’t apply the stability condition,
in some particular case (e.g. o = 0) the convergence rate in time of the first
term of T could be slightly better than ét.
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Consequently, from estimate and using , and , we obtain

ot ~ -
EN+1 + Z Z n+1 - ehHOQf + ”en—i-l n+1||09f]

N
+ Z potlle@ 5 ar + 5 Z (e — el e — )

N
p° C’hpf Cuét
+ Z ( a hHa )

Z Colot(llep™ — ep g ar + llep 5 ar)

n+1 n—1 2
ey —2ey +ey
ot

0,05

IN

+ Z Cpot b 5 Chplot || efit! — 2e +ep I
o] ot |loq &= HO 5t
N
+Y " Céta*(efy, e) + Cot + Ch* + H*™ + Ch?, (82)

where % < [ < k for the mortar case and | < min (r -5, k+ 1) for the inter-
polation case. Note that we can restrict ourselves to case where [ < k for both
matching operators since r is typically equal to 1 or 2.

The analysis is concluded applying a discrete version of the Gronwall’s in-
equality. Here, for the sake of completeness, we recall only the result, referring
to [32] for a proof of it.

Lemma 2 Let §, ¢°, a™, b™, c™ and v, be a sequence of non negative numbers
for integers n > 0 so that

a"+8» V<Y yal +8) +g°
§=0 §=0 §=0
Assume that v;6 < 1 for all j, and set o; = (1 —~;8)~1. Then, for all n > 0.
a"+52bj§exp JZUj’yj 5ch—|—go
§=0 §=0 §=0

Assuming that the stability condition holds true, the discrete Gronwall’s
lemma yields

0,00

N
BNt 4+ Z leptt — eh”o or +lleptt - ~n+1||o ar] + Z pét|le m“)”%,m
N N
+1 Zas(en+1_e entl_on )+Z P Chp! ~ Cudt entt —2en et
24 VH TR IR\ g He o pHe 5t

< Cot+ Ch?* + CcH*™ 4+ Ch?, (83)

that concludes the derivation of error estimate .D
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6 Numerical results

In this section we investigate numerically the order of convergence in time of
the semi-implicit coupling scheme. Some computational results that confirm
the previous analysis will be presented. Moreover, the numerical experiments
realized give a deeper insight into the accuracy of the scheme that could be
useful for further improvements of the theoretical analysis.

First the two-dimensional test case used for all the simulations will be in-
troduced. Later, the convergence rate of the semi-implicit scheme (12))-(13)
will be evaluated and compared to the one of other FSI algorithms. All the
computation have been performed with FreeFem++ [31].

The test case. A two-dimensional test case consisting of the following ana-
lytical solution over the domains Q2 = [0,1] x [0,1] and Q°* = [0,1] x [1,1.25]
(Figure [2) is considered:

Uy = cos(x + t) sin(y + t) + sin(z + ) cos(y + t),
—sin(z + t) cos(y + t) — cos(x + t) sin(y + t),
p = 2u(sin(z + t) sin(y + t) — cos(x + t) cos(y + t)) + 2A5 cos(x + t) sin(y + t),
Ny = sin(x + t) sin(y + ),
1y = cos(z + t) cos(y + t),

Uy

(84)

where Ay stands for the second Lamé constant of solid. For the fluid, the
physical parameters are p; = 1.0 g/cm?®, u = 0.013 poise. For the solid, we have
ps = 1.9 g/cm?, the Lamé constant Ay = 3 dyne/cm?, and the Poisson’s ratio
v =0.3.

External boundary conditions, initial conditions and body forces, for the
fluid and the structure, are chosen in order to ensure that the coupled system
— is satisfied by the exact solution . In particular, considering Figure
Dirichlet and Neumann boundary conditions are respectively imposed on I'?
and I'".

rd

rd Qs rd
55

re of rn
Fd

Figure 2: Computational domain.

For all the numerical simulations, we have adopted a conforming matching
between the fluid and the structure without any consequence on the stability of
the scheme (see Section. A uniform space discretization step h = 0.05 cm has
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been set. For the fluid, we have resorted Taylor-Hood finite element, while for
the structure, Py finite elements have been used in order to guarantee a small
space discretization error. For the time discretization, a sequence of decreasing
time steps (6t = 5-1072,2.5-1072,1.25-1072,6.25-1073,3.125-10~3s) has been
used to compare the numerical solutions to the exact one .

Three different FSI algorithms are compared: the semi-implicit scheme —
, a fully implicit scheme where the Stokes equations are solved as a mixed
problem in the velocity and pressure unknowns, and a modified version of
the semi-implicit scheme where we replace the non-incremental Chorin-Temam
method with its incremental version (see for instance [29]). The latter is there-
fore given by:

Step 1: (explicit viscous-structure coupling)

ﬁn-i-l _ u'n,
i 5 —2udiv (e(@" ™)) + Vp" =0, in Q7
n _ n—l1
a"tt = non 5? , on X.

Step 2: (implicit pressure-structure coupling)

e Fluid projection sub-step:

wntl — gt )
Pl + V" =p") =0, in 0,
divu"tt =0, in 7,
n+l _ . n
u""'l-nf:%-nf, on X.

e Solid sub-step:

snn+1 _ 2,,,,71 + ,r’n—l
at?
o_s(nnJrl) .nf = o_f(,anJrl,anrl) ~TLS, on Y.

—dive®*(n"t') =0, in QF

Moreover, for both of the semi-implicit schemes, the fluid part of the projection
step has been rewritten as a Poisson problem for the pressure (see [I, 28] for
more details). For the sake of conciseness, in the following, we address the
previous schemes respectively as: non-incremental semi-implicit scheme, fully
implicit scheme and incremental semi-implicit scheme.

The errors, between the numerical solutions and the exact one, are computed
with respect to the norms [°°(7, T, L2(Qf)), for w and p, [=(7, T, L?(Q*)), for
the structure velocity w def m, and 1°°(1, T, H'(Q?®)), for m, with 7 = 0.5 and
T = 1. They are presented in Figure [3| and reported in logarithmic scale as a
function of ét: in red for the non-incremental semi-implicit algorithm, in green
for the incremental one while in blue for the fully implicit scheme.

Non-incremental semi-implicit scheme wversus fully implicit scheme.
Let us first consider the time discretization error of the two algorithms. From
Figure (3| it can be easily observed that for a given time step the discretization
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error is smaller in the fully implicit scheme than in the non-incremental semi-
implicit scheme. As we will see later, this difference is mainly due to the use of
the non-incremental Chorin-Temam scheme in the fluid problem.

For the convergence in time, as expected, the fully implicit scheme is first
order accurate in time for velocity, pressure and displacement. Instead, for the
semi-implicit one, we observe a lower convergence rate if compared to the im-
plicit scheme. We can therefore confirm also from a numerical point of view that
the scheme — has a convergence rate globally lower than one. In detail,
it is important to note that a small reduction of convergence is experienced for
the fluid pressure and for the structure unknowns, but not for the fluid velocity.
The latter is indeed still linear in time. Therefore, at least in this test case,
it seems that the velocity error with respect to the norm [°°(7, T, L?(2f)) isn’t
affected by a reduced convergence rate.

Remark 10 It is worth noticing that the test case proposed is only one of the
many different analyzed and in none of them we have observed a reduction in
the wvelocity accuracy in the 1°°(7,T, L*>(Q/)) norm.

The convergence in time of the velocity unknowns remains therefore an open
problem for the semi-implicit scheme. Possible improvements can be done either
in the choice of the test case, or in a non-trivial improvement of our theoretical
result, that aims at decoupling the analysis of the velocity error from the one of
the pressure and displacement errors, in order to retrieve its linear convergence
rate.

Non-incremental semi-implicit scheme versus incremental semi-implicit
scheme. Here the convergence in time of the semi-implicit scheme is inves-
tigated by comparing the non-incremental version of the semi-implicit scheme
with the incremental one. It is well-known that, for pure Stokes and Navier-
Stokes problems, the incremental version of the Chorin-Temam scheme has bet-
ter accuracy properties than the original one (see for example [I8] 27] 28] [29]
and references therein). A linear convergence in time is indeed retrieved for
velocities and pressure (for a proof refer to [28, 41]):

IN

c(hF T 4 6t),
c(h® 4 6t).

[w(t™) — w2 ry) + [[w(t™) — @yl (22

[Jw(t™) =y |10 (1)) + (") = Dillise (L2(00))

IN

A direct comparison between the numerical results of the two schemes, Figure
Bl clearly shows that the choice of the numerical method for the fluid problem
changes the accuracy in time of the whole fluid-structure interaction procedure.
In detail, the non-incremental Chorin-Temam method induces a numerical dis-
sipation on the coupled problem and modifies the convergence in time of the
structure problem. With the incremental semi-implicit scheme a linear conver-
gence rate in the fluid-structure problem seems to be retrieved.

Incremental semi-implicit scheme versus fully implicit scheme. Through
this last comparison we stress once more the efficiency of the semi-implicit algo-
rithm proposed in [20] and, in particular here, of its incremental version. Indeed,
the latter is computationally cheaper than the fully implicit algorithm but it
guarantees the same convergence order and similar discretization errors in time
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(see Figure [3). Finally we note that the semi-implicit coupling does not seem
to affect the convergence of the incremental scheme. A deeper investigation of
this last point will be addressed in future works both from a theoretical and
numerical point of view.
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Figure 3: Convergence of the different FSI algorithms to the exact solution,
for velocities, pressure and displacement. In red the non-incremental version of
the semi-implicit scheme, in green the incremental one, while in blue the fully
implicit scheme. Dashed lines are used to compare the slopes of the represented
curves.

Before concluding, some more remarks are in order:

e The choice of the test case and of the physical and numerical parame-
ters has been accurately set in order to satisfy the stability condition
and to stress the effects of a convergence rate lower than one in the non-
incremental semi-implicit scheme. As a matter of fact, depending on the
exact solution considered or on the parameters chosen, a linear conver-
gence rate could be observed for some of (or even all) the unknowns.

e In the non-incremental semi-implicit scheme, we observe numerically a
difference in the convergence rates of the fluid velocity and pressure. This
difference seems to be in agreement with the estimates and with the
results reported in [27, 28] 29] [39] for the pure Stokes and Navier-Stokes
problems. In addition for a pure fluid problem, numerical experiments
done by other investigators (see [24, Chapter 7] ) show a substantial im-
provement in accuracy if in the Darcy formulation of the projection step
one replaces the boundary condition on the normal component of the ve-
locity by a full Dirichlet, which makes sense for the fully discrete problem.
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Clearly, this technique could be also used in the sub-problem of the
coupling algorithm.

7 Conclusion

In this paper we have analyzed from a theoretical and numerical point of view
the semi-implicit scheme proposed in [20]. From a theoretical point of view
the convergence of the scheme has been proved using a non-conforming space
discretization of the two domains and the Leap-Frog scheme for the structure
time discretization. The cases of mortar and interpolation matching operator
have been considered. The study for the Newmark scheme is still an open
question, even if, from a computational point of view, it is known to lead to
stable algorithms.

We proved that the projection semi-implicit coupling scheme proposed in
[20] is at least v/0t accurate in time. We supported our theoretical result with a
numerical test where a small reduction of the convergence rate for pressure and
displacement is observed. However, the effects of the coupling scheme on the
fluid velocity remain an open question since no accuracy reductions have been
experienced. Finally the use of the incremental version of the Chorin-Temam
method in the fluid-structure interaction scheme actually improves the global
accuracy and a linear convergence rate is retrieved for all the unknowns.
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