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Abstract

Over the last decade, the numerical simulation of incompressible fluid-
structure interaction has been a very active research field and the subject
of numerous works. This is due, in particular, to the increasing interest
of the research community in the simulation of blood flows in large
arteries. In this context, the fluid equations have to be solved in a moving
domain and the incompressibility constraint makes the coupling sensitive
to the added-mass effect. As a result, the solution procedure has to be
designed carefully in order to guarantee efficiency without compromising
numerical stability. In this paper, we review some of the coupling schemes
recently proposed in the literature. Some numerical results that show the
effectiveness of the novel approaches are also presented.

Key words : Fluid-structure interaction, incompressible flow, Navier-
Stokes equation, elastodynamics, coupling schemes, partitioned procedures, numerical
stability.
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1. Introduction

Computational Fluid-Structure Dynamics (CFSD) is of great importance
in practically all engineering fields, from aeroelasticity to biomechanics (see,
e.g., [40, 93, 99, 85, 92, 113, 59, 118, 14, 70, 28, 42, 114, 8, 120, 33]). The
work summarized in this review stems from the numerical simulation of the
(mechanical) interaction between blood flow and the vessel wall in large arteries.
Over the last decade, this topic has been a very active field of research and the
subject of numerous works (see, e.g., [96, 59, 118, 87, 51, 121, 76, 77, 53]). The
underlying motivation is that computer based simulations of blood flows, in
patient-specific geometries, can provide valuable information to physicians (e.g.,
in order to enhance diagnosis and therapy planing). Moreover, such simulations
can also be a major ingredient in the design/optimization of medical devices.

The numerical simulation of the fluid-structure phenomena involved in blood
flows raises many issues. Among them, the displacement of the wall cannot be
supposed to be infinitesimal, geometrical nonlinearities are therefore present
in the structure and the fluid has to be solved in a moving domain. On the
other hand, since blood is an incompressible fluid, the arteries are slender and
the vessel and blood densities close, the coupling has to be tackled carefully in
order to avoid numerical instabilities.

In large (or medium size) arteries, blood is commonly modeled as a
homogeneous, viscous, Newtonian and incompressible fluid (see, e.g., [115, 53]).
Although the artery wall has a viscoelastic behavior (see, e.g., [56]), we limit
the presentation to the case of a non-linear elastic solid. Yet, the coupling
strategies discussed below are not restricted to this structural behavior. As
a mathematical model, we consider therefore the system of partial differential
equations involving the Navier-Stokes equation (in a moving domain), the non-
linear elastodynamics equation and the following coupling conditions on the
interface X:

= continuity of displacements (fluid domain and structure):

d=d° on ¥ (1)

= continuity of velocity (fluid and structure):

o’n®=—-on on X. (3)

This paper concerns the numerical resolution of this coupled problem.

The time semi-discretizations of this system exploit, in general, the
heterogeneous structure of the coupled problem. That is, the fluid and the
solid are time semi-discretized by different time-marching schemes, tailored by
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their different mathematical properties. On the other hand, the time semi-
discretization of the interface coupling conditions (1)—(3) defines the coupling
scheme.

One of the most elementary coupling schemes (perhaps the most popular in
the aeroelastic community) is based on the following explicit treatment of (1)
and (2):

d" = @™ on 3,
ub" Tt =4®" on X, (4)
oSt = ghntinf on 3.

This yields the procedure reported in Algorithm 1. This algorithm is known
as conventional serial staggered scheme (see, e.g., [100, 86, 102, 42]). Note that
Algorithm 1 is very appealing in terms of computational cost, since it allows a
fully uncoupled (sequential) solution of the discrete problem.

Algorithm 1 Explicit coupling (weakly or loosely coupled) scheme.

1. Update the fluid domain configuration (mesh) and velocities via (4)1;
2. Advance in time the fluid with the interface Dirichlet condition (4)s;
3. Advance in time the structure with the interface Neumann condition (4)s;

4. Go to next time-step.

Explicit coupling (weakly or loosely coupled) schemes are those in which (2)
or (3) are explicitly treated. A spurious numerical power is therefore generated
at the interface (energy is not exactly balanced due to the explicit treatment),
which has to be controlled in order to guarantee stability. Algorithm 1 is
an explicit coupling scheme, since it treats (2) explicitly. Although explicit
coupling algorithms are widely and successfully used in aeroelasticity (see, e.g.,
[101, 102, 55, 42]), a number of numerical studies (see, e.g., [91, 85, 105, 96, 59])
have shown that Algorithm 1 is unstable under certain choices of the physical
parameters. Typically, this happens when the fluid is incompressible, the fluid
and solid densities are comparable or when the domain has a slender shape,
irrespectively of the choice of the time-step size. Blood flows are a popular
example of such a situation.

Theoretical explanations of this issue have been reported in [25] (see also
[54]). In particular, the following instability condition is established in [25] for
a simplified framework:

pe
P Xadd

<1, (5)

where € and \,qq are pure geometrical quantities. The former is related to
the thickness of the structure, whereas the latter increases with the length of
the domain (it is the largest eigenvalue of the so-called added-mass interface
operator). Note that the left hand-side of (5) is a pure physical quantity, it
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measures the amount of added-mass effect in the system. In particular, since
(5) is independent of the time-step size, reducing it does not cure the instabilities
(as mentioned above).

Implicit coupling schemes are those that time semi-discretize (1)—(3)
implicitly. The schemes that treat (2) and (3) in an implicit fashion are also
known as strongly coupled. The implicit coupling schemes are therefore strongly
coupled. These schemes have been, for years, the unique way of circumventing
the above mentioned numerical instabilities. Somehow, this explains why the
development of efficient methods for the resolution of the coupled non-linear
systems, arising in implicit coupling, has been (and still is) a very active field
of research.

Some of these implicit coupling procedures are described in §3. In particular,
we present the Newton algorithm proposed in [49]. The rest of the paper is
devoted to the problem of avoiding strong coupling, without compromising
stability. This issue is addressed from two different perspectives. In §4, we
present the semi-implicit coupling paradigm proposed in [48]. A different point
of view is considered in §5, where we review the schemes recently proposed in
[22, 5], that are based on the weak treatment of the interface conditions at the
(space) discrete level. Some final remarks and lines of future work are drawn in
§6.

The next section contains introductory material. We review there the main
ingredients of the general mathematical model used to describe the interaction
of a viscous incompressible Newtonian fluid and an elastic structure.

2. Preliminaries

The modeling of fluid-structure interaction systems under large displace-
ments involves, in a general way, the coupling of two formulations: the solid
classically treated in Lagrangian formulation, and the fluid described by an ar-
bitrary Lagrangian-FEulerian (ALE) formulation (see, e.g., [40, 98, 90, 85, 45]).

/' i \Z E Fd/.A% il—‘in 3(t) Fouti Qs(t)
\'1\ o | / ofy !

Figure 1: Geometrical fluid-structure configurations.

We consider a mechanical system occupying a moving domain which consists
of a deformable structure Q°(t) (e.g., the vessel wall) interacting with a fluid
under motion (e.g, the blood) in the complement Qf(t) of Q3(t), see Figure 1.
We denote by X(t) the current configuration of the fluid-structure interface,

that is, 3(t) of o0 (1) N 0Q(t). Let QF U Q® be a reference configuration of
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the system (e.g., the initial configuration). We denote by 4f 90f N 9QS the

reference fluid-solid interface and 9Qf = Ut Uy, 9Q° = TduTI™ U X,
are given partitions of the fluid and solid boundaries respectively. The fluid
external boundaries I'™ and I'°"t are supposed to be fixed. The corresponding
outward normal vectors to the fluid and solid boundaries are denoted by n
and n®, respectively (the same notation is used for their reference and current
configurations).

2.1. Fluid equations

The dynamics of the (moving) control volume Qf(¢) are parametrized in
terms of a smooth injective map A : Qf x Rt — R?, the so-called ALE-map,
such that

O (t) = A (QF),

with the notation A, < A(-,t). The corresponding deformation gradient
def def

and Jacobian are denoted by ¥ = VA; and J = detF, respectively.
Moreover, we shall use the notation w def 0; A for the fluid domain velocity,
and df(i7 t) def Ai(z) — 2, T € QF, for the fluid domain displacement.
Remark 1 Thanks to the invertibility of Ag, we can define all the physical
quantities on the reference or on the current configuration, the choice being a
matter of convenience. When the same field is evaluated in both the current
and the reference configurations, we adopt the superscript ~ to indicate that it
is defined in Qf x RT and we have the relations

i@, t) Le(AR),t) VI e,
g(z, 1) CGAT (@), t) Ve e Q).

In the rest of situations (i.e., a field is only used in one of the configurations),
the superscript ~ is not used.

We assume the fluid to be homogeneous, Newtonian and incompressible. Its
behavior is described in terms of its velocity @ : Qf x Rt — R? and pressure
p: QF x Rt — R fields, which are governed by the following Navier-Stokes
equations (written in ALE form):

{pfﬁtuA—pr(u—w)~Vu—divo-(u,p):0 in Qf(t),

6
divu=0 in Qf(t), ©

where pf stands for the fluid density, 9;u|4 for the ALE time derivative and
o(u,p) &f —pI + 2ue(u) for the fluid Cauchy stress tensor, with u the fluid

dynamic viscosity and e(u) % 1 (Vu + VuT) the strain rate tensor.
System (6) has to be supplemented with boundary conditions, for instance,

_ in
u=uy on I

{ o(u,p)n = —poyen on IO
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and initial condition w|i=g = ug. Here, Wiy, pout and ug are given boundary
and initial data. The conditions to be enforced on the fluid-structure interface
3 (t) are discussed in §2.3.

Remark 2 Note that the importance of the presence of the ALFE time-derivative
Oru| 4 in (6) emerges in the context of the numerical discretisation (we recall

that Oyu| 4 def Oru). Indeed, when computing numerically a solution in a moving
domain we are usually interested in the time variation of quantities collocated
at the nodes of a computational mesh (not at a particular fixved position), and
the latter necessarily follows the evolution of the computational domain.

2.2. Solid equations

The dynamics of the structure are parametrized in terms of its displacement
d: O xRt — R% TIts evolution is generally governed by the non-linear
elastodynamics equations

p°0rd —div (II(d)) =0 in O, -
d=0d in O,
where p® represents the solid density, d the velocity and II(d) the first Piola-
Kirchhoff stress tensor of the structure. The latter being related to d through
an appropriate constitutive law (see, e.g., [66, 30, 82]). For instance, for an
hyper-elastic material, we have
OW
II(d) = F*— (F*°
(@) = P (),
where F* © I1+WVd, stands for the gradient of deformation, E® %< L(F*)TF°—
I) for the Green-Lagrange strain tensor and W : R4*¢ — R¥ is a given density
of elastic energy.

The solid equation (7) has to be supplemented also with boundary

conditions, for instance,

d=0 on TIY
II(d)n®*=0 on I*,

-0
and initial conditions d|i—o = d°, Oid|i=o = d . The boundary conditions to be
enforced on ¥ are discussed in the next subsection.

2.3. Interface coupling conditions

In order to ensure a correct energy balance, both the kinematic and the
kinetic continuity need to be enforced across the fluid-structure interface at
all times (see, e.g., [85] and [45]). The equilibrium of stresses is given (in the
reference configuration) by

I(d)n* = —J&o(u,p)F'n on X.
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The continuity of the velocity is enforced by setting

The fluid domain displacement is taken such that
d=d on %,

that is, the fluid and solid domains remain sticked at all times. This last equality
with (8) yields u = w on X(t).

Note that, since we have assumed (for simplicity) that the inlet and outlet
boundaries (T''®, %) remain fixed, we have

d'=0 on Ty, (9)

Therefore equations (2.3) and (9) constrain the value of df on the whole
boundary 9Qf. Inside Qf, however, the displacement df(and hence the map
A) is arbitrary: it can be any reasonable extension of d|s over Qf (subjected
to (9)). In the sequel we will denote this operation by

d' = Ext (d|s) .

For instance, the operator Ext can be given in terms of an harmonic extension,
by solving;:
~Ad'=0 in O,
d=0 on T™mure,
d=d on X

In summary, the interface coupling conditions are given by:

d' =Ext(dly), w=20dd in Qf
u=0d on X, (10)
(d)n° = -J&o(u,p)F~"n on X.

Remark 3 The main ingredients of the ALE (arbitrary Lagrangian-Eulerian)
formalism can be inferred from (10). Indeed, the conditions (10)1 2 impose that
the interface points must follow the same displacement as the fluid, thus the
Lagrangian terminology. In contrast, the motion of the remaining points is not
necessarily related to the fluid kinematics, so the Fulerian terminology.

2.4. Summary of the equations and global energy balance

As mathematical model, we consider therefore the system of partial
differential equations involving the Navier-Stokes equations (6), the non-linear
elastodynamics equations (7) and the interface coupling conditions (10). This
yields the following problem: find the fluid domain displacement d' : Qf x Rt —
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R?, the fluid velocity @ : Qf x Rt — RY, the fluid pressure p : Qf x Rt — R
and the structure displacement d : Q% x RT — R? such that
ployula + pf(u — w) - Vu —dive(u,p) =0 in Qf(1),
divu=0 in Qf(t)
w=mu;, on M
o(u,p)n = —pown on T
p°0d —div (II(d)) =0 in Q,
d=08d in O

’ (12)
d=0 on TIY
II(d)n®*=0 on I",
d' =Ext(d]y), @=28d i Q)
u=0,d on X, (13)
II(d)n® = —J&(u,p)F""n on X,

with the initial conditions u|,—g = u°, d|;—¢ = d° and dyd|—g = d’. We refer
to [88] for a recent review on the mathematical analysis of this type of coupled
problems. This review paper is devoted to the numerical resolution of (11)-(13).

The next result (see, e.g., [94] and [46] for a proof) shows that the coupled
system (11)-(13) ensures a correct balance of the mechanical energy.

Lemma 1 Assume that the structure is hyper-elastic (with energy density
function W) and that the coupled fluid-structure system is isolated, i.e., u = 0
on '™ UTOM, Let

f S
def 4 P S
B0 [ Db [ i [ w(E@)
Qf(t) s s
—_——

Kinetic Elastic
energy potential energy

be the total mechanical energy of the fluid-structure system described by (11)-
(13). Then, the following energy identity holds:

B0 =£0)- [ [ 2wl

Viscous work

As expected, dissipation only comes from the fluid viscous effects and the power
exchanged by the fluid and the structure exactly balance at the interface. This
balance is a direct consequence of the interface coupling conditions (13).



10 M.A. FERNANDEZ

3. Implicit coupling

In what follows, 7 > 0 denotes a given time-step size and z" an
approximation of a given time-dependent field x at time ¢, def nt, with n € N,
Moreover, 9,z +! &ef ("1 — 2™) /7 denotes the first order backward difference

and 27+ & (z™*1 4 2™)/2 the mid-point value approximation.

The time semi-discretizations of (11)-(13) exploit, in general, the
heterogeneous structure of the coupled problem. That is, (11) and (12) are time
semi-discretized by different time-marching schemes, tailored by their different
mathematical properties. To fix the ideas, we consider an implicit scheme for
the ALE Navier-Stokes equations (11),

pfaTun+1|A + pf(,un+1 _ ,wn+1) . VunJrl

. fnt+1
in QY

: +1 J
—dive(u"",p

n+1)

dive" =0 in Q' (14)
u"“ = Uin (tn+1) on Fin7
U(un+1apn+1)n = Pout(tny1) on Fout;

and a mid-point rule for the structural equation (12),

o, d T vt =0 i O

d7I=9,d" i O,
d"™=0 on I,

1
I 2nS =0 on I™

(15)

with the notation T3 %' %(H(dnﬂ) + H(dn))-

As mentioned in the previous section, explicit coupling schemes may lead
to numerical instabilities. These numerical instabilities have been traditionally
circumvented by considering fully implicit time-discretizations of (11)-(13). For
instance, by combining (14) and (15) with the following implicit treatment of
(13):

df,n+1 _ EXt(dn+1‘2), ,&\’n—i-l _ a‘rdf,n+1’ Qf,n-‘rl — (IQf + df,n+1)(Qf)’
" =0,d"" on .

" on® = —J Gt p ) (P T on 3.

(16)
This yields the time-marching procedure summarized in Algorithm 2.

Note that Algorithm 2 is an implicit coupling (so, strongly coupled) scheme,
since (13) is enforced exactly at each time-step. As a result, the scheme
can be proved to satisfy a discrete counterpart of Lemma 1 and, therefore,
is energy stable (under a GCL condition, see [94, 85, 83] and [46]). The payoff
of this enhanced stability is that the equations (14), (15) and (16) yield a
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Algorithm 2 Implicit coupling scheme.
1. Solve the coupled problem (14), (15) and (16);

2. Go to next time-step.

highly nonlinear coupled system at each time-step. As a matter of fact, in
addition to the common nonlinearities of the fluid and solid equations, implicit
coupling induces geometrical nonlinearities within the fluid equations, due to
the dependence of Q1+ on dhnF!.

The solution procedures for this coupled non-linear problem (and for coupled
problems, in general) are commonly classified into two distinct categories:
monolithic and partitioned (see, e.g., [43]). An ad hoc single solver whose
purpose is to simultaneously solve (14)-(15) and (16) leads to a monolithic
procedure (see, e.g., [105, 113, 70, 14, 72, 51, 15, 11, 77, 58]). A solution method
that couples independent fluid (14) and structure (15) solvers is termed a
partitioned procedure (see, e.g., [104, 92, 85, 89, 59, 38, 80, 36, 78, 9, 73, 32, 33]).

Remark 4 Needless to say that Algorithm 1 is a partitioned procedure.

Monolithic methods are, by construction, less modular than partitioned
approaches and do not allow the use of legacy software. Partitioned methods,
on the contrary, facilitate the reuse of existing code. Moreover, because of their
inherent modularity, new models and numerical schemes can be introduced
while keeping everything else the same (see, e.g., [117, 39, 6]). All these
advantages come, however, with a price: computational efficiency over a
monolithic approach is not necessarily guaranteed (see [71, 11, 77]).

3.1. Variational setting

In variational form, the non-linear coupled system (14), (15) and (16) can be
formulated as the following monolithic problem (see, e.g., [46]): for n > 0, find
d e Hipon (), @™ e HYQD), prtt e L2(QF) and d™H! e HL.(QY)
with " i = win (tn41), satisfying (16); 2 and such that

f

& un—i—l . 'Uf _ un X 'Uf +pf (un+1 _wn+l) . Vun—i—l "Uf
T Ofn+1 Qf.n Qf,n+1

—pf/ (divw”“)umf—i—/ o(u™ prthy . V'uf—i—/ qdivaut!
Qf n+1 Qf.n+1 Qf.n+1

2p° . ; 1 )

° / (@t —d" —7d") - v® +/ sz ve

T . .

+
= _/ pout(tn+1)vf 'n (17)
Follt

for all (3", v*,q) € Hpw(QF) x HEa(Q) x L2(Qf) with 7' |y, = v°]x.
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Partitioned methods for the numerical solution of (17) typically stem from

a domain-decomposition reformulation of this problem. Let Lf : H %(Z) —
Hii o (QF) be a given continuous linear lift operator and consider the
following splitting of the test functions space

{(@,v°) € Hpu(QY) x HEa () = 3]s = v%|s} = {(®,0) : 3" € Hpus(Q))
o (L (v°]n),v®) : ©° € Hia()}.

By applying this decomposition to (17) we recover the following equivalent
formulation, involving two coupled subproblems:

{ }—(df,n—l-l, an-&-l’ﬁnJrl’ ,yn+1)

18
S(dn+17un+1) — 0’ ( )

def . . . def
where ~7t1 = d"“\g is the interface displacement and p"*t? =

RE (df’"'H, ﬁn+1,ﬁ”+l) the variationally consistent representation of the fluid
stress at the interface (whose expression is given below). In short, equation
(18); ensures the fluid balance subjected to the interface displacement ™1,

whereas (18)y enforces the solid balance subjected to the interface fluid stress
n+1
puth

The fluid operator
F i Hb pow (QF) x HY(QF) x L2(QF) x H?(3)
= (Hpuus (Q1) x L2(QF) x L2 (M UE) x L2(Qh))',

is defined as

f
<./—'.(df,1/l,ﬁ7’y),($f7’q\’£’C) déf& / U'Uf—/ ’UJn”Uf
T Qf (df) Qf.n

+pf/ (u—w(df)) ~Vu~'vf—pf/ (divw(df))u~vf
Qf(dh) Qf (df)

+/ o(u,p): Vo' +/ qdiv o +/ Pout(tns1)v' -1

f 21 . .
+/ﬂf (d' — Ext(y)) .¢+/E(u—677) .5+/Fm (u—uin(tns1)) - € (19)
for all (0°,G,€,¢) € Hpbw,x(QF) x L2(QF) x L3I U X) x L*(QF). Here,

we have used the notations w(d") o (d' —d"™) /7, 9.~ o (v —~™)/7 and

Qf(d) & (T +d') ().
The interface fluid residual operator Rf : H'(Qf) x H*(Qf) x L*(Qf) —
H™? (3) is then defined by

(RY(d',@,p), A) & (F(d,@,p,7), (LA, 0,0,0)) (20)

for all A € H?(X).
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Remark 5 Note that the test function B in (19) vanishes on the boundary
'™ U, so that Dirichlet boundary conditions are strongly imposed. The last
two terms of (19) are not included in practice in the variational formulation.
They have been incorporated in the definition of the fluid operator in order to
facilitate the presentation. The same observation applies to the third last term.

Similarly, the solid operator
S:HL (D) x H 3(3) — (HL (),
is defined as

(\ def 2p° n qn S 1 n S
(S(d, ), v°) d:f?g (d—d"—7d") v +§/ (TI(d) + II(d")) : Vv
Qs s

+ <IJ‘7 US|Z>
for all v° € Hpa(0°).
Finally, problem (18) can be reformulated as an interface problem in terms
of the nonlinear fluid and solid Steklov-Poincaré operators (see [36]). The

fluid Steklov-Poincaré operator S* : H%(E) — Hié(E) (also called Dirichlet-
Neumann map) is defined by

ef ~ ~ 1
§'(y) € R (d' (7). @(7).5(v)) Wy € HE(2), (21)
where (df(v),a(v), p(7)) is the solution of the Dirichlet fluid subproblem:
F(d' (7). @(v),p(),7) = 0. (22)

In other words, Sf(y) gives the interface fluid stress associated to the
displacement -y of the interface. Analogously, the nonlinear solid inverse Steklov-
1 1
Poincaré operator S° : H 2(X) — H?2(X) (also called Neumann-Dirichlet
map) is given by
s 1
S*(p) =d(p)|s Ype H 2(%),

where d(p) is the solution of the Neumann solid subproblem:

S(d(p), ) = 0.

From the above definitions, it follows that problem (18) (or, equivalently,
(17)) is equivalent to the following interface problem: find v+ € H B (3) such
that

SS(Sf("}/nJrl)) _ ,7n+1. (23)
This equation is the so-called interface Dirichlet-Neumann formulation of (17).
The composition of (24) with the inverse operator (S%)~!, gives rise to the
so-called Steklov-Poincaré equation (see [36]):

(85 (y" ) = STyt = 0. (24)

Remark 6 For the sake of conciseness, we have limited the presentation to the
time semi-discrete problem (17). Nevertheless, the discussion also applies to
the fully discrete case, for instance, after space discretization of (17) with finite
elements.
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3.2. Partitioned solution methods

These methods are generally based on the application of a particular
nonlinear iterative method to the interface formulations (23) or (24). In this
subsection we discuss some iterative procedures applied to (23). Some solution
methods for the non-linear problem (24) are introduced in [36]. Alternative
partitioned procedures, based on Robin-Neumann transmission conditions, have
been recently introduced in [9, 10].

The formulation (23) reduces problem (18) to the determination of a fixed
point of the Dirichlet-Newmann operator S*0S*. This motivates the use of fixed-
point (e.g., non-linear Richardson) based iterations, as shown in Algorithm 3
(see, e.g., [91, 92, 85, 96, 35, 107, 78]), where wi € (0,1] is a given relaxation
parameter which is chosen in order to guarantee convergence. At the fully

Algorithm 3 Relaxed Dirichlet-Neumann fixed-point iterations.
1. Initialize v,

2. For k > 0 until convergence of ~,,

a) Solve fluid (including domain update):
py, = S (735

b) Solve solid:
Vi1 = SS(Hk>;

¢) Relaxation:
Vi1 = WkVrs1 + (1 — wi)vs-

discrete level (i.e., after discretization in space), an expression for this parameter
(which significantly improves the convergence) is given by the following multi-
dimensional Aitken’s formula (see [92, 35, 78]):

oy = (’Yk - ’Yk—1) : (’N)’k+1 — Y+ Yk — ’)’k—1)7 k>, (25)

FYis1 = Y6+ — Ve-1l?

Algorithm 3 can be considered as the simplest way of solving implicit
coupling in a partitioned fashion: existing fluid and solid solvers (possibly
black-box) can be straightforwardly coupled, without significant modifications
of the two solvers. The method, however, may suffer from a poor convergence
behavior, which is dictated by the amount of added-mass effect in the system.
Indeed, increased relaxation is required when the solid density decreases or the
domain length increases, which can compromise efficiency in real applications.
Theoretical explanations of this issue have been reported in [25] using a
simplified model (see also [85, 34, 74, 31]). The limitations of Algorithm 3
have led to the development of new variants: for instance, based on the use of
transpiration techniques [37], reduced order models [116], vector extrapolation
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[79], interface artificial compressibility [104, 73, 33], and Robin-Neumann
coupling [9]. It is worth noticing that these last two variants achieve convergence
without the need of relaxation and have a low sensitivity to the added-mass
effect.

Alternatively, one can apply a Newton based method to (23), for a fast
convergence towards the solution (see, e.g., [59, 60, 32, 49]). This yields
Algorithm 4, which involves the Jacobian DR of the coupled operator

Algorithm 4 Interface Dirichlet-Neumann Newton’s method.

1. Initialize
2. For k£ > 0 until convergence of =,

a) Solve fluid (including domain update):
py, = S ()5

b) Solve solid:
Yiyr =57 (Hk);

¢) Evaluate residual:
R(V) = Yiy1 — Wi

d) Solve tangent problem:

Dy R(v1,)0v1, = —R(vy); (26)

e) Update rule:
Yit1 = Vi + V-

R(y) = $°(5'(v)) = 7. (27)
In practice, the linearized fluid-structure problem (26) is solved using an
operator-free (Krylov) iterative method, as GMRES, which only requires
repeated evaluations of D, R(v) against given interface displacements X. In
other words, the Jacobian operator D, R(+y) is not explicitly needed.
Approximate evaluations of D R()A (or resolutions of (26)) lead to the so-
called inexact (or quasi-) Newton methods (see, e.g., [59, 78, 32]). For instance,
we can use as an approximation the difference quotient

DyR(A = (Rl + o)~ R()), (28)

with € > 0 a given small enough parameter (see, e.g., [19]). Note that this
approach facilitates the use of black-box solvers (as Algorithm 3), since (28)
only requires residual evaluations. Nevertheless, as noticed in [59, Remark 5.1]
(see also [78]), such a strategy may lead to inefficient Newton iterations.
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Using the chain rule, we have
DL R(Y)A = DuS*(S' (7)) Dy S (1A = A, (20)

so that the exact evaluation of D, R(y)A can be split into the following three
sequential steps:

(i) Solve the linearized fluid subproblem:
¢ = DyS'(m)X;
(ii) Solve the linearized solid subproblem:
1= DuS*(S'(7)¢; (30)

(i) Update: DyR(y)A=n— A

Steps (i) and (ii) require the linearized versions of the fluid and solid solvers.
Note that step (ii) is standard in solid solvers. Step (i), on the contrary, is
non-standard and usually not available in most fluid solvers. For this reason,
this step is usually approximated (see, e.g., [59, 60]).

In the rest of this subsection, we present the procedure proposed in [49] for
the evaluation of D, R()A, based on shape-derivative calculus (see [108, 1]).
By derivation of (21) with respect to « in the direction A, we have

(DyS' (A, 0) X —( Dy F(d (v), @(7), 5(7),)od , (1'6,0,0,0))

— (D@ ppF(d' (), a(),5(7),7) (68,55, A), (L'6,0,0,0)), (31)

~f de ~ de ~
for all @ € H%(Z) and with the notations 6d D, d' ()A, 6u def DAu(y)A

and 0p def DAp(v)A. While the second derivative in the right hand-side of
(31) is standard (e.g., a classical Fréchet derivative), the cross-Jacobian D g F
requires shape-derivative calculus, since it involves the derivation with respect

to d' of Eulerian integrals over Q(df). This yields the following expression (see
[49] for details):

1

~f
(DaF(d',5.5,7)5d | (3,3,€,¢)) = - / o (div 6y - v
T Q(df)

+ / pf (div 6d") (u-— w(df)) -Vu-v— / ot [VchSdf (u-— 'w(df))] v
Q(df) Q(dh)

1
— —/ plod" - Vu - v +/ o (u,p)[I div sd' — (V5df)T] : Vo
T Ja(d) Q(df)

- / p[Vuved + (vod)" (Vu)'] : Vo
Q(df)

_/ qdiv{u[Idivédf—(V(Sdf)T]}+/ od ¢ (32)
Q(dh) Q
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for all (¥,q,&,¢) € Hpm,x(QF) x L2(Qf) x L*(I'™UX) x L*(QF). Note that the
above terms (see also (see [38, 15]) are not standard in a fluid research code,
which explains why these terms have been usually neglected, or approximated
by finite differences (see, e.g., [113, 89, 70]).

~f
On the other hand, dd , 6u and §p can be obtained by implicit derivation
of (22). This yields

~f
dd = DL Ext(v)A, (33)
and (du, 0p) solve the linearized fluid subproblem:

= —(Dy F(d' (), (7)., 5(7),7)6d , (3,3,0,0)) (34)

for all (9,q) € Hipwm 5 (QF) x L2(Q), with the boundary conditions §@|s; = /7,
ou

in = 0.

r

In summary, for each interface displacement A, the sensitivity D~ S;(v)A
can be evaluated as follows:

~f
(i) Compute the fluid domain displacement sensitivity dd from (33);
(ii) Compute the fluid sensitivities (6w, p) from (34) and (32);

(iii) Evaluate DySf(v)A from (31) and (32).

Remark 7 Note that each operator-free evaluation (29) (one per GMRES
iteration in (26)) requires the resolution of the linearized fluid subproblem (34)
and the linearized solid sub-problem (30).

We conclude this subsection with a few numerical illustrations from [49],
involving the coupling of the ALE Navier-Stokes equations with the linear
elasticity equations. The reported results correspond to the simulation of a
pressure wave propagation in a compliant straight vessel (see [52, 59]). The
following procedures are compared:

= FP-Aitken: Algorithm 3 with Aitken’s dynamic relaxation (25);
= Newton: Algorithm 4 with exact Jacobian evaluation described above;

= Inexact-Newton: Algorithm 4 with the inexact Jacobian evaluation
obtained by neglecting the cross-Jacobian DgF (shape terms) in (34)
and (32).

Figure 2 (left) reports the number of iterations per time-step, performed by
each procedure. The superior convergence behavior of both Newton algorithms
is clearly visible. Figure 2 (right) shows that both Newton algorithms are about
2 times faster than the fixed-point algorithm (see [49] for a detailed discussion).
Note that the cost of each Newton iteration is higher than the cost of a fixed-
point iteration (see Remark 7).
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Newtc
: Inexact-Newton
45 FP-Aitken

£ Algorithm CPU time
LI FP-Aitken 1.00
3 0 - Inexact-Newton 0.56

s ‘ L Newton 0.52

0 0.005 001 0015 002 0025 003

Figure 2: Left: number of non-linear iterations per time-step.  Right:
dimensionless elapsed CPU time (7 = 10~* s). From [49].

The impact of the exact Jacobian evaluations in Algorithm 4 can be
highlighted by increasing the time-step size. Figure 3 (left), reports the number
of iterations per time-step obtained with 7 = 1073s. The fixed-point and
inexact-Newton algorithms fail to converge after two time steps (the allowed
maximum number of iterations is reached) whereas the exact Newton method
converges and requires a low number of iterations. Figure 3 (right) shows the
evolution of the residual during the iteration process in both Newton algorithms
at the third time step. While the exact Newton only requires 3 iterations to
reach the convergence threshold, the inexact-Newton algorithm is unable to
reduce the residual.

001 Inexa

0001

2 00001
£ s ’\

: g reos
2
5 10 ‘

1e06

1e-07 “

0 1e08.
0 0005 001 0015 002 0025 003 0 20 40 60 80 100

Figure 3: Left: number of non-linear iterations per time-step. Right: Newton
residuals (7 = 1073 s). From [49].

Remark 8 Numerical evidence shows that the convergence of the GMRES
iterations involved in (26) is sensitive to the amount of added-mass effect in
the system (see [11]), whereas the number of Newton iterations is practically
unaffected. The overall sensitivity is, however, remarkably lower than that
of Algorithm 3 (see [11, §6.1]). Note that, for linear fluid and solid solvers,
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Algorithms 8 and 4 can be viewed as, Dirichlet-Neumann preconditioned,
Richardson and GMRES iterations, respectively. Hence, the superiority of
Algorithms 4. At last, let us mention that the added-mass sensitivity of the
GMRES iterations can be reduced by using Robin-Neumann preconditioners, as
proposed in [10].

4. Semi-implicit coupling

A first approach to reduce the computational complexity of implicit
coupling consists in treating the fluid domain geometry explicitly (see, e.g.,
[96, 110, 97, 111]). This corresponds to the following explicit-implicit treatment
of (13):

df’nJrl _ EXt(dn|2), ﬁjn+1 — 67—df7n+1, Qf,nJrl _ (IQf + dferl)(Qf)7 (35)

" =0.d""" on X, (36)
HnJr%ns — _Jn+1a,(un+1,pn+1)(Fn+1)7Tn on E,

which, combined with (14) and (15), yields the time-marching scheme detailed
in Algorithm 5. Although not fully implicit, this scheme is strongly coupled
since the transmission conditions (13)3 and (13)3 are treated implicitly via (36).
As a result, the stability of Algorithm 5 is not compromised by the amount of
added-mass effect in the system (see [110, 97, 111]).

Algorithm 5 Semi-implicit coupling scheme via explicit geometry treatment.

1. Update the fluid domain configuration (mesh) and velocities via (35);
2. Solve the coupled problem (14), (15) and (36);

3. Go to next time-step.

At each time-step, Algorithm 5 involves the resolution of the non-linear
system (14), (15) and (36). This coupled problem enters the abstract framework
of the previous section (by simply removing the unknown d" i (18)) and,
therefore, can be solved by means of the partitioned procedures discussed
therein. Note however that, due to the explicit treatment of the fluid geometry,
the corresponding fluid operator S* does not involve the computation of the
displacement d. Hence, the shape terms, involved in the cross-derivative D g4 F,
are no longer needed for the exact evaluation of DWSf in the tangent problem
(26) of Algorithm 4.

4.1. Projection-based semi-implicit coupling

As mentioned above, Algorithm 5 is still a strongly coupled scheme, in
the sense that (13)2 and (13)3 are exactly enforced at each time-step. In this
subsection we present the alternative semi-implicit coupling scheme proposed in
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Algorithm 6 Semi-implicit coupling projection scheme ([48]).

1. Implicit step (pressure-structure coupling):

s Fluid projection sub-step:
@) O 0 o,
i

divu™ =0
n=Up(tpy1) - n on I (37)
P =pout(tng1) on T,

"' n=0,d""''n on .

un+1

= Solid:
SBTdn+1 —divII"2 =0 in Q°,
o,d" ! = dnJr% in Q°,
d*'=0 on ¢ (38)
I"*2p°=0 on I,
" in® = —J"¢@@", p")(F")"™n on 3.

2. Explicit step (viscous-structure coupling):

= Update fluid domain:

df,nJrl — EXt(dn|Z), ,a}n-&-l _ 87_(:lf,77,+17

Qf,nJrl _ (IQf +df,n+1 (Qf) (39)
= Fluid viscous sub-step:
~n+1 n+1
ad —u f/i~n n+1 ~n+1
_— u —w -V ,
p T A ol )-vu in QFntl
—2udive(@ ™) =0
'Tl/n+1 = uin(tn-‘rl) on Fin’
2pe(@ T nf =0 on IO,
~n+1
a = o,d" on .

3. Go to next time-step.
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[47, 48]. Though not strongly coupled, this scheme exhibits very good stability
properties. Basically this scheme relies upon the three following ideas:

= the pressure-structure coupling is treated implicitly in order to avoid
instabilities. This observation is motivated by the analysis reported in
[25], which shows that explicit pressure-structure coupling yields a scheme
whose stability is dictated by the amount of added-mass effect in the
system;

= the remaining terms of the fluid equations (dissipation, convection and
geometrical non-linearities) are explicitly coupled to the structure. This
drastically reduces the cost of the coupling without compromising the
overall stability of the scheme;

= this implicit-explicit coupling can be conveniently performed using a
Chorin-Temam projection scheme (see, e.g, [112, 29, 63]) in the fluid.
Indeed, at each time step we propose to couple implicitly the projection
sub-step (carried out in a known fluid domain) with the structure, so
accounting for the added-mass effect in an implicit way, while the ALE-
advection-viscous sub-step is explicitly coupled.

The detailed steps of the semi-implicit coupling scheme proposed in [48]
are given in Algorithm 6. Here, the scheme is presented in its (non-
incremental) velocity-correction version and with a pressure-Darcy formulation
of the projection step (see [63, Section 4.1]).

Remark 9 Alternatively, the projection step (37) can be formulated as the
pressure-Poisson problem:

£
“Aptt = L diva" i b
T
8np"+l _ —pf&gum(tnﬂ) -n on Fin, (41)
pn-i-l = pout(thrl) on POM’
£
anpn-H _ _&(aTdn+1 _ ,a:’n) ‘n on X"
o

Moreover, the divergence free velocity unknown u™' can then be eliminated in
(40) wvia the relation
f f

p

P un+1 — 7,&“ _ Vpn+1 in Qf,n.
T

T

Note that step 2 of Algorithm 6 is performed only once per time-step. Step 1
involves the resolution of a coupled problem ((37)-(38) or (41)-(38)) of reduced
computational complexity (compared with step 1 of Algorithm 2 or with step 2
of Algorithm 5). This coupled problem can be solved, in a partitioned fashion,
with simplified versions of the procedures discussed in §3. As a matter of
fact, the main advantages of Algorithm 6 are its simplicity of implementation
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(specially compared to sophisticated Newton-like methods) and its efficiency
compared to the solution procedures presented so far. Obviously, its main
limitation is that it assumes the fluid to be solved with a projection-based
scheme.

Remark 10 The ideas presented here can be generalized to other fractional step
schemes in the fluid. For instance, extensions in the framework of algebraic
factorization methods have been reported in [103, 12].

Algorithm 6 is based on the following implicit-explicit time discretization of
the coupling conditions (13):

I'tins = —J"¢(@", p" ™) (F")™n on %,
" n=0d""''n on I,

{df,n+1 — EXt(dn|Z), ,a}n-‘rl — aTdf,nJrl’ Qf,n—ﬁ-l — (IQf + df,nJrl)(Qf)’

~n+1
u =9,.d"™" on X.

Note that (13)3 is not exactly enforced at each time-step and, therefore,
Algorithm 6 is not a strongly coupled scheme. Yet, this scheme is also not loosely
coupled since (13)3 is not treated explicitly (namely, the solid displacement and
the fluid pressure are implicitly coupled).

Stability analysis (linear case)

In [48], the stability of Algorithm 6 has been analyzed in the framework of
the following linear model problem, coupling the Stokes equations with a linear
elastic solid model:

plou—dive(u,p) =0 in Qf

dive=0 in QF

w=uy, on I (42)
o(u,p)n = pouyn on I
pPoud —dive(d) =0 in
d=0 on Fd, (43)
o(dn®*=0 on I,
u=0d on X,
{O'(d)ns = —o-(u,p)tn on . (44)

Though simplified, the linear coupled problem (42)-(44) contains the key
features of more complex fluid-structure problems involving an incompressible
fluid, as regards the stability of the coupling schemes (see, e.g., [25]).

Since the analysis is carried out in the fully discrete case, we need to
introduce some notation for the discretization in space. We define Ql;b as an
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internal continuous Lagrange finite element approximation of L2(QF). Similarly,
Vi (resp. Vi,h, with w C 99Qf, and V) is an internal continuous Lagrange
finite element approximation of H*(Qf) (resp. HL(Qf) and Hp.(Q%)). Since
the fluid and solid space discretizations do not necessarily match at the interface
3, we introduce an interface matching operator I : V5,(X) — Vi (2), where
V5(2) (vesp. V1§ (X)) stands for the trace finite element space associated to
Vi (resp. VZ) The operator II;, can be, for instance, the standard Lagrange
interpolant (nodal-wise matching) or a projection based operator (see, e.g.,
41, 61, 7)).
The fully discretized problem writes as follows: for n > 0,

1. Implicit step (pressure-structure coupling): find (u}t!, pZH,d}?l) €
Vi x Q! x V3 such that

n+1 i
uh+ :uin(tn+1)7 on Flnv

uZH:Hh(aTd};H), on X,
f

L (upt —ap) ol — [ ppttdivel + [ gpdiva)t?
T Jof Qf Of

_ f f f f
= _/ PoutVUp - M v(”h?‘]h) € VZUF“‘,h X Qh’
FOIH’.

L[t iy dy ) v e ()
= ~(RuE) L) — (Rl B I} i < Vi,
45

2. Explicit step (viscous-structure coupling): find @t € V¥ such that

~n—+1 i

Uy, = uin(tn+1)a on 1—\1117

~n+1 +1

u, =1, (8Td?[ ), on X,
f

14 ~n+1 ~f ~n+1 ~f
A A R R ) A CASEEC Y

~f
T V’Uh E VfEUFin,h'

(46)

Here, a®(, -) stands for a general solid stiffness bilinear form and the fluid stress
at the interface are given in terms of the (variationally consistent) residuals R,
and R, defined as

f

(R (@) 3" ¢ ”/ (ﬂ"+1—u"+1)~5f+2p/ @™ : e(@),
Qf Qf

f
<Rp(un+17pn+1)7vf> lef P / (un+1 _ an) ot _/ Pt divvf,
Qf Qf

T

@
N

Q.
o

and Ly : V5(X) — VI stands for the standard discrete lifting operator,
satisfying Ly, (b )|s = I, (br|s) and Ly, (bgr)|pinrows = 0 for all by € V().
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Remark 11 Note that, in (45), we impose utt = T0,(d,d}") on %
(instead of (37)5) which is also optimal in the framework of finite element
approzimations (see [62]).

Remark 12 We have considered here a simplified version of the coupling
scheme given by Algorithm 6. The fluid domain being fixred, no ALE terms
appear in the equations. Moreover, we assumed that the solid equations are
discretized in time with a (non-conservative) leap-frog scheme. In spite of
that, the main feature of the coupling scheme is preserved: the diffusion step is
explicitly coupled with the structure. Without these simplifications, the stability
analysis does not seem to be straightforward.

Let

f S
n def P n 4 n (|12 1 s/ qn n
E" = 5||“h||g,szf TS 10 dElo,00 + 54 (dfr, dF),

be the discrete energy of the system at time-step n. In what follows, the symbol
< indicates an inequality up to a multiplicative constant independent of the
discretization and physical parameters.

The following result (from [48]) provides the conditional stability of the
coupling scheme (45)-(46).

Theorem 2 Assume that pouy = 0, uin, = 0, RH(TL?L) = 0 and that the interface
matching operator M, : V5(X) — V(X)) is L%-stable. Then, under the

condition
h ‘ o [0, if =3,
(,of Nl ) <5 with o { ) f _ (47)

there holds,

n—1
E"+p Y rle@y G or S E°
m=0
forn > 1.

Some observations are now in order:

s The assumption on the L2-stability of the interface matching operator
is satisfied by the standard finite element interpolation operator, for
example, whenever the fluid interface triangulation is a sub-triangulation
of the solid interface triangulation. This includes, in particular, the case
of interface matching meshes. By construction, a mortar based matching
operator also fulfills that assumption (see [17]).

= The sufficient condition (47) can be satisfied by reducing the ratios h/H®
and 7/(hH®). The later might be thought as a CFL-like condition. Note
that this is a major advantage compared to the (in)stability condition (5)
for the explicit-coupling scheme.
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= In the case Q5 = ¥ (thin structure model), i.e., @ = 0, condition (47)
becomes independent of the solid mesh size H. In particular, we may set
H = h, and stabilize the scheme by reducing h (and 7).

s In the case 5 # X, i.e., a = 1, the stability of the scheme can be
ensured provided that the fluid mesh size h is small enough compared
to the structure mesh size H. Numerical simulations performed in 2D
and 3D, with h = H, showed however that this condition seems to be not
necessary, when dealing with physiological parameters.

Remark 13 We refer to [7] for an a priori error analysis of (45)-(46) which
ensures an overall O(T% + h* + H™ + h!) convergence rate in the energy
norm. Here, k,m are respectively the polynomial degrees of the fluid and solid
discretizations and | depends on the choice of the matching operator 11;,.

COUPLING | ALGORITHM | CPU time
FP-Aitken 24.86
Implicit Inexact-Newton 6.05
Newton 4.77
Semi-Implicit Newton 1

Table 1: Elapsed CPU time (dimensionless): straight cylinder, 50 time steps of
length 7 =2 x 10~*s. From [48].

We conclude this section with a few numerical illustrations, involving the
coupling of the ALE Navier-Stokes equations with a non-linear shell model
(based on MITC4 shell elements [26]). Table 1 shows a comparison of the
elapsed CPU times (dimensionless) obtained in the simulation of a pressure wave
propagation in a compliant straight vessel (see [52, 59]). We can notice that the
semi-implicit coupling is 4.7 times faster than the best implicit coupling. This
performance rises much more when considering a more physiological situation.
In Table 2 we have reported the the elapsed CPU times (dimensionless) obtained
in the simulation of two cardiac cycles of blood flow in a idealized abdominal
aortic aneurysm (see Figure 4 (left)) under physiological conditions (see [106]).
The accuracy of the semi-implicit coupling scheme is highlighted in Figure 4
(right), in terms of the outflow rate.

COUPLING | CPU time
Implicit 9.3
Semi-Implicit 1.0

Table 2: Elapsed CPU time (dimensionless): blood flow in a idealized abdominal
aortic aneurysm, 2 cardiac cycles (1000 time-steps of length 7 = 1.68 x 1072 s).
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Figure 4: Left: idealized abdominal aortic aneurysm. Right: comparison of
implicit and semi-implicit coupling schemes, outflow rate.

5. Nitsche’s based interface treatment

The coupling schemes described in the previous sections treat the interface
condition (13)2 as a (strongly imposed) Dirichlet boundary condition in the
fluid, and (13)5 as a Neumann boundary condition in the solid, respectively. We
shall see, in this section, that an appropriate weak treatment of these interface
conditions, based on Nitsche’s interface method [16, 67], benefits from:

= a specific treatment of the viscous contributions;
= further insights on the instability of explicit coupling (Algorithm 1).

These key features motivated the derivation of a stabilized explicit coupling
scheme, in [22], and of a new semi-implicit coupling scheme, in [5], whose
stability properties are independent of the added-mass effect. These schemes
are presented in §5.1 and in §5.2, respectively.

5.1. Stabilized explicit coupling

For the sake of simplicity and without loss of generality (see Remark 21
below), in this subsection we limit the presentation to the case of the linear
coupled problem (42)-(44). We shall also make use of some of the notations
introduced in §4.1 for the discretization in space.

Space semi-discretization: interface Nitsche’s formulation

Originally, Nitsche’s method [95] is a technique for enforcing Dirichlet
boundary conditions in a weak sense (instead of being built into the finite
element space). The method has recently been generalized to other boundary
conditions [75]. The extension of Nitsche’s method to the approximation of
elliptic and parabolic problems with discontinuous piecewise polynomials is
known as discontinuous Galerkin (DG) method (see, e.g., [13, 119, 2, 3]). In [16],
Nitsche’s method was proposed for the approximation of an interface problem



Coupling schemes for incompressible fluid-structure interaction 27

arising in the framework of domain decomposition with non-matching grids.
Since then, it has been extended to different multi-physics problems (see, e.g.,
[24, 23], and [67] for a review). In the context of fluid-structure interaction, using
implicit coupling, some results are given for vibration problems (acoustics) in
[68] and for transient fluid-structure interaction problems with moving fluid
domains in [69)].

The space semi-discrete Nitsche’s interface formulation of (42)-(44) proposed
in [22] is given as follows: find (up, pp, dp, dh) € Vfl X Qp x[V75]?, with up, = wiy
on I''" such that

Af((uh7ph)7 (’U%, Qh)) + AS((dha dh)v ('U?w Th))
- / o(wp,pp)n - (vi —v}) —/ (un — 0,dy) o (vh, —qn)n
P

b3

+ % (uh — 8tdh) . (vfl — 'UZ) = —/ poutvz ‘n (48)
b Tout

for all (v!,qn,v5,rs) € V{m’h X Qn x [V3]?2. Here, v > 0 is a
dimensionless penalty parameter (specified below), and the fluid and solid
volume contributions are given by

AN ((un,y pr), (v, 1)) défpf/ Oy, - v}, +2N/ e(un) : €(v},) —/ ph divvj,
Qf Qf Qf
+/ dn divuh,
ot
. ef : s -
AS((dh, dp), (’U?”’l"h)) dzpS ody, - vy, + a® (dh,vi) +p° /f (dh — 8tdh) “Th.
Qs Q

Remark 14 Note that, in (48), u, and Oidy, (and vl and v5) do not
necessarily match at the interface (interface DG formulation). The interface
integrals involving the fluid stress o (up, pp)n are computed face-wise, as broken
integrals.

By taking alternatively (vl g,) = 0 and v§ = r;, = 0 in (48), this monolithic

problem can be reformulated (in a partitioned fashion) in terms of two interface
coupled problems:

= Solid subproblem: find (dy,,dy,) € [V3]? such that
AS((dh,dh)v ('U?.“’I‘h)) + %/ 0tdh . ’U?L
P
- %/ up - Uy _/U(uhvph)n-vi (49)
z =

for all (v, ) € [V3]%
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= Fluid subproblem: find (wp,pp) € Vfl X Qp, with u, = ui, on I'™, such
that
A ((an ). (0hoa) ~ [ olunpn -
b
f TH £ f
— / up, - o (v, —qn)n + 7/ up - vy, = —/ Ody, - (v, —qn)n
b hJs b
+ %/ Oedy, - vy, —/ pout'vz -n (50)
E I‘out
for all (vp,qn) € V%n’h X Qp.

Time semi-discretization: implicit and explicit coupling

As in §1, we consider a first order backward difference discretization in the
fluid and a mid-point rule for the structure. The fully discrete fluid and solid
volume terms at time-step n are then given by

AL g o)) o' [ ool w2 [ el s etof)
Q
7/ "+1divvh+/ qhdlvu"+1,
Qf
A (@) whr) o [ 0. v (@ )

+ ps/ (@~ ordytt)
Qs
and (49)-(50) can be discretized in time as follows: for n > 0,
= Solid subproblem: find (d}", dnﬂ) € [V}]? such that
A i) + 2 [ 0.4t
=2 [ i~ [ owipiine v (6D
)

b
for all (v§,ry) € [V3]%

= Fluid subproblem: find (uZ‘H,pZH) . X Qp, with unJrl = Uin (trt1)
on I'™ such that

AL (). o) — [ oo,

w L. £ TH ntl of [ g grtl £

u, (v}m_Qh)n"" h u,, "Up = Ty -O'(Uh, q}z)n
p) by >

+% / o dy vl — / Poutvh, - (52)
E I‘out

for all (vi,qs) € Vfrm7h X Q.
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If (uf,p}) = (up™,ppth), the scheme (51)-(52) corresponds to an implicit

coupling scheme. On the contrary, for (u},p;) = (u},p}) the coupling scheme
is explicit (i.e., loosely coupled).

Let E™ denote the total discrete energy of the system at the time level n,
defined by

def pf Ps | =40 1
E" = || upllg o, + §b||dh||g,gs+§as( o dpy ).

The next result (from [22]) summarizes the energy based stability of the coupling
schemes given by (51)-(52).

Theorem 3 Assume that the ﬂuid-structur@ system is isolated (i.e., uin = 0
and pow, = 0) and let (w)} ™, pptt, d;t! dh ) be given by (51)-(52).
n Implicit coupling: For (u},pr) = (u ”+17p2+1) v > 16Ct1 and n > 1,
there holds

w
E" +p Z Tlle(uy DG o + Z luf ™t = 0rdy G 2 < Y

» Explicit coupling: For (u},py) = (u},pp), v > 256CT1 and n > 1, there

holds
En 7/1 m+l dm+1 2
+u Z 7le(up 5.0, + Z 7wy holo,s
’WT

+ Migs S E° + 12 h Huh”O,E + plle(ud)I5 o

h n—1

+ =Y Tl = PRl s (53)
TH 2

As expected implicit coupling is unconditionally stable. As regards explicit
coupling, Theorem 3 shows that the Nitsche interface penalty and the viscous
dissipation control the artificial interface viscous perturbation, generated by
the explicit treatment of the coupling. Unfortunately, the artificial interface
pressure contribution cannot be directly controlled by the discrete energy of
the system E™, since we not have control on the time pressure fluctuations
at the interface. Somehow this illustrates the already mentioned infamous
numerical instability featured by the explicit coupling scheme, when dealing
with incompressible fluids (see §1 and [25, 54]). Yet, the energy estimate (53)
suggests that the scheme can be stabilized by the addition of perturbations
giving enough control on the time pressure fluctuations at the interface.

Remark 15 The consistency term — [ o(uy, pi)n - v, in (52) could also be
evaluated at time level n+1, as originally proposed in [21]. However, in this case
the artificial interface viscous perturbation can not be controlled by the viscous
dissipation and the Nitsche’s penalty term.
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Remark 16 The energy estimate (53) still remains wvalid if we neglect
the wviscous contribution of the (symmetrizing) term —fz(uﬁ"'l - 5'Td2+1) :
o (v}, —qn)n in (52), giving the consistent term [ qn (upt? —3Td2+1) ‘n. Asa
result, the explicit coupling scheme (and the mentioned variant) can be formally
viewed as a space discrete counterpart of the following Robin-Robin based explicit
treatment of (44):

o_(dnJr%)ns + %8Tdn+l — %un _ g-(un’pn)n
o h on 3. (54)
o_(un—&-l,pn—&-l)n + 7un—l—l _ 767_dn+1 + o-(un’pn)n

We will come back to this observation in §5.2.

Remark 17 Note that the scaling yu/h of the so-called Robin parameter in (54)
1s provided by the Nitsche interface method. This choice differs from the Robin-
Robin scaling proposed in [9], based on simplified models and which aims at
accelerating partitioned iterative solution methods within a fully implicit coupling
framework. At last, it is worth mentioning that (54) also differs from recent
Robin-Robin procedures proposed for time-dependent problems, in the framework
of waveform relazation methods (see, e.g., [57]).

Stabilized explicit coupling

The spurious oscillations of the fluid pressure at the interface, arising in
the energy estimate (53), can be controlled by the following weakly consistent
penalty term:

S( n+1 ) déf M ( n+1

Pt an ), @ — 1) an, (55)

with 79 > 0 a (dimensionless) parameter to be chosen sufficiently large (see
Theorem 4). Hence, in [22], we propose to add (55) to the fluid subproblem
(52). The resulting stabilized explicit coupling scheme is given in Algorithm 7.

The next theorem (from [22]) provides an energy estimate for the stabilized
explicit coupling scheme (Algorithm 7).

Theorem 4 Assume that the fluid-structure system is isolated (i.e., uy = 0
and pous = 0) and let (uZH,pZH,dZH,dZH) be given by Algorithm 7. For
v > 256C'T1, v9 > 8 and n > 1, the following energy estimate holds

n—1 n—1
TH THT
Bty rlletuy B, + 5 D0 wlhup ™ = 0ndi s 4+ U up
m=0

m=0

Yoht

Yoht YT
Iil3.s S B+ S bl s + (i) I ar + Il o (56)

+

Therefore, Algorithm 7 is energy stable under the (hyperbolic-CFL like)
condition

r=0(h). (57)
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Algorithm 7 Stabilized explicit coupling ([22]).
1. Solid subproblem: find (d7*,d) ) € [V3]? such that

A (a5, o, / 0.4 v,
- | up-vp - /U(U27pﬁ)n'”2
h P P

for all (v§,ry) € [V}]%

2. Fluid subproblem: find (u} ™, ppt!) € Vi x Qp, with ul ™t = win (tg1)
on I'™, such that

AL (@ ), (o), ) / uP - o (v, —g)m
/ P S ) = / o (uf, pf)m - v

/ 8 dn+1 vhu _qh + 7/ a dn+1 ! _/ poutvz n
Tout

for all (v}, qs) € V%mvh X Qp.

3. Go to next time-step.

Two observations are now in order.

= According to Theorem 4, the stability of Algorithm 7 is independent of
the added-mass effect: the fluid-solid density ratio pf/ps and the length of
the domain do not come into play. This observation is confirmed by the
numerical results reported in Figure 5, corresponding to the simulation
of the pressure wave propagation in a two-dimensional straight channel.
The numerical solution remains stable irrespectively of the amount of
added-mass effect. Note that this is a major advantage compared to
standard explicit-coupling schemes, whose (in)stability is dictated by
these quantities, irrespectively of the discretization parameters (see the
discussion in §1 and [25, 54]).

= The proof of Theorem 4 is based, exclusively, on the dissipation due
to the Nitsche coupling and the time pressure penalization term. As a
result, the stability result is independent of the dissipative features of the
fluid and solid time discretization schemes. This is a significant progress
with respect to the stability result stated in Theorem 2, for the semi-
implicit coupling scheme (45)-(46), whose proof depends on the dissipative
properties of the solid time discretization scheme (see Remark 12). On
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the other hand, as regards the fluid time-discretization, one could use, for
instance, a neutrally stable second order scheme.

Remark 18 The discrete continuity equation in step 2 of Algorithm 7 is given
by

ht . m n
ol /aT Z+1qh+/ qn divauy ™! /( P 0. d ) - ngy. (58)
2

The rzght hand-side being a consistent term, we can interpret the stabilization
term (55) as a weakly-consistent interface artificial compressibility.  The
proposed approach has therefore clear connexions with the already mentioned
interface artificial compressibility methods [104, 78, 33] for solving implicit
coupling in a partitioned fashion. In these iterative procedures, the
compressibility term vanishes at convergence and the artificial compressibility
parameter is chosen so as to optimize efficiency and not for consistency or
stability purposes.

Remark 19 From Remarks 16 and 18, we can conclude that the main
ingredients in the stability of Algorithm 7 are:

= the Robin-Robin based explicit treatment of the interface coupling
conditions (54);

= the interface artificial compressibility perturbation of the continuity
equation (58).

Remark 20 In the framework of a simplified structural behavior, given in
terms of a (d — 1)-dimensional model (e.g., plates, membranes, shells or
inertial-algebraic models), alternative explicit coupling schemes have recently
been reported in [65, 64, 44] (see also [97, §4.1.1]). Since in this case ¥ = QS,
the coupling condition (44) can be embedded into the fluid equations (as a
Robin boundary condition) and, hence, treated implicitly through a specific
(inertial/elastic) time-splitting of the solid equation. A gemeralization of these
schemes to the case of thick structures can be found in [50].

In [22], a formal error estimate for the stabilized explicit coupling scheme

is obtained from the energy estimate provided by Theorem 4. Let 6} def

ul — mpu(tn), b pr — wap(tn), €8 L di — mpd(t,) and &, < d), — md(t,)

be the discrete errors, where 7, denotes a suitable interpolation operator. We
can derive the following error estimate

5”550—"—7"1 + 7o, (59)
where
n—1
ndef m
¢ (ne 2+ e 3+ (€ )+ S (B
m=0

[N

T YohT T
+ T gp1 4 2 g+ 2 S oy - asm“no,z)

m=0
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W
f
8830

hof = 100 5L

mid-point vertical displacement (cm)
out-flow (cm?3/s)

time (s) time (s)

Figure 5: Stabilized explicit coupling (Algorithm 7). Left: interface mid-point
y-displacement for different values of the fluid-solid density ratio pg/ps. Right:
out-flow rate for different values of the vessel length L. From [22].

(b) t=0.01s

Figure 6: Stabilized explicit coupling without correction: snapshots of the
pressure and solid deformation (exaggerated) at two time instants. From [22].

The terms on the right hand side of (59) consists of £, which measures the error
in the initial data, 1, which consists of the terms related to the consistency of
the fluid and solid discretizations, and ro, which contains the explicit coupling
consistency error and the weak-consistency introduced by the time penalty
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Algorithm 8 Stabilized explicit coupling with K > 0 corrections ([22]).

n+1 0 def n+1,0 def n.

1. Set u = u} and p, Dhs

2. Correction loop: for k£ =0,..., K solve

a) Solid subproblem: find (" **1 dp ") € [V3)2 such that

s n+1l,k+1 ntlk+1 ntLE+L s
AT((d d ) ( Uy, T a d Uy,
YH n+1,k s n+1,k  n+1l,k s
= [ U “Up U(uh sy )me vy,
= =

for all (v§,ry) € [V3]%
b) Fluid subproblem: find (uzﬂ’kﬂ,pzﬂ’kﬂ) e VI x Qpn, with
uzﬂ’kﬂ = Ujn(tny1) on I such that

& & &
AL ((uptHFEH pptt “),('vi,qh))*/E up T o (v, —gn)n

TH +1,k+1 Yoh 1,k+1 v+1,k
F Lt e T (T
h Js T I

n+1,k n+1lk f n+1,k+1 f
= / (uh y Pp, )n % / 8Tdh : U(vha _qh)n
b))

1,k+1
/8 dn+ * * Uy, —/F tpout(tn-‘,-l)'UI;L n

qdn

for all (vg,qh) € Vz X Qn;

d f def def
3. Set u?-‘rl © ZJrl K+1’ p2+1 Lel pz+1K+1’ dn+1 1e dn+1 ,K+1 and

n+1 def n+1,K+1
dh = dh 5

4. Go to next time-step.

stabilization operator S. For the latter term we have

Nl=

ro= 0 [ (v} TL0 (et
((w) +yp h+(w)f( ))

E‘H\ 3

For fixed h, the convergence order in time is imposed by the weak-consistency
of the time penalty stabilization, which scales as O(T%). The other two terms
scale as O(7) but with a constant depends on 1/h. Therefore, when refining
both in 7 and in h, the stability condition (57) (i.e., 7 = O(h)) is not enough
to ensure convergence. We must take 7 = O(h?) in order to keep m2 = O(h).
Such a choice is optimal in the energy norm if piecewise affine approximations
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are used in space.

In practice, the method suffers from a deterioration of the accuracy, due
to the weak consistency of the time penalty stabilization term, which rates
as O(T%) in a fixed mesh. As proposed in [22], accuracy can be improved
by performing one correction iteration (see, e.g., [109]). The stabilized explicit
coupling scheme with K > 0 corrections iterations is given in Algorithm 8. Note
that, for K = 0 (i.e., without corrections) Algorithm 8 reduces to the original
stabilized explicit coupling scheme (Algorithm 7). Conversely, for K — oo (i.e.,
iterating until convergence) we recover the implicit coupling scheme (51)-(52),
(wpp}) = (up ).

One of the main features of Algorithm 8 is that, after K > 0 corrections,
estimate (59) is expected to hold with (see, e.g., [81])

TK+1 TK+1 K41
T2:O<hKrjl+hK+l+(hT)2)' (60)

Therefore, one correction iteration (i.e., K = 1) is enough to retrieve first order
time accuracy in a fixed mesh, since (60) yields ro = O(7%/h + 7%/h? + h7).
Note that, in this case, overall 7 = O(h) accuracy can be ensured under the
(weakened) condition 7 = O(h2).

0015

" STABILIZED EXPLICIT: 0 CORRECTIONS
IMPLICH

001 |

mid-point vertical displacement (cm)
mid-point vertical displacement (cm)

Figure 7: Interface mid-point y-displacement: stabilized explicit coupling (with
and without correction) and implicit coupling (strongly enforced kinematic
condition). From [22].

Remark 21 Algorithm 8 can be extended to the mon-linear case (i.e., to
problem (11)-(13)) without major difficulty. Roughly, the idea consists in
replacing steps 2 and 3 of Algorithm 1 by the non-linear counterparts of the
fluid and solid correction steps in Algorithm 8. We refer to [22, §5.5] for the
details.

We conclude this subsection with a few numerical illustrations (from [22])
in the framework of the already mentioned straight vessel benchmark. Some
snapshots of the fluid pressure and solid deformation (half a section) obtained
with the non-linear version of Algorithm 8 are reported in Figure 6. The impact
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of the correction iterations is highlighted in Figure 7, where we compare the
results with those obtained with a fully implicit coupling scheme (Algorithm 2).
Figure 7 (left) shows that, without correction, the stabilized explicit scheme is
unable to accurately represent the solution provided by the implicit coupling
scheme. Figure 7 (right) shows that one correction iteration is sufficient to
recover all the local features of the implicit coupling solution (i.e., we recover
first order time accuracy).

5.2. Robin-based semi-implicit coupling

The theoretical and numerical results summarized in §4 show that the
projection semi-implicit coupling scheme drastically improves the stability
properties of conventional explicit coupling and the efficiency of implicit
coupling. In spite of that, the scheme has two flaws. From a theoretical
point of view, a non-convervative solid time discretization (i.e., with numerical
dissipation) is required in the derivation of the energy stability estimate
provided by Theorem 2 (see Remark 12). Secondly, though much less sensitive
to the added-mass effect than explicit coupling, numerical evidence shows that
the stability can be sensitive to changes in fluid-solid density ratio and other
physical parameters (see the results reported in Figure 8 with the linear model
(42)-(44)). As a matter of fact, the stability condition (47) provided by Theorem

semi-implicit
0.04 |- implicit

°
8
8

T

vertical displacement
°
o
8
T

1 1 1
0 0.002 0.004 0.006 0.008 0.01
time

Figure 8: Comparison of the implicit and semi-implicit coupling: interface mid-
point vertical displacement (pf = 1, p® = 1.2 x 1072, = 10). From [5].

2 depends on the solid and fluid densities. In this subsection we present an
alternative semi-implicit coupling, proposed in [5], that circumvents these two
shortcomings. The key idea consists in treating the explicit part of the coupling
in a full weak sense, by using a specific Robin-Robin coupling derived from
Remark 16 (see also Remark 19).

Let us consider the original semi-implicit coupling scheme (45)-(46) applied
to linear coupled problem (42)-(44). As we have already seen, this coupling
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scheme is based on the following implicit-explicit time discretization of (44):

u"tln=0.d""" - n
L B on X, (61)

o(d" i)mt = —a(@", p"n
"t =9.d"" on X (62)

Note that, in (46), the kinematic interface conditions (61); and (62) are both
strongly imposed (i.e., built in the finite element space). Instead, we now
propose to treat the explicit part of the coupling (i.e., the viscous-structure
coupling) weakly, by using the following explicit Robin-Robin treatment, derived
from (54):

uln=0.d""" - n

O_(dn+%) a dn+1 ’Y/’("VTL ~n n+1>

on X,
U —o(u",p

V,UJ~n+1

Y Fm&d"“—klue(ﬁ”)n on X.

2pe(@” Mn +

Note that, in contrast to (54), the pressure-structure coupling remains implicit
and the kinematic interface condition (61); is strongly enforced (as in the
original semi-implicit coupling scheme).

The proposed Robin based semi-implicit coupling scheme, applied to the
linear coupled problem (42)-(44), reads therefore as follows (compare with (45)-
(46)): for n >0,

= Implicit step (pressure-solid coupling): find (u ""'l,ph'H d""’1 dnH) €
Vi x @l x [V%]? such that

uZH—uin(th) on I»

wltt =10,(9,dy™) on ¥
£
L (uptt —ap) - v — / n div ol +/ g diva) ™t
T Jof Qf Qf
=— t Lomo (vl Vi :
= Pout (tny1)vy, -1 V(vy,qn) € surin g X Qs
r‘out

S

= e dy vy +a° (d’;ﬁ,v;,) +ps/ (' * = 0rd™) v
QS

/ad”“ W= Eaz-vi,—m/ze(az)n-v;

<R (up ™t ppth), Li(v 7{|Z)> V(i ru) € Vil
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= Explicit step (viscous-solid coupling): find u”Jr1 € VfI such that

~n+1 i
u, ' =Uin(tpt1) on 'Y

f
o N A R T B AR REC AR AR
Qf h >
/8 dytt. ~Z+2,u/ e(@)n - v, Vo, € Vi p
>
(64)

Note that in (63) we have considered a conservative time discretization for the
structure.

standard semi-implicit
L new semi-implicit
implicit

°
5
4

°
s
8

T

vertical displacement
°
S
S
T

°
°
T

0 0.002 0.004 0006 0008 0.01
time

Figure 9: Comparison of the implicit, semi-implicit and Robin based semi-
implicit coupling schemes: interface mid-point vertical displacement (pf = 1,
p*=1.2x1072, = 10). From [5].

Let us define the energy of the discrete coupled system, at time level n, as:

¢
mn p mn T
E" = 5 w ||o Qf +2 HdHHO s T 2a *(dfy, dfp).

The following result (from [5]) states the energy based stability of the Robin-
based semi-implicit coupling scheme (63)-(64).

Theorem 5 Let (u "H,th dyt, d, ) be given by (63)-(64) and assume
that the system is isolated (i.e., pouy = 0 and wy, = 0). For v > 4Ctp and
n > 1, there holds

n—1

1 e ~m~+1 THT | ~n
E"JruZTH ap G o+ - D Tl = 0ndi G s + G
m=0
THT
S B+ prlle@)llf or + = llnl1F 5 (69)

Therefore, the semi-implicit coupling scheme (63)-(64) is energy stable under
the condition T = O(h).
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Algorithm 9 Robin based semi-implicit coupling algorithm ([5]).

1. Explicit step: update fluid domain (mesh)

{df="+1 = Exty(d}]s), @it =0.d4""" in QF (65)

Qf n+l _ (IQf +df n+1)(Qf)

2. Implicit step (pressure-structure coupling):

s Fluid projection sub-step: find (u2+17p2+1) e Vil x Q! such that

”H:uin(th) on Fin,

aptt =, (0.dit) on X,

L (uptt —ay) - T / ppttdivol, + / qn divujtt
Qf.n Qf.n

~f
= —/F tPout(th)’Ug n V(v,,qn) € szurin,h X Q)

(66)

= Solid: find (d4'!, d”“) € [V3,]? such that
- % al vl — 2ﬂ/ @ n vy, (67)

»n+1l yn+1

+/ Pty on Yoy, rg € [Vy]%
s+l

=n+l
3. Explicit step (viscous-structure coupling): find uZ € V; such that

M = win(tngq) on I
Af ~n+1 ~f 7/ ~n+1 f ’7/1' aTdn+1 _~f
(@ o)+ T te= g [ 0T (g

+2u/ e@Hn- v, Vol e Vi, B
sl

4. Go to next time step.
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Since the stability condition of Theorem 5 does not depend on the fluid-
solid density ratio neither on the geometry of the domain, the semi-implicit
coupling scheme (63)-(64) remains stable irrespectively of the added-mass
effect. Moreover, thanks to the natural interface dissipation of the Robin-Robin
coupling, a diffusive time marching in the structure is no longer needed to ensure
stability. These observations are confirmed by the numerical results reported
in Figure 9. The numerical instabilities shown in Figure 8, for the original
semi-implicit coupling, are not present in the solution provided by the Robin
based semi-implicit coupling scheme, which accurately predicts the results of
the implicit coupling scheme.

Remark 22 Theorem 5 follows by a combination of the arguments involved
in the proofs of Theorems 2 and 3. Let us notice that, here, we do not need
to stabilize pressure fluctuations, that is, to introduce the weakly consistent
artificial compressibility at the interface (55). Indeed, due to the implicit
treatment (63) of the pressure-solid coupling, no artificial interface pressure
perturbations appears in the energy estimate (69).

Remark 23 Theorem 5 can be extended to the case in which, instead of the
pressure-Darcy formulation (63)1, we consider the pressure-Poisson formulation
of the projection step (see Remark 9). We refer to [5, §4.3] for the details.

The non-linear counterpart of the semi-implicit coupling scheme (63)-(64)
(namely, the Robin based counterpart of Algorithm 6) is detailed in Algorithm
9. Here, Extj, stands for a discrete version of the lifting operator Ext, the solid
mass and stiffness contribution are given by

‘ n+1 n+1
A3yt dyy svyre) S 00 Oedy vy
QS
1 n+%

+ by / (H(d?IH) +II(dy)) : Vo —|—ps/- (dH _ aTdnHH) _—

while, for the fluid

f

FE (~n+1l ~fy def P ~n+l ~f P n+1 ~f

AL (@, 9,) = — Up  Up— Uy~ U
T Jofint1 T Jof.n

f
+ 5 (divag)ap " - B, — pf (diveoptyapt! -,
2 Qf.n+1 Qf n+1

L R R A B C AR R BT AR R L
Qf n+1 Qf nt1

We conclude this subsection with an illustration of the numerical results
obtained (in [5]) with Algorithm 9 (pressure-Poisson version) and the
physiological test case considered in §4. Figure 10 presents some snapshots
of the wall deformation and the fluid velocity fields at two time instants. Figure
11 shows that, even in this complex case, both the original and the Robin based
semi-implicit coupling schemes provide a prediction that compares well to the
reference implicit solution.
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Figure 10: Robin based semi-implicit coupling: snapshots of the solid
deformation and fluid velocity field at two different time instants. From [5].

standard semi-implicit
new semi-implicit
implicit

°

maximum displacement

Figure 11: Comparison of the implicit, standard semi-implicit and Robin based
semi-implicit coupling schemes: maximal displacement of the structure. From
[5].

6. Conclusion

The work summarized in this review was devoted to the approximation
and numerical resolution of the mechanical interaction between a viscous
incompressible fluid and an elastic structure, with a strong added-mass effect.
In this framework, standard explicit (or loosely coupled) schemes are known to
be unstable, irrespectively of the discretization parameters. In the context of
implicit coupling, we have seen that the exact evaluation of the cross-derivative
of the Jacobian (shape terms) leads to robust Newton iterations. Yet, these
procedures remain computationally expensive in real applications.

We have seen that implicit coupling can be avoided, without compromising
stability, via the semi-implicit and the explicit coupling schemes described in
84 and 85, respectively. In particular, the explicit Robin-Robin treatment
derived from the Nitsche treatment of the coupling yields added-mass effect
free schemes. The price to pay is a perturbation of the truncation error,
which enforces constraints on the rate of the discretization parameters (e.g.,
parabolic-CFL). Let us emphasize, that for standard loosely coupled schemes,
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these constraints do not cure the instabilities!

Many aspects of the studies presented in this review are open to further
investigations (some of them are in progress). In the context of the numerical
analysis of the schemes, the focus could be put on the convergence analysis
in the linear case, for instance, in the spirit of [84, 7]. Further investigations
could also address the generalization of the stability analysis to the non-linear
case (see, e.g., [83] for implicit coupling). Alternative explicit coupling schemes,
motivated by the explicit Robin-Robin coupling (54), can be devised [20]:

(i) stabilized explicit coupling with a residual based treatment of the fluid
stresses at the interface (instead of face-wise, as in the interface Nitsche’s
method);

i) unstabilized explicit Robin-Robin coupling without the consistency term
ii tabilized licit Robin-Robi li ithout th ist t
fz(uz—H - 8sz+1) *Gh;

(iii) explicit Robin-Robin coupling with (pressure-Poisson) projection scheme.

The variants (i) and (iii) can be proved to be energy stable. In particular,
it is worth noticing that the combination of the Robin-Robin splitting with
the pressure-Poisson treatment of the projection step, in (iii), leads to a
natural stabilization of the time pressure fluctuations. Numerical evidence
suggests that also (ii) is energy stable, but the analysis does not seem to
be straightforward. The incremental displacement and displacement-velocity
correction schemes recently introduced in [44, 50] will also be the topic of
forthcoming investigations. An interesting feature of these loosely coupled
procedures is that they can be interpreted as optimally consistent kinematic
perturbations of an underlying implicit coupling scheme.

Regarding the applications, we plan to incorporate some of the proposed
procedures in the context of the simulation of the fluid-structure interaction
phenomena in the heart (see [118]), using the reduced valves models recently
proposed in [4]. At last, in the context of inverse problems in blood flows (e.g.,
wall parameters estimation), some promising results [18], on the estimation of
the mechanical properties of the vessel wall, have already been obtained by
adapting the filtering techniques recently developed in [27].
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