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Abstract: In this work we propose a new approach to the loosely coupled time-marching of a
fluid-fluid interaction problems involving the incompressible Navier-Stokes equations. The methods
combine a specific explicit Robin-Robin treatment of the interface coupling with a weakly consistent
interface pressure stabilization in time. A priori energy estimates guaranteeing stability of the
splitting are obtained for a total pressure formulation of the coupled problem. The performance
of the proposed schemes is illustrated on several numerical experiments related to simulation of
aortic blood flow.
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Schémas de couplage explicites pour un probléme
d’interaction fluide-fluide en hémodynamique

Résumé : Dans cet article, nous proposons une nouvelle approche pour le couplage faible de
deux fluides incompressibles régis par les équations de Navier-Stokes. Ces méthodes combinent
un traitement spécifique Robin-Robin explicite des conditions d’interface avec une stabilisation
de la pression a l'interface faiblement consistante en temps. Une estimation d’énergie a priori
garantissant la stabilité du déouplage en temps est obtenue pour une formulation en pression
totale du systéme couplé. Les propriétés des méthodes proposées sont illustrées dans des expéri-
ences numériques motivées par la simulation de la circulation du sang dans la aorte.

Mots-clés : interaction fluide-fluide, fluide incompressible, discrétisation en temps, schéma de
couplage faible, schéma Robin-Robin, méthode des éléments finis, méthode de Nitsche.
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1 Introduction

Global and local features in hemodynamics are generally described by coupling dimensionally
heterogeneous models of blood flow. In this geometrical multiscale paradigm, the three-dimen-
sional (3D) Navier-Stokes equations are usually coupled with one-dimensional (1D) and/or zero-
dimensional (0D) models that account for the parts before and after the 3D compartment (see,
e.g., [6, 16, 32]). In this work, we are interested in coupling 3D compartments. Indeed, in some
of them, it may be sufficient to consider a standard Navier-Stokes solver. But it is sometimes
necessary to develop ad-hoc software to handle complex configurations. For instance, if a de-
tailed modeling of blood flow in the left ventricle is sought for, the 3D model must incorporate
additional features, such as the deformation of the cardiac cavity and the opening-closing dy-
namics of the aortic valves, which requires a very specific solver. Another example is provided
by the simulation of endo-vascular devices (e.g., stents, coils) or vascular pathologies (e.g., aortic
dissection, atherosclerotic plaques development, vascular wall remodelling) that may also require
the development of specific software. In this context, it may be of practical interest to couple
different 3D codes. The motivation of this work is therefore the partitioning of the 3D fluid
computational domain into several complementary non-overlapping subdomains, in which these
additional modeling features may take place. As an alternative to standard domain decompo-
sition approaches, we propose to advance in time the system via specific explicit coupling (or
loosely coupled) strategies that allow the uncoupled time-stepping of the sub-compartments.

As a preliminary step in this direction, in this work we focus on the case of two sub-compart-
ments described by the incompressible Navier-Stokes equations. The two sub-problems are cou-
pled, across their shared (artificial) interface, by standard kinematic/kinetic conditions, viz.,
continuity of velocity and stress. We address the uncoupled time-marching of the two sub-
compartments via explicit coupling schemes. Note that this approach clearly differs from [26, 5],
where partitioned iterative procedures acting on averaged/integrated interface quantities are
proposed.

To this purpose, a major difficulty that has to be faced is related to the artificial energy
transfers (unbalance of static and/or dynamic pressure power) induced by the interface time-
splitting, which can lead to numerical instabilities. For instance, if a standard Dirichlet-Neumann
scheme is foreseen (see [18]), the splitting introduces an unbalance of static powers across the
interface. Relaxation of the kinematic constraint improves the situation, but with the payoff of
an uncontrolled dynamic pressure power across the interface. This issue does not appear in fluid-
fluid interaction models based on rigid-lid conditions, commonly used in oceanography modeling
(see, e.g., [7, 13, 14, 30]), for which the normal velocity component vanishes on the interface.

In this work, the unbalanced static pressure power is controlled via a specific explicit Robin-
Robin treatment of the interface coupling (based on interface Nitsche’s method) and a weakly
consistent interface pressure stabilization in time. Basically, this approach extends the loosely
coupled schemes introduced in [8, 10] for FSI problems to fluid-fluid interaction problems. We
also show that the second source of instabilities (unbalanced dynamic pressure power) can be
treated, in a natural way, by applying this method to a total pressure formulation of the Navier-
Stokes equations.

Several numerical experiments, related to the simulation of aortic blood flow, illustrate the
accuracy and performance of the schemes proposed in two non-overlapping sub-domains. An
example in which the computational domain is partitioned in three sub-domains is reported for
one of the staggered methods.

The paper is organized as follows. In the next section, the incompressible Navier-Stokes
equations are split into two sub-problems coupled through an artificial interface. A Nitsche’s
space semi-discrete formulation of this fluid-fluid interaction problem is presented in Section 3.
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4 M.A. Ferndndez, J.-F. Gerbeau € S. Smaldone

Section 4 is devoted to the time-dicretization. Different implicit and explicit coupling strategies
are presented, in the static and total pressure formulations, and their corresponding discrete
energy balances is derived. The numerical experiments are reported in Section 5. Section 6
summarizes the conclusions.

2 Coupled fluid-fluid problem

Let Q ¢ R?, d = 2,3 be a bounded fixed domain and a fluid modelled by the incompressible
Navier-Stokes equations. The velocity u : @ x RT — R? and the pressure p : Q@ x R™ — R satisfy:

popu+pu-Vu—V.-o(u,p) = 0, in{,
V-u = 0, inQ, (1)
u = 0, ond9Q,

with the initial conditions u(0) = ug. The term o (u,p) = —pI + 2ue(u), where €(u) = (Vu +
(Vu)T) /2, is the fluid stress tensor, and p and p stand for the fluid density and the dynamic
viscosity respectively. For the sake of the analysis, homogeneous Dirichlet conditions are enforced
on the whole boundary 9€). More realistic boundary conditions are considered in the numerical
experiments of Section 5.

Problem (1) can be partitioned into two sub-problems defined in two non-overlapping sub-
domains, Q1 € R% and Qy ¢ R?, with @ = Q1 UQy and 9 N Qs = @. The two sub-domains are
separated by an interface X := 9Qq N 9y, and 'y := 9Q\X, Ty := 00\ 2.

The new formulation of the problem reads: find the velocity u; : Q; x RT — R? and the
pressure p; : 7 x Rt — R such that

p@tul +P111 'Vul 7V~0'(u1,p1) = 0, in Ql,
V- u; = 0, in Ql, (2)
u = 0, only,

find the velocity us : Qo x RT — R and the pressure ps : Q9 x Rt — R, such that

porus + pug - Vug — V - o(ug, p2) 0, in o,
V. Uz = 03 in QQ, (3)
Uy = 0, on Fg.

The solutions in the two sub-domains are coupled through the usual kinematic and kinetic
conditions:

(4)

u; = up, On E,
o(ug,p2)ny = —o(uy,p1)ny, on X,

with ny, ny the outward-pointing unit normal vectors on 92 and 02 respectively.

3 Space semi-discretization via interface Nitsche’s method

The time splitting schemes introduced in the following sections are derived from a space semi-
discrete formulation of (2)-(4) based on interface Nitsche’s method (see, e.g., [20, 2]). In other
words, conforming finite element approximations are used in each sub-system, which do not match
at the interface, and the interface coupling (4) is enforced in a consistent fashion & la Nitsche. A

Inria



Ezxplicit coupling schemes for fluid-fluid interaction 5

salient feature of this approach, compared to a standard conforming finite element approximation,
is that the artificial interface power, generated by the time splitting of the interface coupling,
can be controlled directly by the consistent numerical dissipation of interface Nitsche’s method
(see [8, 10]).

Nitsche’s method, originally proposed to weakly enforce Dirichlet boundary conditions in
elliptic problems (see [29]), has been extended to a number of interface problems arising in com-
putational mechanics (see, e.g., [20] for a review), including domain decomposition [2], Stokes-
Darcy coupling [11], elliptic-hyperbolic problems [12], fluid-structure interaction [21, 22, 8, 10]
and, more recently, interface problems with unfitted meshes (see, e.g., [19, 27, 9]).

3.1 Monolithic formulation

Let be {71 n}r>0 and {725 }n>0 two families of regular finite element triangulation for €23 and Q5
respectively, with typical diameter h. Let W; j, X Q; », denote an inf-sup stable, conforming finite
element approximations of [H*(Q;)]? x L2(Q;) for i = 1,2. Let Vi, = Wy, N [H%I(Sh)]d and
Vo = Wa N [HE, (Q22)]%, where [H}(€;)]* denotes the space of [H'(€2;)]* functions vanishing
on a part v of 99;.

The considered space semi-discrete formulation of problem (2)-(4) reads: for all ¢ > 0, find
(W1,h, PR, U2h, P2p) € Win X Q1 n X Wap, X Qo satisfying the essential boundary conditions
and such that

Aifuy g (W p, prn), (Vie, qun)] + A2[s p; (U2, p2n), (Vo,n, g2,0)]

+ Cilui p; (uip, uzp), vie] + Col(u2n, uip); (U p, w1 n), Vo, p]

Y
- / U(uz,haPQ,h)HQ : (Vz,h - V1,h) + # / (uz,h - u1,h) : (V2,h - V1,h)
= =

- / (ug,p —uyp) -N2q2,, = 0,
)
for all (vin, quin, Von, G2,n) € Vin X Qun X Vo X Q2,h, where

Aifug p; (W p,prn), (Vign, qun)] o= p | Omarp-vi +/ 2pe(ay) : €(vig)
Q1 (951
—/ P1,hV'V1,h+/ q1,nV -urp (6)
Q1 Q
+P/ (ur,p - Vg p) - Vi,
Q1
Aslug s (Uz,h, p2.n)s (Vo,n, G2,0)] == p | Oy -vay +/ 2ue(ugy) : €(van)
Qz Q2

—/ PQ,hV'Vz,h+/ q2.nV -ugp (7)
Qg 92

+p/ (ug,p - Vugp) - vap,
Qo
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6 M.A. Ferndndez, J.-F. Gerbeau € S. Smaldone

and the two terms Cy and Cs are defined by:

+5 (€ )z

The first integral in (8) and (9) is nothing but the standard Temam’s trick (see, e.g., [33]). The
remaining interface terms are also strongly consistent terms, which are introduced to handle the
convective energy contributions related to the discontinuous nature of the discrete solution on
the interface. Note that vy and vy are independent, and that u;, and uzj do not exactly
match on the interface.

The last three interface terms of (5) enforce the interface conditions (4) weakly, in a strongly
consistent fashion, a la Nitsche. The interface stress term — fz o(ugp,p2.p)ne - (Vo — Vip)
results from the integration by parts in each subdomain and the application of the relation (4),.
The remaining contributions, 2 fZ(UQ,h —uyp) - (Vo —vip) and — fE(Uth — uyp) - Nagah,
are strongly consistent stabilization terms (thanks to (4)1) which guarantee the stability of the
resulting formulation. The dimensionless parameter v > 0 is chosen to ensure coercivity (see
Lemma 1).

Remark 1 The sizth term in (5), involving the stress tensor on the interface, is computed with
the Fluid 2 variables. It could be replaced by — fz o(uyp,p1p)n - (Vi — Vo), i.e. computed
with Fluid 1 variables, without compromising the stability of the method. In this case the seventh
term (5) would be le apV-ouy =— fz(lh,h —Ugp) - Miq1,n. We could also consider a convex
combination of both.

3.1.1 Stability analysis

The following lemma shows the stability in the energy norm of the semi-discrete problem (5). It
makes use of the standard local inverse trace inequality (see [34] e.g.): for all K € {Tx}n>0,

lunllp < Crh™Himllk YV un € Wy, (10)

where || - || x denotes the L?(K)-norm.

Lemma 1 Let (uy p,P1,n, Us,p, P2,n) be solution of (5). If v < 2Cr, where Cp > 0 is defined in
(10), the following estimate holds

[Vl st

3u (1
mmMM%AWWMm&%%ZA(W@mma+wwmm&)

gl

t
p
+ /HWW—MM@S*WMMW%;Hmmwm&)
an J, 2
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Ezxplicit coupling schemes for fluid-fluid interaction 7
Proof. Taking (vi n,q1,n,Va,h,q2,n) = (Win, P1,h, U2 p,P2.p) in Ay and Ay yields
. pd 2
Aquy g (W p, p1n), (W n, p1n)| §d7| + 2p)le(u p)|[g,
p/ (v u 2
- = “ug )|y g 11
N (1)
P 2
2 [l
2 s
Azug p; (Ugn, p2,n), (U2,h, p2,a)] = 2 dt &, +2ulle(uzn)|[d,
p/ (v u 2
- = “ugp)|ug 12
3 ), (12)
P 2
8 [ (e lual®
2 /s
In addition, for the terms C; and Cy we have
Ol[“l,h;(ul,hau2,h)au1,h} = g/ (v'ul,h)|u1,h|2
Q
13
4 [ e = o,
b
Col(uz,p,urp); (Ug p,uyp),ugn] = g/ (V- ugp)|ug,l?
Q2
4 [ (e mfua (19)
®
p
+§/(u1,h'ﬂz)(u1,h'u2,h).
s
Hence by inserting (11)—(14) into (5) we get the following energy equality
pd
2dt(llulhllnl b,) + 20 ([le(urn)l[d, + lle(uzn)d,)
(15)

+ #Iluz,h —uy 5 = 2#/ €(uzp)ng - (u2,p — Ui p).
>

The right-hand side of (15) is first treated with the Young’s inequality and with the local inverse

trace inequality (10):

2#/ e(uzp)ng - (w2 —upp) < e(ugp)l[d, + %Huz,h -
>

Using this inequality in (15) and integrating over (0,t), it gives:

2Cr

t
2 (@B, + lluen®)]3,) + 20 / le(urn)ll3, + 24 (1—) / le(uz),

3w
/ [Jug,p — w a3 < 2(Ilul (O[3, + [luz,n(0)[[3,)-

The last result, with condition v < 2C'r, completes the proof. a

RR n° 8415



8 M.A. Ferndndez, J.-F. Gerbeau € S. Smaldone

3.2 Partitioned formulation

Our goal is to devise an algorithm that yields separate solutions in domain §2; and €2, via suitable
transmission conditions on the interface ¥. Taking first (v 5, g2,n) = (0,0) and then (v 4, q¢1.5)
= (0,0), the monolithic formulation (5) can be split in two coupled sub-problems:

1. Fluid sub-problem 1: Given (u2,h, pQ,h) € Wy X Qa,p, find (ul,h, pl,h) € Wi n X Q1,5 such
that

Aqlug s (W n, p1k)s (Ve qun)] + Cilunp; (01 p,us ), vin)

+ L: (uy,, —uzp) - Vi +/ o(uzn, p2.p)ng - vy, =0
5 )

for all (Vl,ha plﬁh) c V17h X Ql,h'
2. Fluid sub-problem 2: Given (uy n, p1.s) € Wi n X Q1,1 find (ug p, pa,n) € Wap X Q2. such
that

As[ug p; (Uz,n, p2.n)s (Vo,n, g2,n)] + C2[(U2,h, ur p); (U2, p, W1 n), Vo i)

+ % (ug,p, —u1p) - voyp — / o(ug p,po.p)ng - Vo p
) 5

- / (ug,p, —u1p) -n2gap =0
)

for all (van, p2,n) € Vap X Q2 p-

Note that, as in the standard Nitsche method, all the interface terms are evaluated using face-
wise integration. This partitioned formulation is the basis of the staggered algorithms presented
in the next section.

4 Time-discretization: fully discrete formulations

The present section is devoted to the time discretization of formulation (5). A backward Euler
scheme is used and the non-linear terms are linearized with a standard semi-implicit approach.
The time derivatives in (6) and (7) are replaced by 952" := (z" — 2"~1)/6t, where §t := T/N
denotes the step size, the interval of interest is (0,7), N € N* is a given integer and 2" ~ x(ndt)
with 0 <n < N. The two discrete counterparts of operators A; and Ay are defined by:

Avsul b (gt n), (Vins ain)] = p A 36tu?7h'V1,h+2M/Q e(uy ) : €(vin)
1 1
[ T vk [ a9, (16)
Q1 Q1

n—1 n
+p/ uy, -Vulyh “Vi,h,
1951

Az sefus b (s, 05 1), (Vo q2n)] = p 36tu3,hV2,h+2u/ e(uyy,) : €(van)
Qo Qo
—/ pg,hv'VZ,h+/ a2,V -uy (17)
QQ QZ

n—1 n
+p/ Uy, Vug - Vo,
Qo

Inria



Ezxplicit coupling schemes for fluid-fluid interaction 9

4.1 Implicit coupling

Before addressing the case of a staggered time-stepping, we start with the study of a monolithic
scheme where the two sub-problems are solved simultaneously at each time instant t™: find
(u?’h,p?’h, ug’h,pg,h) € Wi X Qi x Wap x Qo satisfying the essential boundary conditions
and such that

Avse[af 35 (07 )y (Vins qun)] + Agse[uy b (U8 g, 05 ), (Vo g2,0)] +

+ 4 [u?;bl; (u?,h’ ug,h)a Vl,h] + CQ[(U;L;le ui;l); (ug,ha u?,h)a Vl,h]
Th (18)
2 gyt e = vin) = [ o pne - (van —vin)
) p

- / (uy ), —uy ) nagap =0,
>

for all (Vi,n,q1.n,V2,nsq2,n) € Vin X Qun X Vo X Qo
For the sake of conciseness, the strain rate tensors at time " are denoted by €}, := €(uj",)
and €3, = €(uy’,) and the following quantities are introduced:

n

" P iim n 3yp m m
ET = 2 (Ilaf a6, + 3 116,) + E& Z [hug, = uillls
m=1
- o & (19)
+5 00 > [l + 50t D [legnlld,.
m=1 m=1

p
E° = 5 () ull, + (w2 Alld,) -
2

The next proposition shows that this monolithic algorithm is stable without any condition
on the discretization steps.

Proposition 2 Let (uf ;,,pt;,, us,ps) be the solution of the monolithic scheme (18). Ify > 2Cr,
where C > 0 is the constant of the inverse inequality (10), then E™ < E°.

Proof. The proof follows the same steps as the proof of Lemma 1. Choosing (v1,, q1,hs V2,h, G2,1)
= (uf},, T 1, Uz 1, P ;) in (18), the interface terms resulting from the integration by parts of the
advection in (16) and (17) cancel with interface stabilization terms (8) and (9). Then summing
over 1 < m < n and multiplying by ét, we obtain:

RS
ingh

n n
_ 14 _
(1l B, = a1, ) +5 D7 [t = uls i3, + 200t > llertl3,
m=1

m=1

n n n

P , . P , -

+ 257 (lhugalld, — Mg 12, ) + 5 37 lhug —wgi 1, + 200t Y (157113,
m=1 m=1 m=1
"Y n 4’u,C n H’Y n
T
+75t |[ug, — a5 < 6tZ ||€721?h”?22+ﬂatz [[ug, — ufy, |5,
m=1 m=1 m=1

RR n° 8415



10 M.A. Ferndndez, J.-F. Gerbeau € S. Smaldone

which can be reformulated as

n
p
5 (M ulle, + g l[8,) + 200t D [lef 12,

m=1
207 . 3
v (122 0 S el + S 3 g~ o
v m=1 m=1
p n n
< o3 i+ 3
m=1 m=1
p
+5 (M u 11, + s all2,),
which completes the proof. O

4.2 Explicit coupling: a static pressure formulation

The monolithic scheme (18) involves the simultaneous computation of (uf ,,,pt ;) and (u3 ;,,p5 ;).
In this section, a first staggered scheme (Algorithm 4.2) is proposed to solve problem (5). This
method generalizes the explicit coupling schemes introduced in [8, 10] for incompressible fluid-
structure interaction.

1. Find (u? . pih) € Wi n x Q1,5 satisfying the essential boundary conditions and such that

Ay selul b (ul 08 ), (Vi qun)] + Ciul )l (uly, ug ), vl
ol - 1 (20)
2 [y =gt ovis [ o m v =0
b by
for all (vin, q1.0) € Vip X Q1,p.

2. Find (ug . pg’h) € Wan X Q2 satisfying the essential boundary conditions and such that

Ag siu b (W5 g, 05 )5 (Vo @2.n)] + S(05 15 g2.n)

e T
+ Coltuy s (o) vasd + 0 [ (g =) van (20
- / o (w7 s - vah — / (Wl — u}s) - naga = 0
> >

for all (va,n, g2,n) € Voo X Q2,p-

3. Go to next time-step.

As shown in Proposition 3, we are not able to prove its stability. We nevertheless present
it because it allows us to introduce the main ideas that will be useful in the next section. In
addition, this scheme was stable in most of the numerical simulations where it was tested.

This scheme only yields one solution of each sub-problem at each time step. The terms
involving the two forms A; 5, and A 5; take the same expressions (16) and (17) as in the mono-
lithic scheme. The differences between the two algorithms only lie in the interface terms. First,
the stabilization term C [u?;l; (uf ;,u3 ), vi,s] of the monolithic algorithm (18) is replaced

Inria



Ezxplicit coupling schemes for fluid-fluid interaction 11

by C1 [u’ll’;l; (uf s ug’zl), vy, in order to uncouple the two sub-problems. Second, the weakly
consistent term

0k
TH Jx

is added in sub-domain 25 in order to control spurious pressure fluctuations which appear at
the interface because of the explicit coupling between the two sub-domains. The dimensionless
parameter 79 > 0 will be fixed to ensure the energy stability of the method.

It is interesting to note that this scheme, obtained from Nitsche’s penalty formulation, can
be seen as an explicit Robin-Robin scheme associated with the following boundary conditions:

n

S(p3 pyq2,n) = (Pan — P;L;Ll)(h,h, (22)

o(uf,pi)m + 2rup = gt - o(uy i ps ny, on X
n ,n T n __ T n n—1 _n—1 (23)
o(uy,py)ng + ——uy = ——uf +o(uy” ,p; )nz, on .

h h

We attempt to prove the stability in the energy norm of the explicit formulation (20)-(21).
Although the result is not conclusive, it is useful since it pinpoints the difficulty that will be
addressed in Algorithm 4.4. In addition, most of the arguments of the proof are reusable for the
stability analysis of Algorithm 4.4.

Proposition 3 Let (uf;,,py,,uh,,05 ;) be the solution of the staggered scheme (20)-(21). Un-
der the conditions:

a’) Yo > 4) b) ’yat S CEhv C) Y 2 4CTa (24)

where Cp > 0 is the constant of the inverse inequality (10) and Cx, > 0 is given, the following
estimate holds:

3Cspu

/(. RULPHII
E™ + %&HumHQx + ﬁ&HchH% < 3E"+ oz
3’Yoh
+me 0t + 2451112, (25)

3 & m—1 m
- m m—1
+§P5t Z u’, ol - (upl, —uyl).
)
m=1

Proof. Let be (Vi n,q1,h,V2,h,G2,n) = (u’f,h,pﬁh, ug,h,th)7 the two forms A; 5; and Ag 5¢ give
_ 1Y — y—
Avalul s ), (o pE)] = o (Il = g, + (g — w1, )
P -1
2ulletallh, =5 [ (V- uri P

1

p _
‘*‘5/( ?,hl'nl,h)|u7f,h|2v
5

p _ _
o (gl — b 115, + Iz, — w37 13,)

p -
s2ulleallp, — 5 [ (7 ug g,
2

Az 5t [ug’ﬁl; (uy 1, P5 1), (UG 4505 )]

p _
+§/(ug,h1 “ng ) ug |2
)

RR n° 8415



12 M.A. Ferndndez, J.-F. Gerbeau € S. Smaldone

Similarly, for the terms Cy and Cs we get

_ _ p _ p _
Cy [ufh15 (uip, ug,,ll),ufh] = 5/9 (V- u?,hl)‘u?,h\Q 3 /E(u?,hl 'nl)\urf,hP
1
p _ _
+§ /E(UT,hl : nl)(u;hl uy ),
P — P —
Cso [(ughl,ul h1)7 (‘12 hy U1 h) u;h] = 5/9 (V- ug,hl)‘ug,h\Q — 3 ‘/E(ng’hl 'n2)\ug,h\2
2

p _
+2 / (U mo) (U2, ).

By inserting these expressions into (20)-(21), summing over 1 < m < n and multiplying by dt,
we obtain

(26)

NI

n n
_ p
> (lutali, — 7508, ) + 2 > I, = w2t S lleful,
1 m= m=1

n

m
n
p - p
23 (Irwglia, = g1, ) + 4 2 Iy = g5, + 2p A
m=1

_|_

=1 m=1

n
550 [t mu - g — )
m=1

n
_ Yh -
= atZ/E(pzh Py Hng - (ugl, —ui’,) 5152/ Pa = Py P,
m=1

Ty

o
5t2/u2h ui’,) u2h+75t2/u2h —uyl) -ull

T>
n
+2u5t2/e;7;1n2.(ugh—ufh).
m=1 2

T3

We now proceed by adapting the arguments reported in [8]. Term T} involves the pressure
fluctuations at the interface. Applying Young’s inequality, it can be written as

Yy
< 75752”102}1 chl\|z+*5t2||u2h uf’ %

m=1

1 ’yoh 1 ’Y()h oh 6t m 1
_57575” w3+ 2 —6t||p3 |13 — ZHP — 5 I

_ 1yh 1yoh
—t —dt||p
= 5 2R g 3 + 3 20t

TH
= 5tz |[ug?, —

h
4 5t m 1
o (4— ) mzl P35 — o 113,
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the last term being negative (assumption of (24a)), it will be removed from the upper bound.

Term T3 concerns the velocity fluctuations at the interface. Adding and subtracting u3’, in
the second integral of T, we have

n n
T, = —%& > /(ugfh —uf’,)-uy, + %& > /(ugjh—l —uy,) - uly,
m=1 ) m=1 2y
TH N
Jr?c;t Z /Z(ugfh - u’ffh) . u’f:‘h
T
= (%Z |[ug?, —ufy, |13 - 5tZ/ ugl, —uy’ ) - ufy.

m=1

Adding and subtracting uy’), in the second term of this relation, we obtain

|
S:
\

=
INE]
:-

G
» 3
=

“1) . ug, - / (U — ) - (ug, — ul’y)
|2 |u2,h_“2h ‘2
2

|
Lo—

_/Z(ugfh ugnhl) (ugfh _u717,lh):|
n

TH
< 220t [IhaglE = g 1 — g, — wih13]
m=1

A
|

|
<

Using assumption (24b) we finally get

MCZ

Y
T < _*575 Z ||u2h uy, h||2 h&”uthQE ——|lu 2h||2

Applying Young’s inequality and the local trace inequality (10), the term 75 can be bounded
as follows:

n n

8uCr _ T
5 ot Z lles? I, + 8752? > (agy, — ulyll3

m=1

13

IN

8uC' 8,uC’ Y —

T T

i 5tZ|| €5 lld, + ———0t[l€5 1 1[d, + hdtZ”uZLh_uThHQZ'
m=1

m=1
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Inserting T3, T5 and T3 in (26), we have:

P w
5 (laf 18, + llug,l5,) + 5t Z |[ugly, — ui,[1% + 206t Z e 1%,
4CT 1”)/0h
s (1= 25 o0 S el + ol + 3
m=1 TH
P MCE 1 "Yoh 8MOT
< 5 (Ml alf, + Tz alfd,) + ==z als + 5 - —0t|lp3 I35 + otlle3 1[5,
AP
JtZ/ulh ‘npuf?, - (ug, — u2h .
Finally under the condition (24c) the assertion is proved. m|

4.3 Explicit coupling: a stable but inconsistent formulation

Energy stability can be guaranteed if, instead of C7 and Cs in Algorithm 4.2, we consider the
following alternative terms:

el sadvinl = —§ [t i), (27)
coufytiug vl = —g/z(ug,ﬁl'nz)(ug,h'Vz,h) (28)

The corresponding staggered scheme is presented in Algorithm 4.3

1. Find (uih7 pﬁh) € Wi.n x Q1,1 such that

Ay selul b (o) (vin aun)] 4 cful s ul v ]
+ % (ui,, — ug,ﬁl) “V1ih +/ U(ug,ﬁl»pg,ﬁl)m Vi =0
by b
for all (v1,n, q1.0) € Vin X Q1 p-
2. Find (ugh7 pg’h) € Wap, X Q2 such that
Az selus s (ug 5,05 ) (Vo 61,0)] + S (5 15 d2,n)

- T
beafudyudovan) + 2 [ (- ) van
b
= [ ot ptme van [ (- ) nagen =0
b ' b

for all (van, g2.n) € Vo X Qa2 .

3. Go to next time-step.

Note that this amounts to consider the skew-symmetric formulation of the convective term

Inria



Ezxplicit coupling schemes for fluid-fluid interaction 15

in each sub-domain, namely,

1 1
*/ ui«Vuioviff/ ui-Vvi-ui. (29)
2 Ja. 2 Ja,

i

Indeed, using integration by parts we have

1 1 1
f/ uZ-~VuZ-~vZ-—f/ ui-Vvi-ui:/ui-VuZva-—f/(ui-ni)(ui-vi). (30)
2 Jo, 2 Ja, Q, 2 /s

A straightforward adaptation of Proposition 3 hence shows that Algorithm 4.3 is energy stable.

The skew-symmetrized form (29) is commonly used in the staggered time-marching of fluid-
fluid interaction models based on rigid-lid coupling condition conditions (see, e.g., [14] and the
references therein), for which u; - n; = 0 on ¥. The expression (29) is thus consistent, since the
interface term in the right-hand side of (30) vanishes. Clearly, this does not hold for the coupled
problem (2)-(4) and, therefore, Algorithm 4.3 involves an inconsistent treatment of (4). In fact,
the following (inconsistent) Robin-Robin splitting is enforced

1
ofuf pi)n - (uf " muf + Joup = 2R - o (up T ng, on
1
o(uly,ph)ng — §(ug*1 ‘ng)uy + %ug = %u? + a(ugfl,pgfl)ng, on X.

The numerical experiments reported in Section 5 confirm the expected poor accuracy of this
method.

4.4 Explicit coupling: a total pressure formulation

We propose in this Section a provably stable staggered algorithm. The difficulty to establish the
stability of Algorithm 4.2 came from the last term of (25) which resulted from the integration by
parts of the advection. The get rid of this term, we suggest to use a formulation for which the
advection cancels in the energy equation without any integration by parts. This can be achieved
by introducing the total pressure 7 := p+ p% and by reformulating the Navier-Stokes equation
as:

pou+pu-Vu—p(Vu)'u -V -e(u,7) = 0, inQ,
V-u = 0, inQ,
u = 0, ondQ. (31)

This formulation was in particular discussed in [24, page 337]. It simply results from the relation:
~V-o(u,p) =4Vl -V-o(u,nr) =—p(Vu)'u—-V-o(u,n).

Note that the pressure unknown is now the total pressure 7. This is not the case of the curlu x u
formulation used in many works to enforce the total pressure in the boundary conditions, but
which keeps the static pressure p as unknown (see, e.g., [3, 17, 25, 31, 35]). The variational
formulation derived from (31) naturally leads to replace the two forms A; 5; and Ag s; used in
the Algorithm 4.2 by the new forms A7 5, and A7 5, defined by

ir,tst[uf;l; (u?,h’ﬂfh)a (Vl,mfh,h)] = P/ aétuih “Vip+ 2#/ G(u?,h) : €(V1,h)
o Q

1

o [ (e Vur) van - (v Vulp) gy -
1951

Wﬁhv *Vi,h + / ql,hv : u?,ha
Qq

Qq
(32)
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5,5t[u;i;1; (U3 1, ™3 5)s (Van,q2n)] i=p | Oseug vapn + 2#/ e(uy ;) : €(van)
Qg QZ

o [ (g Vug) van - (v - Vugz) ) -
Qo

o,V Vo + / q2,nV - ug .
Qs

Qo
(33)

Note that with this new formulation, the last integral in (6) and (7) (Temam’s trick) is no
longer necessary. The new staggered scheme is presented in Algorithm 4.4.

1. Find (u’ih, F?,h) € Wi, x Q1 satisfying the essential boundary conditions and such that

_ Y —
Lo (o) (vl + 2 [ =gz v

o 34
+/ U(ug,h17”2,h1)n2 Vin =0, (34
b
for all (vi,n, qi1,n) € Vijn X Q1,-

2. Find (u3;, 73 ;) € Wan X Qo satisfying the essential boundary conditions and such that

Ag,&t[ug;zl; (ug,ha W;,h)’ (V2,h7 QQ,h)] + S(W;hv q2,h)

2 gyt ven - [ otugtnt e va (3)
b)) 2

- / (uy ), —uyy,) magen =0,
s

for all (vo,n, g2,n) € Va,n X Q2.h-

3. Go to next time-step.

As with the previous formulation, the pressure fluctuation at the interface are controlled by
the term S (7r§7h,q2,h) in sub-domain 2. Again, the two sub-problems can be seen as coupled
through the Robin-Robin transmission conditions:

THE n _ TH n_1

otuf wf)m + g = Pag oy, o %
3
o(uy, Ty TH - n _ THn n—l gn—l % )
5,5 )N + p M2 T W +o(uy ™ )0y, o &

This is similar to (23), but the static pressure has been replaced by the total pressure.

Remark 2 The total pressure formulation can be obviously used in the implicit case. The proof
of the stability analysis is performed in the same way as in Proposition 2, with the total pressure
variable m; p, instead of p; p, i = 1,2 but without the interface stabilization terms (8) and (9).

Remark 3 If the proposed splitting schemes were used within a fluid-structure interaction frame-
work, the fluid stress on the fluid-solid interface could not be directly obtained as the residual of
the fluid variational formulation. Instead, this interface load should be explicitly computed via
face-wise integration.

The next proposition shows that Algorithm 4.4 is conditionally stable in the energy norm.
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Proposition 4 Let (uf,, 77,y ,, 75 ,) be the solution of (34)-(35). Under the conditions
(24), there holds:

E + 5t|| 2h||2+27M 5t||772h||92 < 3E0+702u||u87h|\22
3"Y0h
+575t|| 2h||2+245t||62h||§22

where E™, n > 1, and E° are defined in (19) and (20).

Proof. Taking (Vi n,q1,n, Vo,n,q2,0) = (Ul ), 71, 0G4, 75 1), the terms related to advection
in (32) and (33) cancel each others. Therefore, multiplying for ¢t and summing over 1 < m < n,
the system (34)-(35) can be written as

n n n
p _ p
23 (luimlia, = b 113, ) + 4 Z g, = up [, + 200t Y llerl,
m=1 m= m=1
P p <
+237 (Ihugilla, - lhagi I3, ) + P g — B, + 20t 3 e,
m=1 =1 m=1
— 0
= 0t Z (T3 — o, Yn, - (uy’, —ui’, 5t Z / Ty — T )Wg?h
m=1"% m=1

Vs, N 1L 1 my . m
_T&Z/E(uzh ui’,) - u2h+75t2/ t—uf) - up,

The terms in the right-hand side are bounded mutatis mutandis as in the proof of Proposition 3.
This completes the proof. O

5 Numerical Examples

In this section, we first discuss some tests to illustrate the influence of the stabilization parameters
v and 7y, then we concentrate on hemodynamics applications. For comparison purposes, the
following error indicators will be used:

|2i — Trot||L2(m) l[z1 — 22|12y
g, 1 = ———— =

‘ ||xref‘|L2(I‘) ’ o eref||L2(E)

The first indicator measures the relative error on a part of the boundary I' C 9€2; for the physical
quantity z; (defined in €2;), i = 1,2. The second indicator gives the relative interface drop of
the variable x across the interface ¥. The subscript ¢ indicates a quantity from the reference
solution, obtained by solving problems (1) or (31) in the whole domain 2, with a standard
conforming finite element method and a semi-implicit monolithic time-stepping.
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5.1 Impact of the stabilization parameters

In this paragraph we investigate the impact of the stabilization parameters v and 9 on the
accuracy of Algorithm 4.2. We consider a two coupled Stokes problems in a rectangular domain
[0,3] x [0,3]U[3,6] x [0, 3], all the space units are in cm. Note that in this case, only the interface
pressure stabilization (22) is considered, since the convective non-linear terms are neglected.
A constant velocity (400,0)T ¢m/s is imposed on the left boundary and zero traction on the
right boundary. A no-slip condition is enforced on the upper and lower sides. The density
p = 1.06 g/cm?® and the dynamic viscosity u = 0.04 poise are those typically encountered in
blood flow simulations. The spatial discretization is based on P;/P; stabilized finite elements.
The time-step is 7 = 10™* s and the space step is h = 0.05 cm. The tests are run with v9 = 0,
1, 9, 16 and v = 25, 250, 2500, 5000. All the numerical computations have been performed in
FreeFem++ (see [23]).

In Figure 1, the relative error on the outlet velocity and on the pressure drop at the interface
are plotted. These results suggest that the optimal choice of the parameters is v = 2500 and
~Yo = 1, which gives a good compromise between the velocity and pressure errors (in particular
€u, = 0.0873 and ¢, = 0.0953). The values for 7y = 0 are not reported in Figure 1 since the
corresponding numerical solution is unstable. This highlights the importance of the interface
pressure stabilization (22).

0.
0.7
0.6-
0.5
04

0.3

0.2+
011

01 9

Outlet velocity L? errors

Figure 1: Outlet velocity errors ey, (left) and interface pressure drop errors €, (right).

The last 2D-test is performed in the same rectangular domain with the two optimal values
of v and vy but neglecting the last term of (21), i.e. the consistent term that control the
pressure contribution of the stress on the interface. In this case the outlet velocity error becomes
€u, = 0.1319 and the interface pressure drop error is now €, = 0.1082. Even if the result remains
stable, without considering this term an increasing of the errors can be noticed.

5.2 Aortic blood flow simulation

The computational domain is the idealized geometry reported in Figure 2 (left), including the
aortic root, with the valve, and the aortic arch. The two-domain partitioning is shown in Figure 2
(middle). This geometrical splitting is motivated by the fact that, in order to describe the blood
dynamics through the valve, different modeling options can be incorporated within the aortic
root 2 (see, e.g., [1, 15]). Here, for simplicity, the aortic valve is frozen in its open configuration.
No-slip boundary conditions are imposed on the three leaflets of the valve.

A sinusoidal waveform, see Figure 2 (right), is imposed on the inlet boundary I';,. The
systolic phase, corresponding to the first half of the cardiac cycle, delivers a maximum flux of
about 235 ¢cm?/s. In the second half (diastolic phase), the inlet flow is set to zero. The resulting
cardiac output is approximatively 4.5 dm?3/min. The outlets T'y, T, and T, correspond to the
brachiocephalic artery, left common carotid and subclavian artery, respectively. The outlet I',,;
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w
Ry Ra A, Ry
c c c c
J ~F | —
LS 5o R, Ry Ry Ry
c 4]' R, c

Ra
R,
y K, T
T a‘ rb‘. rq‘ v oy

200+

150

100-

Flow (ce/s)

50

Figure 2: Reference domain (left), sub-domains definition (middle) and inflow waveform (right).

Table 1: Windkessel parameters.

Fa 1—‘b Fc Fout

Ry (dyn-s-cm=5) | 0.05x10% 0.19x10% | 0.075x10% | 0.015x10%

Ry (dyn-s-cm=) | 0.85x10% 3.22x10% 1.25x10% 0.25x10%
C (cm® - dyn~T) 0.95x10~% | 0.25x10~=% | 0.64x10~% | 3.17x10~7%

is located in the descending aorta. The neglected portions of the circulation are taken into
account by imposing the natural boundary condition on = —F,n on each outlet. The proximal
pressure P, is described by a (0D) three-element Windkessel model (see, e.g., [4, 28]) given by

the ODE:
P, dQ

CRddTp + P, =Q(Ra+ Rp) + CRyRa—,
where () stands for the outlet flow rate, R, and Rq4 denote the proximal and distal resistances and
C is the capacitance representing the compliance of the blood vessels. The Windkessel parameters
are reported in Table 1. For simplicity, the left and right coronaries, located in the aortic sinus,
are closed. The physical parameters for blood are chosen as p = 1.06 g/cm?® and u = 0.04 poise.
The space discretization is based on P;/P; finite elements, stabilized with the SUPG/PSPG
method. The stabilization parameters are v = 2500 and 7 = 1. For comparison purposes,
the reference solution has been generated by solving the Navier-Stokes equations associated in
the whole domain Q. The meshes of 2, ©; and €y are, respectively, made of 177 651, 53 960
and 126 200 tetrahedra. Six cardiac cycles have been simulated, using a time-step length of
T =10"3s.

5.2.1 Static pressure formulations

In this paragraph the results obtained with Algorithms 4.2 and 4.3 are compared with the
reference solution, obtained by solving (1) with a standard conforming finite element method
and a semi-implicit monolithic time-stepping. Figure 3 displays the snapshots of the velocity
magnitude at two time instants of the third cardiac cycle: ¢ = 1.575 s middle of systole (top),
and t = 1.750 s beginning of diastole (bottom). The solution obtained with Algorithm 4.2 is
close to the reference solution on the interface and on the outlets. Note that even if we were
not able to prove its energy stability (Proposition 3), the simulation is stable in this test case.
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(a) (b) (c)
:; L X;j; t=1575s :

Velocity (cm/s

0.0 00 5.0e+01 1.0e+02 1.5¢+ 02

(a) (b) ()
m»: t=1.750 s :

Figure 3: Static pressure formulation. Snapshot of the velocity magnitude at two time instants
obtained with: (a) Algorithm 4.2; (b) Reference solution generated from (1); (c) Algorithm 4.3.

— Reference

-50] — Fluid 1 — Fluid 1

. . . . . . , | = Fluid2 . . . . . | . . | = Fluid2

07 T4 21 28 35 42 07 4 21 28 35 42
Time (s) Time (s)

g

Flow (cc/s)

— Reference

Static pressure (mmHg)

Figure 4: Reference solution generated from (1) vs Algorithm 4.2: interface flows (left) and static
pressures (right).

Algorithm 4.3 yields a mass leak on the interface and has very poor results at the outlets. This
is due to the non-consistent terms (27) and (28). This behavior is more visible at high velocity,
i.e., in the systole phase.

Figures 4 and 5 show the interface flow rate and pressure in ©; and s, obtained with
Algorithms 4.2 and 4.3, respectively. The results provided by Algorithm 4.2 are clearly more
accurate than those obtained with Algorithm 4.3. This can also be inferred from the error
indicators reported in Table 2.

Inria



Ezxplicit coupling schemes for fluid-fluid interaction 21

Flow (cc/s)

— Reference
- — Fluid 1
. L= Fluid 2 [ . |=Fumid2

— Reference
Fluid 1

Static pressure (mmHg)

07 4 21 28 35 12 0 07 4 20 28 35 12

Time (s) Time (s)

Figure 5: Reference solution generated from (1) vs Algorithm 4.3: interface flows (left) and static
pressures (right).

Table 2: Interface relative errors: flow €y, €4, and pressure €, €5,. Interface drop errors: flow
€y and pressure €.

Algorithm 4.2 Algorithm 4.3
€7, | 0.0048 ]| €5, [ 0.0135 €7, [ 0.0048 J| €, | 0.1864
€f, | 0.0123 || €, | 0.0140 €f, | 01058 || €y, | 0.1866
[ €f [ 00153 [ €, [O00013 ] [ Ef [0.1054 ] €, [ 0.0012 ]

THHRAAT A

—Reference —15| —Reference]

—Coupled . —Coupled

0.7 14 2.1 28 35 1.2 0.7 T4 2.1 28 35 1.2
Time (s) Time (s)

Flow (cc/s)

30
150 20
- 100 N
z =z
S By
< 50 ZJ
H g -10
[ Ve N Ve S Ve B V| L~ E _og
—50) “|[—Reference] —30 —Reference]
—Coupled —Coupled
~100 40 =
0.7 1.4 2.1 2.8 35 1.2 0 0.7 1.4 2.1 28 35 1.2
Time (s) Time (s)

Figure 6: Reference solution generated from (1) vs Algorithm 4.2: outlet flows.

The same behavior is observed for the flow rate and the pressure at the outlets. Figures 6
and 7 and Figures 8 and 9 compare the reference solution with the results obtained with the
staggered algorithms in the three top arteries and the descending aorta. As shown by Table 3,
the flow rate and pressure errors obtained with Algorithm 4.2 are between 1% and 5%, whereas
with Algorithm 4.3 we get a 20% error.

5.2.2 Total pressure formulation

In this paragraph the results obtained with Algorithm 4.4 are presented. Figure 10 shows snap-
shots taken at two time instants of the third cardiac cycle, in the maximum of the systole
t = 1.575 s and at the beginning of the diastole ¢ = 1.750 s, for the explicit algorithm with the
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Figure 7: Reference solution generated from (1) vs Algorithm 4.2: outlet static pressures.

5 15
H A A A A A | E
— o v v e W W = 7
5 1 R e R S S S T e
é =50 LTD« ~10|
—Reference| —15 —Reference
100 —Coupled ool —Coupled
0 0.7 1.4 2.1 28 3.5 4.2 0.7 1.4 21 2.8 3.5 4.2
Time (s) Time (s)
20 30
150 20
— 100} = 1o
3 RS NG [ N U AN B (N (R N S N
< 5 &
H 1 s
=0 |V |V L Ve ] B _y
=50) —Reference 30 —Reference]
100 —Coupled N —Coupled
0.7 14 2.1 2.8 3.5 4.2 0.7 1.4 2.1 2.8 3.5 4.2
Time (s) Time (s)
Figure 8: Reference solution generated from (1) vs Algorithm 4.3: outlet flows.

total pressure and the reference solution obtained by the discretization of (31), using a standard
conforming finite element method and a semi-implicit monolithic time-stepping. Note the good
agreement of the results on the interface and at the outlets.

Figure 11 depicts the flow rate, on the left, and the pressure, on the right, for Fluid 1 and
the Fluid 2, compared with the reference solution on the interface. Except very slight differences
for Fluid 2 in the peak of the systole and at the beginning of the diastole, the flow rate and the
pressure drop between the two fluids are around 2.86% and 1.13% respectively (Table 4).

The same behavior can be observed for the flow rate and the pressure at the outlets (Figure
12 and 13). Discrepancies still arise at the maximum of the systoles and at the beginning of the
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Figure 9: Reference solution generated from (1) vs Algorithm 4.3: outlet static pressures.
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Table 3: Outlet flow €4, and static pressure €, errors.

Algorithm 4.2

Algorithm 4.3

Lo Fb I'e Tout 1 Fb e Lout
E¢, | 0.0589 | 0.0596 | 0.0488 | 0.0411 Ef, | 02171 | 0.2237 | 0.2003 | 0.2185
Ep, | 0.0115 | 0.0121 | 0.0111 | 0.0122 Ep, | 0.1822 | 0.1843 | 0.1797 | 0.1828

(a) (b) (a) (b)

t=1575s

0.0e +00 5.0e+01 1.0e+02 1.5¢+ 02

t=1.750 s

Figure 10: Total pressure formulation. Snapshot of the velocity magnitude at two time instants
obtained with: Reference solution generated from (31) (a) and Algorithm 4.4 (b).

Table 4: Interface relative errors: flow €¢,, €5, and total pressure er,, €x,. Interface drop errors:

flow £ and total pressure e.

€, | 0.0053 || Ex, | 0.0321
€, | 0.0266 || €, | 0.0415
[€f [0028 [ € | 0.0113 |
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Figure 11: Reference solution generated from (31)
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Figure 12: Reference solution generated from (31) vs Algorithm 4.4: outlet flows.

Table 5: Algorithm 4.4: Outlet flow €7, and total pressure e, errors.

L'y Fb I'e Tout
€y, | 0.0853 | 0.0926 | 0.0714 | 0.0670
€ry | 0.0295 | 0.0311 | 0.0276 | 0.0284

diastoles. The errors in these cases remain between 6% and 9% for the flow rate and around 3%
for the pressure (Table 5).

In our implementation, and for this specific test case (with an unbalanced number of degrees
of freedom in the two sub-domains), the staggered solutions were typically 30% faster than the
monolithic ones.

5.2.3 Inverted sub-problems and three sub-domains test cases

As additional tests, the staggered Algorithm 4.2 is tested in the physical configuration described
in Section 5.2.1 but with two different repartitions of the sub-domains. The first one is obtained
inverting the two sub-problems, i.e the Fluid 1 (20) is solved in the aortic arch and and the
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Figure 13: Reference solution generated from (31) vs Algorithm 4.4: outlet total pressures.

Fluid 2 (21) is solved in the aortic root. In the second test case the domain 2 is split in three
non-overlapping sub-domains, the Fluid 1 is solved in the aortic arch, and the Fluid 2 in the
aortic root and in the descending aorta. In Figure 14 these two new tests are compared with
the two-domain test case of Section 5.2.1. The velocity magnitude is shown at ¢ = 1.575 s and
t =1.750 s.

The three numerical examples are in very good agreement. This is confirmed if we look at
Figure 15 and Figure 16, in which the flow and pressure course in the outlets are compared. The
flow and pressure errors in the outlets are reported in Table 6.

Table 6: Outlet flow €4, and static pressure €, errors.

Inverted sub-problems Three sub-domains
Fa 1—‘b 1—‘c Fout Fa 1—‘b 1_‘c I—‘out
Efy | 0.0707 | 0.0729 | 0.0583 | 0.0583 Efy | 0.0875 | 0.0940 | 0.0777 | 0.0838
Epy | 0.0237 | 0.0248 | 0.0230 | 0.0240 Epy | 0.0279 | 0.0317 | 0.0276 | 0.0318

With respect to €¢, and €,, of Algorithm 4.2 presented in Table 3, a slight increasing of
the errors can be observed. As expected the error increases with the number of the domain
partitions.

6 Conclusions

In this work we have discussed several loosely coupled strategies for fluid-fluid interaction prob-
lems coupling the incompressible Navier-Stokes equations through standard kinematic/kinetic
interface conditions. The main ingredients of the methods considered are:

1. an explicit Robin-Robin treatment of the interface coupling and a suitable weakly consistent
artificial compressibility on the interface;
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Figure 14: Static pressure formulation. Snapshot of the velocity magnitude at two time instants
obtained with Algorithm 4.2 in two non-overlapping sub-domains (a), with inverted sub-problems
(b) and in three non-overlapping sub-domains (c).

2. aspecific formulation of the convective terms: static pressure (standard and skew-symmetric)
and total pressure formulations.

The first controls the artificial power generated by the kinematic/kinetic splitting on the interface,
while the second governs the unbalanced dynamic pressure power across the interface.

Energy stability cannot a priori be guaranteed for the standard static pressure formulation
Algorithm 4.2. Yet, extensive numerical evidence has shown that the scheme is robust and accu-
rate (with respect to a fully implicit method). This suggests that the artificial dynamic pressure
power generated by the splitting has a lower impact on the overall stability of the scheme. Energy
stability can be recovered with a static pressure formulation and a skew-symmetric treatment
of the convection (Algorithm 4.3). Unfortunately, this formulation is not consistent with the
original coupled problem due to its non-confirming character across the interface. The numer-
ical results have confirmed its poor accuracy. For the total pressure formulation, an a priori
energy estimate guaranteeing the stability of the splitting (Algorithm 4.4) has been derived. The
comparison with fully coupled solutions have shown that the method gives satisfactory results.
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Figure 15: Algorithm 4.2, inverted sub-problems and three sub-domain test cases: outlet flows.
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Figure 16: Algorithm 4.2, inverted sub-problems and three sub-domain test cases: outlet static
pressures.
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