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Abstract: In this work we propose a new approach to the loosely coupled time-marching of a
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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 haemodynamics are generally described by coupling dimension-
ally heterogeneous models of blood flow. In this geometrical multiscale paradigm, the three-
dimensional (3D) Navier-Stokes equations are coupled with one-dimensional (1D) and/or zero-
dimensional (0D) models that account for the surrounding part of the 3D compartment (see,
e.g., [4, 12, 25]).

In general, several physiological phenomena can coexist within a single 3D compartment. For
instance, if a detailed modeling of blood flow in the left ventricle and the aorta is sought for, the
3D model must incorporate additional features, such as the deformation of the cardiac cavity
and the opening-closing dynamics of the aortic valves. The underlying motivation of this work
is the partitioning of the 3D computational domain into several complementary non-overlapping
subdomains, in which these additional modeling features take place. 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 [20],
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 induced by the interface time-splitting, which can lead to numerical instabilities. For
instance, if a standard Dirichlet-Neumann scheme is foreseen, the kinematic splitting generates
two sources of instability, respectively related to the unbalance of static and dynamic pressure
powers across the interface. It should be noted that this issue does not appear in fluid-fluid
interaction models based on rigid-lid conditions, commonly used in oceanography modeling (see,
e.g., [5, 9, 10, 23]), 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 Nitsche’s method) and a weakly consistent
interface pressure stabilization in time. Basically, this approach extends the loosely coupled
schemes introduced in [6, 7] to fluid-fluid interaction problems. We also show that the second
source of instabilities (unbalanced dynamic pressure power) can be treated, in a natural fashion,
by applying this method to a total pressure formulation of the Navier-Stokes equations (see [18]).

Several numerical experiments, related to the simulation of aortic blood flow, illustrate the
accuracy and performance of the schemes proposed.

The paper is organized as follows. In the next section, the incompressible Navier-Stokes
equations are split into two sub-problems coupled across an artificial interface. A Nitsche’s space
semi-discrete formulation of this fluid-fluid interaction problem is presented in Section 3. Sec-
tion 4 is devoted to the time-dicretization. We present different implicit and explicit coupling
strategies, in the static and total pressure formulations, and state their corresponding discrete
energy balances. The numerical experiments are reported in Section 5. Finally, Section 6 sum-
marizes the conclusions.

RR n° 8415
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2 Coupled fluid-fluid problem

Let © € R?, d = 2,3 be a bounded fixed domain and a fluid modelled by the incompressible
Navier-Stokes equations. The velocity u : Q2 x RT — R? and the pressure p : @ x RT — R satisfy:

pou+pu-Viu—V-.o(u,p) = 0, inQ,
V-u = 0, inQ, (1)
u = 0, ondN,

with the initial conditions u(0) = ug. The term o (u,p) = —pI + 2pe(u), where €(u) = (Vu +
V7Tu)/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 Qs C R?, with Q@ = Q1 U Qs and Q1 N Qs = @. The two sub-domains are
separated by an interface X := 001 N g, and 'y := 90 \X, Ty := 00\ 2.

The new formulation of the problem reads: find the velocity u; : Q; x Rt — R and the
pressure p; : 1 x RT — R such that

poyur 4+ p(uy - V)uy = V-o(uy,p1) = 0, inQy,
V - Uy = 01 in le (2)
u; = O, on Fl,

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

porus + p(ug - Viug — V- o(ug,p2) = 0, in Qo
V s U2 = Oa in QQ, (3)
Uz = 0, on Fg.

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

u; =uy, on
{ (4)

0'(1127102) Ny = _o'(uhpl) -1, on Ea

with ny, ny the outward-pointing unit normal vectors on 9€2; and 9Q; respectively.

3 Space semi-discretization via interface Nitsche’s method

The time splitting of problem (2)-(4) that will be presented in the following sections is based
on a space discretization using Nitsche’s formulation ([15, 22]). This method, used to impose
weakly Dirichlet boundary conditions, has been used for many problems, in particular for Stokes
([8, 16]) and Navier-Stokes equations ([26]) as well as for fluid-structure interaction problems

(6, 7).

3.1 Monolithic formulation

Let be {714 }n>0 and {72, }r>0 two families of regular finite element triangulation for ; and Qs
respectively, with typical diameter h. Let W; j X Q; 1, denote an inf-sup stable, conforming finite

Inria



Ezxplicit coupling schemes for fluid-fluid interaction 5

element approximations of [H'(Q;)]% x L*(Q;) for i = 1,2. Let Vi, = Wy, N [HE (21)]% and
Vo = Wan 0 [HE, (92)]4, where [H2(€;)]* denotes the space of [H'(€;)]? functions vanishing
on a part v of 99;.

The considered space semi-discrete formulation of problem (2)-(4) reads: for all ¢ > 0, find
(Wih, D1k, U2k, D2n) € Win X Q1 n X Wap X Q2 satisfying the essential boundary conditions
and such that

Ar[urp; (W p,p18), (Ve q1n)] + A2[us b (U2h,D2.8), (Vo.n, G2.1)]
+ Cilug p; (uip, vz ), via] + Col(uz p, urp); (U p,urn), Vo,

+ % / (uz,h - ul,h) : (V2,h - Vl,h) - / 0'(112,}“]?2,h) ‘g - (V2,h - Vl,h)
> 5
- / (ug,n —aip) n2g2 =0,
>
for all (vi,n, q1,h, Vo,hs G2,0) € Vi X Qip X Vo X Q2.5, where

Arlug p; (an,p1.0) (Vip, qp)] == P/ Oar - Vih +/ 2ue(uy p) : €(vin)
Ql Q1

*/ pl,hV'Vl,h+/ q1,nV -urp (6)
(951

(951

+P/ uy - Vugp - Vi,
Q

Aoug p; (uz p,p2.n), (Vo n,g2n)) : p [ Omgpvap +/ 2pe(ugp) : €(va )

QQ QQ
—/ p2,hV'V2,h+/ g2,,V - ug (7
Qg £22

+P/ Uz - Vug p - Vo i,
Qo

and the two terms Cy and Cs are defined by:

(W, 2z VZ:B U)W -V B u-mi(z—w)-v
Crlws (w2l =5 [ (Fowpwev i § [ wmz - w) v (8)

(W, Z VZ:B . WV—B u-ng)(w-v
Coltw€):(w.r).v) =5 [ (T owpwv = 5 [ uoma)owv )
+5 €.

The first integral in (8) and (9) is nothing but the standard Temam’s trick (see, e.g., [27]). 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.

The fifth and sixth terms in the left-hand side of (5) result from Nitsche’s method. The term
~ > 0 is the Nitsche’s penalty parameter, it is dimensionless and is chosen to ensure the stability.
Note that vi 5 and v are independent, and that u;;, and uy, do not exactly match on the
interface.

The seventh term of (5) perturbs the divergence free constraint in 25 in a strongly consistent
way (in the sense that it vanishes for solutions continuous at the interface). It is introduced to
control the pressure contribution of the stress terms appearing on the interface.

RR n° 8415
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Remark 1 The sixth 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,prp) -n1(Vip — Vayp), i.e. computed
with Fluid 1 variables, without compromising the stability of the method. In this case the seventh

term (5) would be le qupVur, = — [g(urp —ugp) -miqu .

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 [28] e.g.): for all K € {7}, }x>o,

lunllpx < Crh~Himllk YV un € Wy, (10)
where || - || x denotes the L?(K)-norm.

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

p 3u [
£ (s, + luen(®l,) + 5 [ (leCor I, + Nl )I,)

3y ! p
+ E/O Hu2,h - lll,h”% < §(|‘U1,h(0)‘|al + ||u2’h(0)||?22).

Proof. Taking (vi n,q1n,Van,q2,n) = (Wik, P1,hy U2,n,P2,p) in Ar and Ay yields

d
Ar[uy s (ugn, pion), (U n, pia)] :gﬁﬂul,h”él + 2p||e(ay,n)|[3,

—g/Q (V-ugp)|ugpl? (11)

+ g/(ul,h‘nl,h)|u1,h|2a
>

d
Azug s (g n, p2.n), (U2,h, p2,4)] :gaﬂuzhﬂéfz + 2p)|€(uz,0)| [,

p/ (V-u 2
-3 : 2,h)|u2,h| ) 12
2 ), (12)
P 2
+*/(u2,h'n1,h)|u2,h| .
2 )s

In addition, for the terms C7 and Cy we have

Ciluip; (urp,uz ), ur p] g/ (V- uyp)|ugpf?
Q1
13
+§ / (urp - m1)(uzp - arp — [usl?), (13)
=

Ca[(uzg,n,u1p); (U2,n, wrn), uzn] = g/ (V- ugp)|ug pl?
Qo

—B/(u2,h'n2)|u2,h|2 (14)
2 Js

+B/(u1,h ‘ng)(ugp - ugp).
2 /s

Inria
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Hence by inserting (11)—(14) into (5) we get the following energy equality

([ nllé, + u2nllé,) + 20 (leCr )G, + lle(uzn)lf,)

4
dt

15
.\ (15)

Wz~ s =20 [ elwzn) ma(uzs — i)
b))

The right-hand side of (15) is first treated with the Young’s inequality and with the local inverse
trace inequality (10)):

Cr

|2
Z.

4p Wy
20 | elwanne - (unp — win) < P ezl + e —
h

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

t t
2CT
2 (@), + lluea®)]3,) + 20 / le(urn) I3, + 24 (1—) / le(uz )3,

3yp /t H
+ — u —u
ih 0 2,h 1,h

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

p
5 < SO, + a2 a(0)fB,).

3.2 Partitioned formulation

Our goal is to devise an algorithm that yields separate solutions in domain €7 and 25 via suitable
transmission conditions on the interface X. Taking first (va 5, g2.5) = (0,0) and then (vi 5, q1.5)
= (0,0), the monolithic formulation (5) can be split in two coupled sub-problems:

1. Fluid sub-problem 1: Given (ugp, p2,n) € Wap X Q2.4 find (1 4, p1,n) € Wi X Q1,5 such
that

Ailuy s (arp, p1s)s (Vih, @un)] + Crlugps (Urp, w2 ), Vi)

~
+ # (wi,p, —ugp) - vin+ / o(ugpn,p2.p) -navyy =0
) b

for all (v n, p1,n) € Vin X Q1,n-

2. Fluid sub-problem 2: Given (uy n, p1.n) € Wi, n X Q1.1 find (ug p, p2,n) € Wap X Q2. such
that

Az [u2,h5 (u2,h,p2,h)7 (V2,h» (J2,h)] + CQ[(uz,h, 111,h); (uz,h, 111,h), Vz,h]

+ % / (ugp, —upp)-vap — / o(ugp,p2.p) - Navap
) 5

- / (ug,, —uip) -n2qep =0
b

for all (Vgﬁh, p2$h) S Wgyh X Qg’h.

This partitioned formulation is the basis of the staggered algorithms presented in the next section.

RR n° 8415
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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 ds;2™ := (2™ — 2"~ 1)/6t, where 6t :== 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 A, are defined by:

Ay sefuly b (al ot ), (Vi )] = p 36tu?,h'V1,h+2u/ e(uiy,) : €(vin)
Ql Ql
- / PRV i+ / QaV -, (16)
Ql Q1

n—1 n
+P/ uy g -Vuyp, - Vi,
Ql

Ao o055 (W 12 )s (Voo on)] = p [ sl pvan + 2 / e(ul,) : e(van)
QQ QZ
- / P Vo + / GV ul, (17)
Q2 Q2

n—1
+P/ uy,, - Vugy, - Vo
Qo

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’f,h,pﬁh, ug’h,pg’h) € Win X Qin x Wap x Qo satisfying the essential boundary conditions
and such that

Alﬁt[u?;zl; (uyll,mp?}h)v (Vl,’w ql,h)] + A2’5t[ug;zl; (ug,h’pg,h)’ (V2,h’ Q2,h)] +

+Ci[ulh (uf g ), vi] + Col(uy iy h); (ug,,ut ), vi
(18)
+ % (ug,h - 117117;1) (Vo —Vin) — / U(ug,mpg,h) Ny - (Vo — Vi)
) b))

- / (u3, —ufy) n2g2p =0,
b

for all (vi,h, @10 Von, @2.0) € Vip X Qi X Vo X Qo p.
For the sake of conciseness, the strain rate tensors at time ¢" are denoted by €7, := €(uj",)
and €y, 1= e(ug’?h) and the following quantities are introduced:

n

) 3yp

B B (lud il + g al,) + 20 st D llugy, — il
m=1
PSS e, + o> el
m=1 m=1

p

E° = By (I 118, + (s ,113,) -

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

Inria



Ezxplicit coupling schemes for fluid-fluid interaction 9

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 p, q1,hs V2,h, G2,1)
= (uf},, Pt 1, Uz 1, Py ) 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:

n n

P - P
25 (Il — I B, ) + 2 5 = wr B, + 208 3 Nl

m=1 m=1 m=1

p n p n n
+ 257 (lugalid, — 15508, ) + 5 37 lug — ugit1E, + 200t Y lleslf3,
m=1 m=1 m=1
n
Y
+ 7& Z [[ug’), — u71nh|‘§)
m=1
4uCr -, 1Y <, o
T
< A SRl + ot 3 I —

m=1

which can be reformulated as

n

f.) 268t Y [leq ][,

5§ (i 4llg,

m=1
3w
wo (12560 S el + S Z g, — uf |
m=1

p n

—5515 <Z |[uf’), — i’ h 1||Q1 + Z luz’y, u2 h 1||§22>
m=1
p
+ Ll 12, 2.)
which completes the proof. O

4.2 Explicit coupling: a static pressure formulation

The monolithic scheme (18) involves the simultaneous computation of (uf ;,,py ;) and (ug ,,, ph ;).
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 [6, 7] for incompressible fluid-
structure interaction.

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 resolution of each sub-problem at each time step. The terms
involving the two forms A; 5, and Az 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 interface stabilization term Cy [u?;ll; (uf ,,u3 ), vis] of the monolithic algorithm (18) is
replaced by C; [u;”zl; (uf ug’zl), vy 5] in order to uncouple the two sub-problems. Second, the
term

n

Yoh
- (p2,h
b

-1
—Pyp, )42h (22)
Th 2

S(pgfm QQ,h) =

RR n° 8415



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

1. Find (u? . p’f’h) € Wi n x Q5 satisfying the essential boundary conditions and such that

Avsi[uf s (08 ), (Vins qun)] + Crluf s (uf y,ul ), vl

gl - 1 (20)
+ % z(u;l’h - ug,hl) “Vin + /Z a(ug,hl’pg,hl) “npvyp =0,
for all (va,n, p2,n) € Vou X Qo p.

2. Find (ug . pgyh) € Wan, X Q2,1 satisfying the essential boundary conditions and such that

A275t [u;L;Ll; (ug,hvpg,h)7 (V27ha q2,h)} + S(pg,hv qQ,h)

e _ TH
+ 02[(‘15,;11,“%111)% (ugp,uf'y), vaul + W /E(ug,h —ufy) v (21)

- / o(uy, b pyyt) mava — / (w3, —uyy) nagen =0
> >

for all (Vl,h7 pl,h) c Vl,h X Ql,h~

3. Go to next time-step.

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:

TH n _ TH p-1

o(uf.p) -m + 2wt = L - o) ng, on
n ,n T n __ T n n—1 _n—1 (23)
0’(1127])2)'1124—7112 =W +o(u;”,py ) m, on X

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 4.2. In addition, most of the arguments of the proof are reusable for the
stability analysis of Algorithm 4.2.

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

a) Yo > 4, b) ~dt < Cxh, c) v >4Cr, (24)

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

N YR n Yoh n 3Csp
B4 ot + Q2 gl < 3EC + S
3’}’0h
50t + 245111, (25)

n
3
m—1 m m m—1
+§p5t E u’,onguy?, - (uyl, —uyl).
)
m=1

Inria



Ezxplicit coupling schemes for fluid-fluid interaction 11

Proof. Let be (vi,,q1,n, V2,1, G2,n) = (Ul ), T p,, Uy 1, D5 ), the two forms A; 5 and Ay 5 give

_ p _ _
Avatlut st @t pplp), (af o pi )] = o (It alfd, — IG5 R, + I, — gy, )
p _
2l =5 [ (7w

1

5 [t ol
b

- P - -
Az ge[ugy ' (ug 05 5), (3,05 0)] = oo (g ulf6, — [y (8, +[[ug ) — w3y IR,
26t

P -1
2ullallp, — 5 [ (V- ur g, P

2

42 [t ne g
=

Similarly, for the terms C7 and Cs we get

_ _ p n— p n—
Cl[uih1§(u?,}uu;hl)auih] = §/Q (V'“f,hl)|u?,h|2 - §/E(u?,h1'n1)|u?,h|2
1

5 [ m gt ).

_ _ P _
Col(uz st ugh); (ulp,uf ) ud,] = 2 /Q (V- ulfud,
2

20 [t P
2

p _
+5 /E(U?,hl ‘ng)(uy, - uyy).

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

RR n° 8415



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

we obtain

(26)

[Nl ast

n n
- p
) 3 i = g + 2t 3 e,
m= m=1

n
> (I
m=
p n p n n
5 (Ihazs i3, — g 113,) + £ 3 g =g, 20t 3 el
=1 m=1

p
5t2/“1h -muf’y, - (Uzh 7“3?)1)

_ _ Yh -1
= 5152/ (pan — Pg,lhl)m (uy’y —uf’, 5t2/ (P2n = Poin )P2n

m=1
T
QIR
—WétZ/(u;h—uT’l UQh“FiétZ/ u2h - )qujh
m=1 =
T>
+2W5t2/62h ‘mp(uzl, —ufl).

Ts

We now proceed by adapting the arguments reported in [6]. Term 73 involves the pressure
fluctuations at the interface. Applying Young’s inequality, it can be written as

T < —(5t2|\p2h pzh HZ+ 5t2||u2h ulh”z

’}/Oh ot

1")/0]1
—dt|lp 2h||2*7* Z Ip5t — v I3,

2y

1")/0h
—0t

|1p5 h||2 +5 2 v
].’YOh

2 5t|\p2 nll%

Y 170h
= 5tZHu2h u,[1% — 5t|\P2h||2+

s— (4= 5t2||]92h Py I

m=1

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 uz’, in
the second integral of T3, we have

1, = 5t2/u2h_u1h u2h+w6t2/u2h —uyly) - uly
+ﬂ5tz /(ugﬁh—u;fjh)-u’fjh
h m=1"%

n n
Y YR
= ——0t Z Hug?h - UT}L”% — 0t Z /(u2,h u;nh 1) ‘1717,1h~
h m=1 h m=1 2
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Adding and subtracting uy", in the second term of this relation, we obtain

R m
5t2/ uy’y, — u2h h. uy’,

= 5t Z |:/ (u;nh _ uQ . 1) u72”h /Z(uanh ugf};l) (ugnh uTh)

B l/ ‘ 2h‘ |um 1|2 |u2,h_u5nh1‘2
B 2

fjgu@z ). (uqhuﬁm]

n
YH —
< =226t 3 lhug 13 — lhug g - gy, - ufi3]

m=1
Using assumption (24b) we finally get

MCZ

T < _*& Z |lugh, —af? |13 — 5t|| 1%+ == ) 13

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

n n

8,LLCT — Y m m
T 0t > ey la, + g0t D [hugh — ulal

m=1 m=1

—1
8uCr ., 8uCr vu
I ot Z |le5ial18, + 5 5t||€3 u]13, + 5’5 Z gl — a3
m=1

IN

Inserting Ty, T and T3 in (26), we have:

n
P ’YH
9 (||u?h||5221 é ) Z |[u3l, — uy h||z + 2pdt Z ||€T" h||Q1
m=1

m=1
2u (1 5 s Lok s
+2p |1 = — tZHEQhHQQ t\|u2h|\2+2 o tp5 13
m=1
<P uC'z L yoh 8uCr
5 (||111 nlld, &,) + 1l 2h||2 t3 o ——6t[|p§ h 6t”€(2),h||?12

L
5t2/u1h -mpuy’, - (ugl, — u2h b

m=1

Finally under the condition (24c) the assertion is proved. O
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14 M.A. Ferndndez, J.-F. Gerbeau € S. Smaldone

4.3 Explicit coupling: a stable but inconsistent formulation

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

_ 14 _
i utvi) = =5 [t v, (27)
algyugven) = <5 [t va). (28)

The corresponding staggered scheme is presented in Algorithm 4.3.

L. Find (uf,, pt;) € Win X Q1 such that

Ay sieuf s (uf g, 07 ) (Vs )] + eaful il v

T -1 -1 _n—-1
+ T (uf, —uy, ) vin+ [ oy, ,py, ) naviy =0
b b

for all (Vg,h, p2,h) S Wg’h X Qg,h.
2. Find (uy,, phj) € Wa i x Q2. such that
Az se[uy s (0G4, 05 ) (Vo qun)] + S(05 15 42,n)

- . TH . .
ool ven + 2 [ (agy - ) van
P
- [otaitp ) mavan [ (u - ) nagas =0
P P

for all (v n, p1,n) € Vi,n X Q1,n-

3. Go to next time-step.

Note that this amounts to consider the skew-symmetric formulation of the convective term
in each sub-domain, namely,

1 1
*/ ui-Vui'viff/ ui-Vvlwu,;. (29)
2 Jo. 2 Jao,

i

Indeed, using integration by parts we have

1 1 1
*/ ui~Vui~vi—f/ ui-Vvi~ui:/ ui~Vui~vi—f/(ui-ni)(ui-vi). (30)
2 Q; 2 Q; Q; 2 Py

i

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., [10] and the
references therein), for which u; - n; = 0 on X. 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
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Ezxplicit coupling schemes for fluid-fluid interaction 15

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
o(ul,pl) n; — i(u?fl -ny)uf + %u? = ’y—:u;“l — a(ugfl,p;’*l) -nmp, on X,
1 _ _ _
o(uy,py) ng — §(ug L. ny)uj + %u? = %u? + o (uj 1,p§ 1) -np, on .

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
2

by introducing the total pressure 7 := p+ p% and by reformulating the Navier-Stokes equation

as:

pou+p(u-Viu—pu- (Vu)' —=V.o(u,7r) = 0, inQ,
V:u = 0, in9,
u = 0, on . (31)

This formulation was in particular discussed in [18, Page 337]. It simply results from the relation:
~V-o(u,p) =—4V[uf> - V.o(u,nr)=—pu- (Vu)! —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., [2, 13, 14, 19, 24, 29]). The variational
formulation derived from (31) naturally leads to replace the two forms A; 5 and As 5 used in
the Algorithm 4.2 by the new forms A7 5, and A7 5, defined by

Toelui sl 71n), (Vin, qun)]

p/ dstuly, - Vi +2u/ e(uf ) : €(vin)
Ql Q1

- / Y Vi / GV g, (32)
Ql Ql

n—1 n—1
+p/ (uf ,Vuly, - vip —vipVuay, -ufy),
Q

E st (0 70, (Vo an)] = p [ sl avan + 2 / e(ul,) : e(van)
QQ QZ

- / T2V Vo + / GV - ul, (33)
QQ QQ

—1 -1
o / (g, VUG5 - Vo — Vo Vuls - ug,).
QQ

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 4.2.
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1. Find (u?’h, W?’h) € Wi,n x Q1,5 satisfying the essential boundary conditions and such that

_ , YL _
717,& [U-?,hl§ (u?,hvﬁﬁh% (Vihsqun)] + T /E(u?,h - ug,hl) “Vih

34
+/ U(ughl,ﬂ'zh ) IlQVl,hZO, ( )
)

for all (Vl,h7 7T1’h) S Vvl’h X Ql,h-
2. Find (a3, 75,,) € Wa i X Q2. satisfying the essential boundary conditions and such that

n—

2 §t[u2 s (ug oy T2, 50)s (V2,ns G2.0)] + S(Wg,m q2,n)

+ 2 [ ) ven = [ otugytmnt) mavas (39)
b P

- / (uy,, —uf ) nagp =0,
b

for all (v pn, mo.n) € Vo X Q2.

3. Go to next time-step.

As with the previous formulation, the pressure fluctuation at the interface are controlled by
the term S(73,,q2,,) in sub-domain 2. Again, the two sub-problems can be seen as coupled
through the Robin-Robin transmission conditions:

o(ul,77) n; +L:u}l = %ug ! —o(uj” ! LTy 1) no, on X,
(36)
o(uy,7y) - n2+%u§ = ’y}i‘ ul +o(uy 7 g, on .

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; 5, instead of p; j, @ = 1,2 but without the interface stabilization terms (8) and (9).

The next proposition shows that Algorithm 4.2 is conditionally stable in the energy norm.

Proposition 4 Let (uf,, 77,05 ,,m5,) be the solution of (34)-(35). Under the conditions
(24), there holds:

1’)/0}7/ 3
E" 5t|| Sall% + 37 0t mallh, < 3B+ SCspllud
3’)/0h
oo o monl[5: + 240t |€5 4[5,

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

Proof. Taking (Vi 4, q1h, V2, G2,n) = (u?yh,wfh,ug’vh,ﬂ;h), the terms related to advection
in (32) and (33) cancel each others. Therefore, multiplying for ¢ and summing over 1 < m < n,
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the system (34)-(35) can be written as

n

n
- P
S (Il = a3, ) + £ 37 I, — R, + 2u0t S llerule,
m=1

m=1

NI

:)—l

n

m=
n
P P
+£ (||u5?h||éz g I, ) + 5 D g, —ugi 13, + 200t Y lleglid,

m= m=1 m=1
—1 0
= ot (73 — mgy, )2 - (ugl, —uyl, 5t Z/ (75 — Ty, )Wg?h
m=1 by m=1
T
5t2/u2h_u1h ‘ug, + 5tZ/u2h —ufy,) -uf’y,
T>
—|—2,u5t2/62h “ng(uy’, —ui’,).
T3

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:

|| — Tret||L2(r) L l[|x1 — 22|[L2(s)

Ep, 1= 5=

k3

l|@eet || L2 () |[Zret| L2 (x)

The first indicator measures the relative error on a part of the boundary I' C 9€2; for the physical
quantity z; (defined in €;), ¢ = 1,2. The second indicator gives the relative interface drop of
the variable z across the interface X. The subscript ¢ indicates a quantity from the reference
solution, obtained by solving problems (1) or (31) in the whole domain €.

5.1 Impact of the stabilization parameters

In this paragraph we investigate the impact of the stabilization parameters « and 7y on the
accuracy of Algorithm 4.2. We consider a two coupled Stokes problems in a rectangular domain
[0,1] x [0,1] U [1,2] x [0,1]. 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 em/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 p = 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 = 107% s
and the space step is h = 0.05 ¢m. The tests are run with 79 = 0, 1, 9, 16 and v = 25, 250, 2500,
5000. All the numerical computations have been performed in FreeFem-++ (see [17]).
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Table 1: Windkessel parameters.

'y I'2 I's Tout

Ry (dyn-s-cm=) | 0.0056x10% | 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~ %

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. The values for
Yo = 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
07+
06
03
04

03

02
0.1

U 9

Outlet velocity L? errors

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

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, 11]). 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 T';,. 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?/min. The outlets 'y, 'y and I's correspond to the
brachiocephalic artery, left common carotid and subclavian artery, respectively. The outlet I',,;
is located in the descending aorta. The neglected portions of the circulation are taken into
account by imposing the natural boundary condition o -n = —P,n on each outlet. The proximal
pressure P, is described by a (0D) three-element Windkessel model (see, e.g., [3, 21]) given by
the ODE:

dQ

dpP,
CRdd—tp + P, =Q(Rys+ R,) + CR,,RdE,

where () stands for the outlet flow rate, R, and Ry 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
= 0.04 poise. The space discretization is based on P;/P; finite elements, stabilized with the
SUPG method. The stabilization parameters are v = 2500 and 9 = 1. For comparison purposes,
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Figure 2: Reference domain (left), sub-domains definition (middle) and inflow waveform (right).

the reference solution has been generated by solving the Navier-Stokes equations associated in
the whole domain 2. The meshes of €2, ; and sy 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 (1). Figure 3 displays the snapshots of the velocity magnitude at two time
instants of the third cardiac cycle: ¢t = 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. 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.

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

Algorithm 4.2 Algorithm 4.3
€f, | 0.0048 || €y, [ 0.0135 €¢, | 0.0048 ][ Ep, [ 0.1864
Ef, | 0.0123 || €p, [ 0.0140 €f, | 0.1058 || Ep, | 0.1866
[ € [ 00153 [ €, [ 0.0013 | [ € 01054 [ €, [0.0012 |

Figures 4 and 5 show the interface flow rate and pressure in 2; and ), 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.

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.
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(a) (b) (c)
:; L X;:; t=1575s j

Velocity (cm/s

0.0 00 5.0e+01 1.0e+02 1.5¢+ 02

(a) (b) ()
m»: t=1.750 s j

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

Flow (cc/s)

Static pressure (mmHg)
g
|
Z 27 4
EES
g §

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

5.2.2 Total pressure formulation

In this paragraph the results obtained with Algorithm 4.2 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 ¢t = 1.750 s, for the explicit algorithm with the
total pressure and the reference solution obtained by the discretization of (31). 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
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Flow (cc/s)

Static pressure (mmHg)

[ ¥ ¥ R 2
Time (s) Time (s)

Figure 5: Reference vs Algorithm 4.3: interface flows (left) and static pressures (right).
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Figure 6: Reference vs Algorithm 4.2: outlet flows.

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

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

Table 3: Outlet flow €4, and static pressure €, errors.

Algorithm 4.2 Algorithm 4.3
'y Iz I's Pout Iy T2 I's Tout
€f, | 0.0589 | 0.0596 | 0.0488 | 0.0411 €f, | 0.2171 | 0.2237 | 0.2003 | 0.2185
Epy | 0.0115 | 0.0121 | 0.0111 | 0.0122 Epy | 0.1822 | 0.1843 | 0.1797 | 0.1828
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Figure 8: Reference vs Algorithm 4.3: outlet flows.

Table 4: Interface relative errors: flow €y, , €4, and total pressure e,, €,,. Interface drop errors:
flow £ and total pressure €.

€7, ] 0.0053 [ €, [ 0.0321
€f, | 00266 || €x, | 0.0415
[ €f [0.028 [[ € [0.0113 ]

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 9: Reference vs Algorithm 4.3: outlet static pressures.
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Figure 10: Total pressure formulation. Snapshot of the velocity magnitude at two time instants
obtained with: Reference solution (a) and Algorithm 4.2 (b).

Flow (cc/s)
Total pressure (mmHg)

Figure 11: Reference vs Algorithm 4.2: interface flows (left) and total pressures (right).

2. aspecific formulation of the convective terms: static pressure (standard and skew-symmetric)
and total pressure formulations.
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Figure 12: Reference vs Algorithm 4.2: outlet flows.
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Figure 13: Reference vs Algorithm 4.2: outlet total pressures.

Table 5: Algorithm 4.2: Outlet flow €4, and total pressure e, errors.

Iy I'z I's Tout
Efy 0.0853 | 0.0926 | 0.0714 | 0.0670
ery | 0.0295 | 0.0311 | 0.0276 | 0.0284

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.
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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 4.2) has been derived. The
comparison with fully coupled solutions have shown that the method gives satisfactory results.
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