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Abstract

We consider the coupling between three-dimensional (3D) and one-
dimensional (1D) fluid-structure interaction (FSI) models describing blood
flow inside compliant vessels. The 1D model is a hyperbolic system of
partial differential equations. The 3D model consists of the Navier-Stokes
equations for incompressible Newtonian fluids coupled with a model for the
vessel wall dynamics. A non standard formulation for the Navier-Stokes
equations is adopted to have suitable boundary conditions for the coupling
of the models. With this we derive an energy estimate for the fully 3D-1D
FSI coupling. We consider several possible models for the mechanics of the
vessel wall in the 3D problem and show how the 3D-1D coupling depends
on them. Several comparative numerical tests illustrating the coupling are
presented.
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1 Introduction

Blood flow in large arteries is characterized by traveling pressure waves, also
called pulse waves, which are due to the interaction between the blood and the
artery wall, which deforms under the action of the fluid pressure [26, 30]. A pos-
sible mathematical model describing such phenomena consists of the 3D Navier-
Stokes equations for incompressible Newtonian fluids, since blood is considered
incompressible and obeys a Newtonian rheology in medium to large vessels (see
[20, 32]). These equations are coupled with a model describing the movement
of the wall, which can not be neglected in large vessels since deformations up
to 10% of the vessel radius may occur during the cardiac cycle. The numer-
ical simulation of the pulse propagation phenomena induced by this coupling
is extremely challenging [33]. In particular, due to large added mass effect on
the structure, the FSI coupling algorithm should be implicit [3], which greatly
increases the computational costs, making it difficult to simulate large districts.
Although significant advances have been made during the last years on the ef-
ficiency of implicit algorithms for fluid-structure interaction [18, 9, 19, 10|, and
by now simulations of rather large arterial trees, like those in [38, 2], are possi-
ble, their computational cost still discourage an extensive usage. Furthermore,
often one is interested in the detailed flow field only on a limited region, like a
particular artery or a major bifurcation. Yet, the human cardiovascular system
is formed by a closed network of vessels with a high level of interdependence and
realistic numerical simulations cannot be fully accomplished without taking this
into account [33, 15].

This motivates the adoption of simplified models, like for instance 1D models,
originally proposed by Euler [8] and widely used nowadays [29, 36]. These models
are described by hyperbolic systems of partial differential equations and, despite
having a lower level of accuracy compared to the fully 3D model, they capture
effectively the pulse waves at a much lower computational cost. This allows one
to properly simulate pressure waves propagation in large regions of the arterial
tree by a network of these models coupled together [17, 13, 33, 15].

Still, the need of detailed information calls for a more complex description in
specific sub-regions of interest. In fact, it is widely accepted that local blood flow
is strongly related to the initiation and progression of cardiovascular diseases,
like atherosclerosis [2, 27]. The information needed for these investigations, like
wall shear stress or local velocity patterns, may be computed only resorting to
3D simulations. By coupling the detailed 3D FSI model with the reduced 1D it
is possible to combine both requirements of having detailed information locally
while accounting for the global circulation. From another perspective, the 1D
network model can be thought as an absorbing (or far field) boundary condition
for the 3D detailed model.

This coupling of different models is known as the geometrical multiscale ap-
proach [16, 33, 15] and may also include, besides 3D and 1D models, lumped
parameters models [34, 14]. Here we focus on the coupling between 3D and 1D



FSI models. Very little can be found in literature regarding the properties of
this coupling. In several applicative works, reduced models are coupled with
3D ones with the perspective of providing more realistic boundary conditions
[38, 28], and not with the objective of embedding the 3D model into a larger ar-
terial tree. Furthermore, in most of these applications the 3D model is assumed
to be rigid and the reduced models are lumped parameters ones [38, 25]. The
work [11] proposed some coupling strategies and algorithms based on subdomain
iterations, and analyzed the stability properties of each subproblem. However,
a stability analysis of the fully 3D-1D coupled problem is not yet available.

In this work we address for the first time the analysis of the two models to-
gether. We propose a coupling based on the continuity, at the coupling interface,
of the mass fluxes and normal component of the total stress. We adopt a proper
reformulation of the Navier-Stokes equations, for which the natural boundary
condition of the weak problem is precisely the normal total stress. With this
choice of coupling conditions, and by means of the reformulation of the fluid
equations, we are able to obtain an a priori energy estimate for the fully 3D-1D
FSI problem. At the best of our knowledge, this result is new.

We also consider several possibilities for the structure model on the 3D prob-
lem and discuss in each case the stability of the coupling. Furthermore, we
propose a numerical coupling algorithm, based on an explicit technique, and
present several numerical tests. The present paper is presented in the context
of blood flow in arteries, nevertheless the procedures here adopted may be ex-
tended to other similar problems where wave propagation phenomena arise due
to a fluid-structure interaction in pipes.

The outline of the paper is as follows. In Section 2 we present the Navier-
Stokes equations reformulated to have the normal total stresses as natural bound-
ary condition. Being a non standard formulation, we carry out a well posedness
analysis for the rigid wall case, providing an existence and unicity result for the
steady case, under suitable hypothesis on the data.

In Section 3 we consider the motion of the structure wall, by introducing
several possible models for the vessel wall dynamics, ranging from a simple 2D
algebraic model to 3D non linear elasticity. We study the coupling between
the adopted formulation of the fluid equations and the different models for the
movement of the wall, and we derive an energy estimate in each case.

In Section 4 we recall the 1D model and its energy estimate, as derived in
[11].

Section 5 is devoted to the full 3D-1D FSI coupling. Due to the formulation
adopted for the Navier-Stokes equations, and by imposing the continuity of the
fluxes and the total stresses, we are able to derive an energy estimate for the
fully coupled model. We also discuss the dependence of that energy balance on
the structure model chosen on the 3D side.

Numerical results are presented in Section 6. We propose an explicit numer-
ical algorithm for the 3D-1D coupling, while an implicit coupling is applied on
the 3D FSI problem and the Lax-Wendroff scheme is used for the 1D model.



Several numerical tests are carried out, illustrating different coupling strategies.
To validate the results, the coupling problem solution is compared to the solution
of a complete 3D FSI problem in a longer domain.

2 The fluid equations

Let © be a bounded domain of R? representing a portion of a cylindrical artery.
We denote by I'y, the portion of the boundary corresponding to the physical
arterial wall, while I';,, and I', represent the so called artificial boundaries, since
they do not correspond to any physical interface (see Figure 1). More precisely,
I';, is the upstream or proximal section, closest to the heart, and I'y is the
downstream or distal section, closest to the peripheral vessels. We assume that
the domain Q C R? is open and connected and its boundary 9Q = I',, UT;, UT,
is locally Lipschitz ( i.e., 9Q € C1'1).

z;O z;a
Figure 1: Cylindrical vascular district QF.

Using the vectorial identity
1
u-Vu= §V|u|2 + curlu X u,

we write the Navier-Stokes equations in the following form, in  and for all
tel=(0,T]

1
P((;? +p <2V’u2 + curlu x 11> + Vp —div(2vD(u)) = 0,
0,

diva =

(1)

where the unknowns are the fluid velocity u and pressure p. Furthermore, p and
v > 0 are the density and the dynamic viscosity of the fluid, respectively, and
are assumed to be constant; D is the strain tensor given by

D(u) = % (Vu+ V).

The choice of the rather unusual formulation (1) is motivated by the fact
that the normal total stress becomes a natural boundary condition (hereafter



also called Neumann boundary condition) once problem (1) is written in a weak
form, as it will be shown next. On the other hand, we are interested in imposing
the normal total stress at the downstream section in view of the coupling with
th 1D model since, as we will show in Section 5, this choice allow us to obtain a
stable coupling.

We endow equations (1) with the initial condition

u = up for t =0, in Q, (2)
and either Dirichlet boundary conditions
u=h, (3)
or Neumann boundary conditions
o (u,p)-n=q, uxn=0, (4)

on the artificial sections I';,, and I',, where h and q are given and o' is the
total stress tensor given by

o' (u,p) =~ (p+ g|u]2) I+ 20D(u).
We assume that, at any time ¢ € I, h € [H1/2('y)]3 and q € [H*I/z(fy)]g,
where v is I';,, or I',, depending on where the Dirichlet or Neumann boundary

conditions, respectively, are being imposed.
At the boundary I',, we take no-slip conditions, i.e.

u = g fort € I, on T'y,. (5)

If the domain is fixed for all ¢ € I, then the no-slip condition is given by g = 0.
If a model for the wall dynamics is consider instead, and the domain changes in
time, then the function g is the velocity of the structure wall, i.e. the velocity
of the domain boundary.

Since the formulation of the Navier-Stokes equations we are adopting is a non
standard one, we will first carry out a well posedness analysis of the problem
in a fixed domain, i.e. with g = 0. This condition will be relaxed in the next
sections, when we will couple the fluid equations (1) with a model for the vessel
wall in a fluid-structure interaction (FSI) model, and further on when we will
couple the 3D FSI model with the 1D one.

We consider the case of Dirichlet boundary conditions (3) on I';, and Neu-
mann boundary conditions (4) on I';. In order to write problem (1) in a weak
form we consider the closed subspace of [H 1(9)]3 of divergence free functions,
which we denote by H%"(Q), and we introduce the following divergence free
space, for all ¢ € I:

V:{ve [HI(Q)]?’:divv:OinQ,v:OonFmUFw,uxnzOonFa},
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which is a closed subspace of [H 1(9)]3 and thus a Hilbert space for the inner

product of [H 1((2)]3, hereafter denoted by (-, ) g1(q). The corresponding norm
is denoted by || - || 1(q), while (+,")r2(q) and || - [[12(q) indicate the L?(2) inner
product and norm, respectively. Sometimes, for the sake of space, we will adopt
the short hand notation (-,-) and || -|| for the L?(2) inner product and norm. To
obtain the weak formulation of the Dirichlet problem, with g = 0, we proceed as
usual by multiplying the momentum equation of (1) by v € V' and integrating
by parts over 2. With this we obtain, for all v € V, for all t € I, that

Ou P
P( >—1-2<\u|2,v-n>aﬂ—i—,o(cu]rlu><u,v)+<p,v-n>aQ

a5
—2v (D(u) - n,v) 4 + 2v (D(u), Vv) =0,

where < -, - >, stands for the duality pairing between [H‘1/2(7)] % and [H1/2 (7)] 3,
for a regular open subset v of 9€). Taking into account the boundary conditions
verified by the test functions in V', as well as the Neumann boundary condition
on ['y, we obtain, for all v € V| that

p (?}?N) +2v(D(u), Vv) +p (curlu x u, v) = (q, v)r, -

We define, for all ¢ € I, the following bilinear and trilinear forms: for all u, v,
1 3
w € [H (Q)] ,

a(u,v) :=2v (D(u), Vv) and b(u,v,w) := p(curlu x v,w).

It is worth mentioning that both forms a and b are well defined in [H 1(Q)]3, for
all t € I. In particular, they are continuous:

aw,v) < 2 D@V < 20Vl V im0 < 20l e Vo)
/ ((V-V)u)-wdw' +p / (Vu)v) - wdw
Q Q

< 20C% ull o) [V o) 1wl ),

b(u,v,w)| < p <

where C' is a positive constant, from the continuous embedding of H*(Q) in
LA(9).
We now define the following linear operator on [H 1(Q)]g, forall t € I:

L(v) = {q,V)p, -

Given the assumptions made on q, L is well defined and continuous with respect
to the dual norm

1] = sup )
vev |V||[H1(Q)]3

The weak formulation of the Dirichlet problem, with g = 0, reads:



Problem 2.1 Find, Vt € I, u € H¥(Q) such that u(0,-) = up(-), u = h on
Tin,uxn=0 onT, and

(gl;,v> +a(u,v)+b(u,u,v)=L(v) VYvevV.

u
For the homogeneous (h = 0) steady case, i.e. — = 0, it is possible to

derive, by a standard procedure, a well posedness result, which is given in the
next Theorem 2.1. The homogeneous steady version of Problem 2.1 reads

Problem 2.2 Find u € V such that

a(u,v) +b(u,u,v) =L(v) Yvev,

and we have the following

Theorem 2.1 Problem 2.2 has at least one solution. Furthermore, if there
exists a positive constant § > 0 such that

v? > O||L]x, (6)

then Problem 2.2 has a unique solution.

Proof. This result can be derived from the existence and unicity results given
in [1, 6], for the steady Navier-Stokes equations, applied to our problem. In those
works the authors provide an existence result through a Faedo Galerkin’s method for a
variational problem with a trilinear form as in Problem 2.2, as long as the bilinear form
a is V-elliptic, i.e. Ja > 0 such that a(v,v) > af|v| g1 Vv € V (see [6, Theorem
2.1]).

Thus, to show the existence of solutions of Problem 2.2, we have to prove that our
bilinear form a is V-elliptic. We demonstrate it by means of the Korn (see [5]) and
Poincare (see [21]) inequalities:

we [HNQ], VP < Cx(@(D(),D(v)) and V|3 < Co(Q)(TV, Vv),

respectively. These inequalities can be applied to the test functions in V', since they
vanish in a measurable part of the boundary 952, recalling the assumptions made on 2.
Whence, we have, for all v e V

a(v,v) =2v (D(v),Vv) = 2v (D(v),D(v)) > QVC;(Q(Q)HVvH%z(Q) > C(Q)Hv||[2H1(Q)]3.
where C(Q) = 2vC*(Q)(Cp(Q)+1)7!, being Cx (Q) and Cp(12) the Korn and Poincare
inequality constants, respectively.

The uniqueness, for data subject to condition (6), can be proved using the same
arguments as in [6, Theorem 2.3]. O



It is possible to derive a similar existence and unicity result for the non ho-
mogeneous version (h # 0) of the steady Problem 2.2 through a lifting operator
procedure and a fixed point argument. In this case, further assumptions on the
problem data have to be made. Precisely, the lower bound on »? in the hy-
pothesis of the theorem depends also on the norm of the lift of h, as well as on
the coerciveness and continuity constants. We refer to [6, Theorem 2.4] for the
statement of the problem and the demonstration of the result. The application
to our case is straight forward.

3 The fluid-structure interaction problem

To have a fluid-structure interaction description of the problem, we couple equa-
tions (1) with a model for the vessel wall. Such model provides, at any time
t € I, the displacement 7 with respect to the reference configuration I'? , of each
point of T, that now depends on time Ty, = Ty (t) := I, i.e. T, =T% +n.
The matching conditions between the fluid and the solid on I, are given by

u = n fort € I, 7
—(o(0,p) + pextl) m = @ fortel,

where pet is a given external pressure which is considered zero from now on for
the sake of simplicity and with no loss of generality, o (u,p) = —pI 4+ 2vD(u) is
the Cauchy stress tensor of the fluid, ® is the stress exerted by the structure on
the fluid and n is the outward unit vector to I't,. The first of (7) is the no-slip
condition that guarantees the total adherence of the fluid to the structure. The
second of (7) establishes the continuity of the stresses.

Depending on the type of differential operator describing the wall dynamics,
one needs to provide different types of initial and boundary conditions. If the
structure model is 2D (membrane model), the fluid stress on the structure is im-
posed through a forcing term, while if the structure model is 3D the fluid stress
on the wall is imposed through a Neumann boundary condition on I'},. In both
cases, the fluid stress is computed on the current configuration (Eulerian for-
mulation), since this is the most convenient formulation for the fluid equations.
However, it is common practice to write the structure equation on a reference
configuration I', (Lagrangian formulation), which is usually taken to be that at
the initial time. Thus, it is useful to rewrite the continuity of the stresses (the
second of (7)) on T'). By means of the Piola transform (see [5]), we have

— (det Von) (o/(w,p) + pexe]) (Vo T1) -mg = @ fort eI, on TY,

(8)
where @ is the structure force per unit reference surface area on '), Vg indicates
the gradient with respect to the Lagrangian coordinates, and ng is the outward
unit vector to I'Y.

By coupling the fluid equations with a structural wall model, the domain now
changes in time (Q = Q(t) := Q') with the solution of the structure problem n.



Thus, the domain regularity depends on the regularity of the vessel wall model.
Results on the regularity of the solution of a FSI problem, which would ensure
the regularity of the fluid-structure interface, are still missing, as we will discuss
later on. We then need to do some hypothesis on the regularity of the domain
a priori. Precisely, we assume that, at any time ¢ € I the domain Q' C R? is
open and connected and its boundary Q! := T'{, UT% UT? is locally Lipschitz (
i.e., 00 € C1'1). Furthermore, we assume that the domain Q verifies the cone
property, that will be needed to apply Korn’s inequality (see [22]).

Moreover, in order to derive the stability results in the sequel, we need to
apply a trace and Korn (see [22, 5]) inequalities. Since the constants on those
inequalities depend of the domain, which in turn depends on the solution 7 itself,
we need to assume that those constants, for all ¢ € I, are uniformly bounded
from above. Precisely, we assume the following.

Hypothesis 3.1 There exist positive constants Ci, and C, such that, for all
1013
v e [H'(QY)]

N

IVlzaqet,) < Cin (113200 + DO 200 )

and
1

2

IVllz2ceg) < Co (IV132a) + DOy )

Remark 3.1 For all v € [Hl(Qt)]3 vanishing in a measurable part of the
boundary O, a stronger Korn inequality (see [5, Theorem 6.3-4/) can_be ap-
plied, and Hypothesis 3.1 becomes: there exist positive constants Cyy, and C, such
that

[Vllzzae ) < éinHD(V)H%Q(Qt) and ||v][r2re) < 6’a\|D(u)H%2(Qt)~ (9)

Proposition 3.1 If sections T, and I', do not change in time, and if the do-
main QF is reqular enough, such that there exists a Lipschitz subdomain QP of
O, wverifying the cone property, which is included in every O, for all t € I,
and whose boundary contains Tt and T (see Figure 2), then Hypothesis 3.1 is
verified.

Proof. Due to the characteristics of (0¥ and its independence on the time ¢, the
Korn inequality is valid in QP at any time ¢ € I, for all v € [HI(QZ’)]‘3 (see [5, 22]).
Moreover, since I';, UT?, C 9QP, for all t € I, we have a trace inequality on Q. Whence



Figure 2: Domain QP subset of Qf, for all t € I.

the following inequalities hold, for all v € [H 1(Qt)]3:

=

N

YinllVlE ) < Cin (V13200 + IDO) 20

Cin (V132 + IDO)E2())

HV||L2(F;n)

N

N

Nl

Wlizeey) < YalvIBrsan < Co (IVIE2an) + DOz

%
Ca (V132 + IDW)IE2ar))

N

where Cj, = Cin() = 7inCk and C, = Co(¥) = 7,Ck are independent of time,
with Vi, = Yin (QP) and v, = 7.(2P) the trace inequality constants and Cx = Ck (Q2P)
the Korn inequality constant. O

Observe that, if the hypothesis of Proposition 3.1 are verified and v vanishes
in a measurable portion of the boundary 90, then inequalities of Remark 3.1
hold true, with Cj, = Cip () and C, = Cy(2?) independent of time.

In this work we will analyze different models to represent the movements of
the vessel wall, starting with a simple algebraic one and concluding with a 3D
non linear elasticity model.

3.1 Simple 2D structure models

We will start by considering simple 2D structure models accounting only for
radial movements, i.e., n = n,e, where e, is the radial coordinate unit vector
and 7, the radial component of 1. In this case, the reference configuration I'%
is assumed to have a cylindrical shape, so that the meaning of radial movement
is well understood:

% = {(r,0,2) : 1 =Rp,0< 2< a,0 <0 <2},

w

where Ry is the arterial reference radius at rest and might depend on the axial
coordinate z.

Since only radial movements are considered, we take only the radial compo-
nent of the structural wall stresses @r 3 -e,. Hence, the structural model may
be written in the form

~

S(nr) = &, (10)

10



where S'is an operator, either differential or algebraic, that identifies the specific
model at hand.

We first consider a simple pressure-area algebraic relationship, which is the
simplest model derived from the equations of elasticity, assuming a cylindrical
geometry and membrane deformations. The thickness of the wall is assumed
to be small and vessel inertia, elastic bending as well as shear stress terms are
neglected. The model is then given by

Eh
S(nr) = mnr = bny, (11)

being h the wall thickness, E' the Young modulus and ¢ the Poisson ratio.
Defining the energy of the coupled problem (1), (2), (7) and (11) as

) b
&3p-ar(t) := 5”“”%2@) + §||77r||%2(r90),
the following result holds.
Theorem 3.1 The coupled fluid-structure problem (1), (2), (7) and (11), sat-
isfies the following equality:

d

G G (0) + 2D g = [ ((wp) ) udy (12)
It urt

in a

by which we obtain:
T
Sup-an(T) + 20 | D) B2yt =
0
T
= &3p-ar(0) +/ / (6" (u,p) -n) -udydt, (13)
o Jrt urt

where &3p(0) is a constant depending only on the initial datum ug.

ony :
Proof. We first multiply the structure equation (11) by a—z and integrate on the

reference cylindrical surface I' | obtaining

o, b [ 9 bd

r dy == A, r2d = 3 7‘2 .
F%n 5 D=5 - 5 ()" dy =5l lz2 )

b

Regarding the forcing term of the structure, thanks to the continuity of the stresses on
I'% given in (8), and the continuity of the velocities on T, (the fist of (7)), we have:

~ On, _ ony
/ o, ! dy = / (= (det Von) (o(u,p)) (Vo Tn) ‘np) - erid'y
F?u 8t F?U 8t

= f/w (o(u,p)-n)-udy.

w

11



Whence we obtain:

bd 2
33 2wy = = [ (@nn)w)- (14)

w

Similarly for the fluid equations, we multiply the momentum equation by u and
integrate over 2f. We first observe that, due to the no-slip condition (the first of (7)),
the boundary I, of the fluid domain Q is moving with velocity u and thus, from the
Reynolds transport theorem, we may write

19, o pd 2 P 2 pd, 9 p 2
/Qt py ol dw:§£/9t u _2/% ) u.ndyzm||umm)—2/% ulu-ndy.

On the other hand, noticing that
1
/ (curlu x u) -udw = / ((u -V)u - V|u|2u> udw
Ot Qt 2

/Qt (;u -Viu* - %u . V|u|2> dw =0,

and that
D(u): Vudw = D(u) : D(u) dw,
Qb Qt
and thanks to the incompressibility condition divu = 0, we have:
d
B*HUH%Z(QQ+2V||D(U)||2L2(Qt) :/ (0" (u,p) 'n)-ud’er/ (o(u,p) -n)-udy.
2dt It,urt I,
(15)

Summing up (14) and (15) we derive (12), and then (13) by integration between 0

and T. 0

If homogeneous boundary conditions, either Dirichlet or Neumann, are pre-
scribed in the artificial sections, the boundary terms on the estimates (12) and
(13) vanish, leading to the following energy decay property.

Corollary 3.1 (energy decay property) The coupled fluid-structure problem
(1), (2), (7) and (11), with homogeneous boundary conditions on T, and T%,
satisfies the following energy equality:

d
= (63p-ar(t)) + 2D 720y = 0, (16)

by which we obtain the following energy decay property:

T
&ap-ar(T) + V/ ID(W)[[72(0rydt = Esp-ar(0), (17)
0

where &3p— a1, (0) is a constant depending only on the initial datum ug.

If Neumann boundary conditions are considered on the artificial sections:

¢

s tot(

u,p)-n=q,uxn=0onI?,

(18)
an energy estimate for the fluid-structure problem can be derived by means of
the Gronwall’s inequality.

o(u,p)- n=r,uxn=0onT and o

12



Theorem 3.2 (Neumann problem) Under the Hypothesis (3.1), the coupled
fluid-structure problem (1), (2), (18), (7) and (11), satisfies the following a
priori energy estimate, for all t € 1

t
Espoar(t) +v / D) [22 0yt <
0
ot t 2
< (o@wmm e / Iel22q ) dt +C / a2 e, dt) et (19)

where C and C are positive constants, and &p—ar(0) is a constant depending
only on the initial datum ug.

Proof. Applying the inequalities of Hypothesis 3.1, and twice the Young inequality
ab < —a® + 51)2 with g = . and g = L, being C;, and C, the constants in

23 Cin Ca
inequalities of Hypothesm 3.1, we have:

/ ( tot(u p) ) ud’y <
It urt

in

< Il el + ol o)
< 20 HUHLZ(W )+C||r||L2(rt Yyt oA 20 [ull7zrey + Cllall7z e
< vluflFzi) + VD)2 00 + C”I'HLz(rgn) +CllalZz ),
~ C’L’ﬂ Ca
where C' = —

v v
Whence, integrating (12) between 0 and ¢ < T we obtain the following inequality
t
Sup-a(®) +v [ ID()x(ey i <
0

t t t
< gSD—AL(O) +O/0 ||I'||%2(Fin) dt+0/() ||q||%2(rz) dt+VA ||u||%2(Qt) dt(QO)

We now apply a Gronwall inequality (see for instance [5]): if g and 1) are continuous
t
functions in I and 9 (t) < g(t)+c/ (s) ds, then ¥(t) < g(t)e". The desired inequality
0
is obtained by identifying

t
B(t) = Espar(t) + v / ID ()12 g,

t 2w t
v [Tl dt <2 [ o) ds
0 P Jo

Remark 3.2 The need for the application of a Gronwall inequality for the Neu-
mann problem is due to the fact that imposing Neumann boundary conditions

and noticing that

O

13



both on Tt and T, does not prevent the existence of rigid motions. In fact, the
solution of the problem is well defined due to the fulfillment of the initial condi-
tion, yet, asymptotically, the solution is defined only up to a rigid motion and
we might loose control on the energy of the system in terms of the forcing terms.
If we assume that the two sections I't, and T are fized, this implies, in partic-
ular, that u =0 on O, and O, which would be enough to prevent rigid body
motions. However, the trace of a function u € [Hl(Qt)]3 on a one-dimensional
manifold is not well defined, and the use of the more stringent Korn inequality
(9) (see Remark 3.1) is questionable. This issue is still open.

Remark 3.3 The stability result is not derived for the non homogeneous Dirich-
let problem since in that case a lifting procedure has to be carried out and the
Hopf Lemma (see [21, Lemma 2.3, Chapter IV]) applied. The extension of either
of them to the moving domain case and for a trilinear form as the one used in
this work is not immediate.

If we include a second time derivative on the pressure-area algebraic model
(11) accounting for the vessel wall inertia, we obtain the independent rings model
[31], where

%1,
S(1r) = puw ag; + by, (21)

being py = pwh, with p, the density of the wall material. This model needs
suitable initial conditions:

nr=mny and 7, =n, for t=0, on TV, (22)

where the initial velocity 79 has to be compatible with the fluid initial condition:
No€r = Ug.

Similar results to Theorems 3.1, 3.1 and 3.2 can be obtained in this case by
substituting &3p_ Az, (t) with &3p_rr(t) defined as

2
P 2 8777’ 2
éagD_[R(t) = §HUHL2(Q'5) + 7 ot L2(r9) 5”777"||L2(F9u)7
and noticing that
~ 82777" 8777' 8777’
Pw 2 -
o, ot 8t 2 dt

Continuing to increase complexity, we add to the independent rings model a
shear stress term, obtaining a generalized string model, for which

_ 0%, 0%n,
S(n,) = pwa—t’; —a 82’72 + by, (23)

where a = KGh, with K the Timoshenko shear correction factor and G the
shear modulus. In this model, longitudinal movements are still neglected, but
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shear forces are modeled. The shear stress term introduces second order spa-
tial derivatives, making it necessary to set up boundary conditions at dT'%, =
(%, AT, U (T, ATL):

The energy of the coupled FSI problem in this case is defined by

2 2
L B 2 pfw 87]7’ “w 877T v 2
g3D—G5’(t) = 2||uHL2(Qt) + 9 ot 1219 21 92 L2(r9) 2||77T||L2(I‘9u).
Observing that
9, 0 777' 8"77' / ony Oy
_ = a dr,
Fta 822 8t 2 dt L2 FO 81'\5] 82 815

similar results to those of Theorems 3.1 and 3.2 can be deduced by imposing

ony
Neumann homogeneous boundary conditions a— =0on I, forall t € I.

We conclude this section by giving some refnarks on the models studied
here. These are very simple models for the wall movement which in principle
do not guarantee sufficient regularity of the solution for the coupling with the
fluid equations. Thus, not even the existence of the coupled problem can be
demonstrated rigorously, or at least no proof in that direction is available so far.
Indeed, from the matching conditions (7), we see that the fluid velocity at the
interface boundary I'l) with the vessel is given by the time derivative of the wall
displacement 7,. However, for the models here presented to describe the wall
displacement, the derivative of the solution 7),(¢) does not, in general, belong to
H'Y2(I't)) which is the natural space for the trace of u(t) € I';,. For instance,
for the algebraic law model the structure displacement 7, coincides with the
regularity of the forcing term ®,.. But the forcing term ®,., due to the matching
conditions (7), is given by the radial component of the normal stress exerted by
the fluid which, in the minimal conditions for the Navier-Stokes problem, is only
a H~1/2 functional.

For this reason, in order to justify our results, we had to assume a priori that

0
the displacement 7, is sufficiently regular. In particular, that é:f “(t) e HY2(T),

which guarantees that u(t) € H(Q?) and makes all the integrals and norms used
to derive the above results well defined. Furthermore, as already mentioned,
since the fluid domain ! depends on the structure model solution, we assumed
that such solution is regular enough so that Q! is sufficiently regular at all times.
The issue of the regularity of the structure solution, and consequently of the
regularity, existence and uniqueness of the fluid structure problem, is still an
open problem.

To augment the regularity of the problem, several authors [7, 4, 35, 11] have
added to the generalized strings model extra regularizing terms, proportional to
a3777" 64777“ 3577r

or even .
0220t7 0247 0240t

These terms may guarantee the required regularity
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of the time derivative of the displacement, however they do not have a direct
physical interpretation.

We shall see from numerical evidence that despite this fact, the simple models
here presented seem to work very well in practice.

3.2 3D non-linear elastic model

We consider now the equations of 3D non-linear elasticity to describe the wall

dynamics. Unlike the previous models, here the structure domain is a 3D

bounded subset Qf = Q(t) of R3, for ¢t € I, with boundary 9Q! = 9Q4(t).

We subdivide the boundary into four disjoint parts, such that 9Q% = 0Q4(t) =

Fg}w U F?emt U Fz,m U F;a, where Fg}w is the part of the boundary interfacing
t

with the fluid domain, Fi’ext is the part in contact with the exterior and I'y ;,

and I'; , denote the artificial parts of the boundary at the inflow and outflow
sections, respectively (see Figure 3). Qg is the structure reference domain, which
is taken to be the wall domain at the initial time, when we assume that the wall
is at rest, and 9QY = I‘S’w U Fg?mt urY. uTY, is the corresponding reference

s,in s,a

boundary.

Figure 3: Longitudinal section of the reference Q0 and current Q. structure
domains.

The 3D equations of elasticity on Q% have to be endowed with initial and
boundary conditions. We take the following initial conditions:

n=mn, and f=1n, for t=0, in QO (24)

The initial velocity 7, has to be compatible with the fluid initial condition,
namely
1o = Uo, on TY.

At the exterior boundary I‘;emt we assume that the stress is zero, so we take

a homogeneous Neumann boundary condition. At Fg}w we have the matching
conditions (7). At the inflow and outflow sections it is not clear, from physi-
cal arguments, what is the proper boundary condition to impose. As we have
seen previously for the generalized strings model, these boundaries introduce a
boundary term in the energy estimate of the FSI problem, which vanishes if
homogeneous boundary conditions are considered. For the sake of simplicity we
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take a Dirichlet boundary condition at the upstream section F';m, meaning that
the artery is clamped at the inflow. At the downstream section Ffw we take a
homogeneous Neumman boundary condition on the radial direction and a ho-
mogeneous Dirichlet boundary condition on the longitudinal direction, meaning
that the structure can not move on the longitudinal direction but it is free to
move radially.

As it is customary in solid mechanics, we write the structure equations in
Lagrangian coordinates (i.e. with respect to the reference configuration). The
structure model, for 3D compressible elastic materials, is thus given by

2

pwa—tg —divg(P) = 0 on QY
P.-ny = ® on ro
P-np = 0 on ngext (25)
(P-ng)-7q = 0 onl?,
n-n, = 0 on Fga
n = 0 on Fg,m

where p,, is the wall density, ng is the outward unit vector to the reference
configuration QY, 7, and n, are the tangent and outward normal vectors to
Fg’a, respectively; divg stands for the divergence operator with respect to the
Lagrangian coordinates and P = P(n) = FS is the first Piola-Kirchhoff tensor,
with S = S(n) the second Piola-Kirchhoff tensor and F = F(n) = I+ Vyn the
deformation gradient tensor. We denote by E = E(n) the Green- St Venant

strain tensor:

E = % (FTF -1) = % (VEn+ Von + V{nVon) .

In this work we consider St. Venant-Kirchhoff materials, for which the re-
sponse function for the second Piola-Kirchhoff tensor is linear in £ and given
by

S = Atr(E)I + 2uE,

. E¢ E
PMEA = g M T ot g
Young modulus and & the Poisson ratio. Notice that tensor E is symmetric,
implying also the symmetry of the second Piola-Kirchhoff tensor S.

We remark that a 3D linear elastic model on the constitutive equations is
obtained if instead of E we consider its linear counterpart e(n) = % (VTn + Vn).
The result we show in this section can obviously be particularized to this case.

To derive an energy estimate of the FSI problem with such structure model

we define the energy of the problem as

the Lamé constants, with E the

p Pw . A
&Ep-p(t) = 5”““%?(9@ + 7w 1710122 0y + 11BN 72 00 + 5 [er B2 (o) -
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Theorem 3.3

i)

energy decay property: The coupled fluid-structure problem (1), (2), (7),
(24) and (25), with homogeneous boundary conditions on I't, and T, sat-
isfies the following energy equality:

9 (1) + VD) a0y = 0. (26)

by which we obtain the following energy decay property:

T
Sp-p(T) +v [ D)0t = S (0), (27)
0

where &p_g(0) is a constant depending only on the initial data ug, n
and 1.

Neumann problem: Under the Hypothesis 3.1, the coupled fluid-structure
problem (1), (2), (18), (7), (24) and (25), satisfies the following a priori
energy estimate, for allt € I

t
<5"3D—E(t)+’// ID(W)|[Z: () dt <
0

ot t 2
(éf’w_E<o>+c | elaqe e+ [ Hquzm)dt)ept, (28)
0 in 0 @

where C and C are positive constants.

Proof. We proceed as in Theorem 3.1, by multiplying the structure equation (25) by
7 and integrating over the reference domain QU.
For the inertia term we obtain

8277 . Pw d . 2
P Jo o 1= 5 gy Ilecon)

By integration by parts we have that

(P~n0)-1'7d'y—|—/ P:Vndw.

- divo(P)~7'7dw=—/
Q9

Qo Q9

We notice now that, since S is a symmetric tensor, we have

P:Vh—FS:F—S:FTF—S:<;<FTF+FTF)>—S:E.

So, we can write

/P:Vﬁdw /S:Edw:/ )\tr(E)I:Edw+/ 2uE : E dw
Qo Q0 Qo Q90

. d 2
= )\ Qg trEtrEdw—i—u% ||E||L2(Q(SJ)
Ad

2 d 9
= 5 g I Bl + nop 1Bl -
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Regarding the boundary term, due to the boundary conditions of equations (25)
and the matching conditions (7) we have that

/ (P-no)-hd7=/ i-ﬁdv=/
Q0 ro, r

Thus, we obtain

<I>~uclfy:—/F (o(u,p) -n)-udy

t t
w w

pr d .12 A d 2 d 2
—— |0 + ——|tr E +pu— |E = - o(u,p) -n)-udy. (29
5t Wl + 5 gy 10 By 1 By = = [ o) m) i (29)

Summing (29) and (15) we derive

d (o}
s (&3p—p(t)) + 2V\|D(u)||%2(m) = / (6" (u,p) - n) - udy, (30)
It urt

in

which leads to the energy decay property by taking homogeneous boundary conditions
on I't, and 'Y, and to the desired inequality, by bounding from above its right hand
side as in Theorem 3.2. O

We conclude this section by observing that, unlike the simplified models pre-
sented in the previous section, the 3D elastic model provides sufficient regularity
to be coupled with the Navier-Stokes equations. Indeed, in this case an existence
result, for the steady case, can be found in the literature [23]. However, the well
posedness of fluid-structure interaction problems in a general setting is still an
open problem.

4 The 1D model

One-dimensional (1D) models can be derived from the incompressible Navier-
Stokes equations coupled with a structure model for the vessel wall, by making
some simplifying assumptions and integrating over the cross section of the artery
(see [14, 16]). The vessel is assumed to have axial symmetry and fixed cylinder
axis. Furthermore only radial displacements are considered and dominance of the
axial velocity is supposed. Finally it is assumed that the pressure is constant
on each transversal section and that there are no body forces. Under these
assumptions, and assuming a specific axial velocity profile, the 1D model for
blood flow in a cylindrical vessel is given by the following system:

9A  0Q
o "oz !
z € (a,b), t €1, (31)
0Q 0 [(aQ*\  Adp Q
8t+8z<A)+p8z = 27’[’1/(0(4-2)2

Here (b—a) is the vessel length, z denotes the axial direction, « is the momentum
flux correction coefficient, v is the fluid dynamic viscosity and p is the fluid
density; «, v and p are assumed constant and we take a = 1, corresponding to
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a flat velocity profile. The unknowns are the cross-section area A, the flow rate
Q and the averaged pressure p.

System (31) is closed by providing an algebraic relation linking pressure and
area. We consider here the same pressure-area algebraic relation (11) mentioned
in Section 2. Written in terms of p and A it becomes

VA-VA, VrhoE
0

Y(A; Ag, B) = ﬁT with 3= (32)

Both F and Ay may be functions of z.
With this closing pressure-area algebraic relation system (31) turns out to be

B
2pA0
Their corresponding eigenfunctions (characteristic variables) are given by

NI

hyperbolic and possesses two distinct eigenvalues (see [16]) A1 2 = U=+

_ B AL ad
W1,2:u:t4 2pA0 < 4 — 0).

Under physiological conditions for haemodynamics the flow is subcritical (see
[16]), i.e., the eigenvalues A\; and A2 have opposite signs: A; > 0 and Ay < 0.
In this case W corresponds to the incoming characteristic on the entering point
z = a, while W5 is the incoming characteristic on the exiting point z = b.

We take the following initial and boundary conditions

A(0,2) = A% Q0,2) =Q°, a<z<b,
Wi(t) =aq1(t), z=a, (33)
Wa(t) = go(t), z=b,

where g1 and g9 are given functions, and define the energy of the 1D model as

&ip(t) == g/b A(t, 2)a%(t, z)dz + /b\I/(A(t,z))dz, vVt e l,

with
A

U(A) = Y(T)dr.
Ao
It was shown in [11] that, for ¢ (¢) given by relation (32), ¥(A) is always positive,
making &1p(t) a positive function for all @), A > 0 and ¢. The next result holds
(see [11]).

Lemma 4.1 System (31) together with the pressure-area relation (32) satisfies
the following energy equality:

b
% (Ep(1) + Kop / wldz + Q (p+ 5u?) "o, (34)
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which leads to the following energy conservation property:

T rb T p
éﬁD(T)—l-Krp// u2d2+/ Q<ﬁ+§ﬁ2>
0Ja 0

Furthermore, we have that

"dt = Ep(0). (35)

i) if homogeneous boundary conditions are considered (g1(t) = ga2(t) = 0, for
allt € I), then

T b
&1p(T) + KT,O// w’dz < &1p(0);
0 Ja

it) if the boundary data satisfies

68 1
gi(t) > —4 2pA0A4’ and  ga(t) < 4

then there exists a positive function G(g1,g2) such that

T rb T
Eip(T) + Kop /0 / Rdzdt < Ep(0) + /0 Glor(t), ga(D)dt.  (36)

5 Coupling the 3D with the 1D model

In this Section we study the 3D-1D FSI coupling problem defined by the 3D
Navier-Stokes equations (1) and (2), the matching conditions between the 3D
fluid and the vessel wall (7), the structure model (10) and (22) or (25) and (24),
and the 1D model (31)-(33), as a whole. By putting together the 3D FSI energy
estimates derived in Section 3 and the 1D energy estimate provided in Section
4, we will be able to deduce the proper matching conditions to impose at the
interface between the 3D and 1D FSI models.

We consider the 3D domain of Figure 1 coupled with a 1D domain I = (a, b)
(see Figure 4). On the first domain we solve the 3D fluid-structure interaction
problem while in the second we take the simplified 1D model.

At the exit point z = b we consider an absorbing boundary condition Wy = 0,
which means that the incoming characteristic vanishes. If the structure model
on the 3D problem requires boundary conditions we take Dirichlet homogeneous
boundary conditions for the structure at the inlet (I, N T or F;m, according
to the model).

The objective is to find the proper interface conditions we need to impose on
'Y such that the 3D-1D FSI coupled problem is stable. At the interface z = a
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z=0 z=a z=b

Figure 4: Cylindrical vascular district 2.

Q1p

the 1D model provides the averaged quantities Q1p, D1p, A1p and u1p = .
1D
These quantities are defined in the 3D model, for the same interface ' as:

jZ 21/ pdry ﬂ3D=Q(a)
7 L e TL

ol

Qsp = /t u - ndy, Asp = |T,
r

a

By imposing the continuity of the all or some of the above mentioned quan-
tities (or functions of them) at the interface I'Y,, we will be able to provide the
3D model with averaged boundary data on I'. However, the 3D Navier-Stokes
equations require pointwise data and thus these averaged quantities have to be
properly set up. There are two possibilities: either the 3D model is provided
with a mean pressure type of data (mean pressure problem), or with a flow rate
one (flow rate problem).

For the mean pressure problem, Heywood et.al. [24] proposed an approach
resulting in imposing a constant normal stress on I',. For the case of our Navier-
Stokes formulation (1), this approach consists in considering the normal compo-
nent of the total stress to be constant and equal to the given total mean pressure
value.

Regarding the flow rate problem we follow the Lagrange multiplier approach
proposed in [12, 37]. It consists in considering the flux condition as a constraint
imposed in a weak sense through a Lagrange multiplier. Also in this case, for
the formulation of the fluid equations here presented, the normal component of
the total stress, although unknown, turns out to be constant.

We observe that the imposition of defective boundary data for the Navier-
Stokes problem is subject of active research. In particular, well posedness results
for the two above mentioned cases were given in the cited works only for the
rigid wall case.

In order to derive an a priori energy estimate, we start by taking the simplest
structure model on the 3D problem, that is the pressure-area algebraic relation
(11). By summing the energy inequalities obtained separately for the 3D FSI
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model (12) and the 1D one (34), we obtain

d d b
G G- a1(0) + D]y + 5 Eip(®) + Kop [ 7z =

b
[, (e"p n) udy-Q(p+ )
I, ur

a

(37)

Supposing that we are able to bound from above in terms of the problem
data the boundary terms not corresponding to the interface section, for instance
as it was done in Theorem 3.2, we easily verify from (37) that an energy estimate
can be achieved if the coupling terms on I'Y, due to the 3D fluid equations and
the 1D model cancel out. To that purpose we define as interface conditions on
I't the continuity of the normal component of the total stress o and of the
flux Q:

o™ .n=pn+ g]u\Qn —2vD(u) - n = <T91D + g]ﬂl[)\2> n, onl?%,

Q3D:/ u-nd'y = Q1D7 onFta.
T

t
(38)
We now notice that, from the interface conditions (38), and the methods de-
scribed above to treat the defective boundary conditions on the 3D problem, we

have
/.

(pn + g|u]2n —2vD(u) - n) ‘udy =

t
a

= (1p + Slunl?) / w-ndy = Qup (pip + Slinf?).
Fa

which makes the right hand side of (37) to vanish. So we can conclude the
following result.

Theorem 5.1 Consider the 3D-1D FSI coupling problem, given by (1), (2),
(7), (11) and (31)-(33), together with the coupling conditions (38). We have the
following cases.

i) energy decay property: if homogeneous boundary conditions are taken on

It . and absorbing boundary conditions are considered for the 1D problem

in z = b, then the problem satisfies the following energy decay property:

T T rb
Espar (T) +v / ID(W)|22 0, dt + Ep(T) + Ky / / Wz <
0 0 Ja

< &p_arL (0) + éalD(O). (39)

it) Neumann problem: if a Neumann boundary condition (18) is considered

on Tt . and a non homogeneous boundary condition is considered for the
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1D problem at z = b then the problem satisfies the following a priori energy
estimate, for allt € I

t t rb
ggDAL(tHu/ ||D(u)\|%2(mdt+éaw(t)+Krp// wldz <
0 0Ja

ot t -
< (53DAL<0> 4600 +C [ el e+ [ G<92<t>>dt)
0 o 0

where G is as defined in Lemma 4.1, Cisa positive constant as defined in
Theorem 3.2 and &p—ar,(0) and & p(0) depend only on the initial conditions.

Remark 5.1 The results are readily extended to the case of more than one in-
terface section, by applying conditions (38) to each section separately. Clearly
if all artificial sections are interfaced with the 1D model, we can apply directly
estimate (39). In this case, an extra positive term, depending on the boundary
data of the 1D model, will appear on the right hand side of (39), as in (36) (see
Lemma 4.1).

If, instead of the pressure-area algebraic relation for the structure, we use the
independent rings model (21), exactly the same result can be deduced, replacing
&3p—ar with &3p_rr and noticing that &3p_rr(0) depends also on 7y and 7.

If the generalized strings model (23) is considered instead, boundary con-
ditions have to be prescribed on the displacement n, at oI, = (I'Y, NT% ) U
(T%,NT%). In fact, this boundary term appears in the final energy estimate of
the coupled 3D-1D problem. For instance, if a homogeneous boundary condi-
tion is prescribed on the Navier-Stokes equations at I't , we have the following
inequality:

in?

T T rb
&E3D_Gs (T)—|—2V/ ID(w)|22(0e dt + E1p(T) +Krp// wdz <

3 - 01y
< &3p-as (0) + E1p(0 / G(ga(t dt+/ / il dydt.  (40)
Ft ﬂl—‘t 37: t

Since the 1D model employs only an algebraic structure model, and therefore
does not require any boundary condition of the wall displacement, the boundary
term appearing in (40) can not be balanced with the corresponding 1D term.
As it was shown in Theorem 5.1, an energy inequality can be easily derived if
homogeneous boundary conditions are chosen for the 3D wall displacement. Yet,
this choice does not guarantee that the vessel cross-section area is continuous
between the 3D and 1D models. We will see that this drawback does not seem
to be relevant in numerical simulations, since the coupling carried out without
imposing the continuity of the area at the interface works very well.

On the other hand, we may include the continuity of the cross-section area
as a further coupling condition on I'Y, between the two models. This resorts
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in imposing non homogeneous Dirichlet boundary conditions to the 3D vessel
displacement. Yet, it is not obvious that imposing the continuity of the area at
the interface I'} will yield the stability of the coupled problem, since this does
not necessarily imply a bound on the boundary term of (40).

We remark that the issue of the continuity of the area at the coupling in-
terface did not come up with the simpler algebraic law and independent rings
models because they intrinsically admit discontinuities on the displacement 7,
and hence on the area. Nevertheless, also these models have proved to work very
well at the numerical level.

We finish this discussion by noticing that imposing the continuity of the
flux as in (38) actually guarantees the conservation of the mass, even when the
continuity of the area is not assured.

Finally, the same result on the energy estimate of the 3D-1D coupled problem
can be obtained if we consider the 3D non-linear elastic model (25) for the
description of the wall movements. In this case, as for the generalized strings
model, a boundary term appears in the energy inequality and the energy estimate
can be deduced by imposing homogeneous boundary conditions at Fgﬂ (as for
instance in (25)). The same considerations made for the generalized strings
model apply here.

6 Numerical results

The numerical approximation of the 3D-1D FSI coupling is carried out con-
sidering two sub-problems, the 3D and the 1D, separately. Here, we solve the
coupling explicitly, meaning that there are no sub-iterations at each time step.
The coupling strategy applied consists in passing, at each time step, the flux
computed by the 3D solver at the previous time step to the 1D solver, which, in
turn, computes the total pressure to be fed into the 3D model.

The Navier-Stokes equations are discretized in time by the implicit Euler
scheme, combined with an Arbitrary Lagrangian Eulerian formulation to ac-
count for the moving boundary. Whenever the structure model includes an
inertia term, the time discretization of the structure is done through a Newmark
scheme. The space discretization of the fluid is done using P1-Plbuble finite
elements, while for the structure we use P1 finite elements. The fluid-structure
coupling is solved implicitly through a quasi-Newton algorithm [10], where in
the fluid tangent operator we have neglected the shape derivatives (i.e. the
derivatives with respect to the position of the moving boundary). Finally, we
have used a conforming finite element space discretization between fluid and
structure. The 1D problem is solved through a Lax-Wendroff finite element
scheme [16], which has very good dispersion error properties. All the numerical
solvers have been developed in C++ within the finite element library LifeV
(http://www.lifev.org/).

We consider a straight cylindrical vessel of length 5¢m, with radius of 0.5¢m
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and wall thickness of 0.1cm. We take the fluid viscosity v = 0.03poise and
the fluid density p = 1g/em3. Regarding the structure properties, we take the
density p, = 1.2g/cm?, the Poisson ratio & = 0.3 and the Young Modulus
E = 3 x 10%dyne/cm?. A pressure of 1.3332 x 10*dyne/cm? (100mmHg) is
imposed at the inlet I during 3 x 1035, representing a pressure impulse.
Although a single impulse is not a realistic condition for the application at
hand, it is useful to highlight some properties of the coupling, in particular the
presence of spurious reflections.

We couple the 3D fluid structure-interaction model with a 1D model of length
5¢m in which we considered 50 finite elements. The 3D domain is composed of
2880 elements in the fluid domain and 3840 elements in the solid domain (when
using the 3D elastic model for the structure). We carry out the simulations
using a time step of 0.25 x 10735 in the 3D code, and 10~°s in the 1D code. The
results of this 3D-1D coupling are compared with the solution of the 3D fluid-
structure interaction problem in a vessel with the same characteristics but with
double length (10c¢m), which is considered the “exact solution”. The final time is
T = 0.02s, which is sufficient in our test for the wave to leave the computational
domain.

We consider four different test cases in this geometry, corresponding to three
different structure models for the vessel wall: the pressure-area algebraic law,
the independent rings model, and a 3D linear elastic model. For the 3D linear
elastic model two situations are treated: in one we do not impose the continuity
of the area at the coupling interface I, leaving the structure free to move
radially at that interface by prescribing the homogeneous boundary conditions
described in Section 3; in the other we force the continuity of the area, by
imposing the displacement provided by the 1D model through relation (32) on
the 3D structure, by means of a Dirichlet boundary condition.

In Figure 5 we show the pressure values of the “exact” and the coupled
solutions at three different times, using the 3D linear elastic model without
imposing the continuity of the area. It is evident that, even without imposing
the continuity of the area at the coupling interface, the 1D model acts as an
absorbing boundary condition, eliminating the spurious reflections.

To study the influence of the different structural models here considered,
we analyze the time evolution of the solution on two different sections of the
cylinder: the section in middle of the tube, at z = 2.5¢m, and the ending
section, interfacing with the 1D model, at z = 5¢m. Figures 6, 7 and 8 show the
comparison between the “exact” and coupled solution values of the area, mean
pressure and flux, respectively, in the two sections, for the four cases studied.
We verify that, whatever structural model is employed, the coupled solution is in
good agreement with the “exact” one, except for the case where the continuity
of the area is forced. In that case, the coupling seems to work very well until
when instabilities start to appear at the coupling interface, where the area is
imposed. We recall that, in this case, a stability result could not be obtained,
and the numerical results seem to confirm this fact. We wish however to point
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Figure 5: Comparison between the pressure values of the exact and the coupled
solutions at three different times (t=0.005, 0.01 and 0.015), using a 3D linear
elastic model for the structure, without imposing the continuity of the area at
the coupling interface.

out that the study of the stability of numerical algorithms for the coupling is not
the subject of the present paper, and will be addressed in a forthcoming work.
It may be possible that by using an implicit coupling algorithm the continuity
of the area could be more robustly imposed. Nevertheless, we remark once more
how the coupling without imposition of the continuity of the area proves to work
very well. We also observe that, when using the algebraic law model on the 3D
problem, the coupling seems to work better than for the other structural models.
This is expected since, in that case, we are considering the same structural model
in both the 3D and the 1D parts.

These considerations are confirmed when looking at the relative errors on
the main quantities (namely area, mean pressure and flux), presented in Figure
9. The relative errors are computed as the difference between the quantity
computed by the 3D-1D coupled model and the corresponding “exact” quantity,
divided by the maximum value in time. Observe that, even at the coupling
interface, where the maximum relative errors are found, the errors of the mean
pressure and the area remain under 10%, except in the case where the continuity
of the area is imposed. The errors of the flux at the coupling interface are slightly
higher due to the fact that we are performing an explicit coupling, and the flux
at the coupling interface is in fact the one at the previous time step. We have
carried out some numerical tests for different values of the time step, which
have demonstrated that these relative errors remain roughly the same. This
shows that the errors plotted in Figure 9 are actually due to the 3D-1D coupling
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Figure 6: Comparison between exact and coupled solution values of the area, for
the four test cases considered, at two sections: the middle one z = 2.5cm (left)
and the interface section with the 1D model z = 5em (right).

(modelling errors), and they are not affected by the time discretization scheme.
We also remark the much improved quality of these results compared with those
obtained by using standard boundary conditions, like for instance stress free
conditions at the artificial sections, in which the relative errors are of the order
of 75%.

Finally, in the picture of Figure 10 we present the discrepancies of the area

between the 3D and 1D models at the coupling interface. We compute the rela-
Asp— A
tive differences on the area as %, where Ag is the reference area, which
0
is in our case mR% = 0.7854cm?. Obviously, in the case where the continuity
of the area is forced at the interface, that difference is zero. In all other cases

discontinuities of the area are expected, yet they are bounded and rather small.

2

28



Algebraic Law - section z=2.5cm Algebraic Law - section z=5cm

exact solution exact solution
—— coupling solution 8000 { —— coupling solution
10000

8000

6000

mean pressure
mean pressure

4000

2000

0 0002 0004 0006 0008 001 0012 0.014 0016 0018 0.02 0 0002 0004 0006 0008 001 0012 0014 0016 0018 0.02
time

Independent Rings - section z=2.5cm Independent Rings - section z=5cm

exact solution

exact solution
coupling solution

—— coupling solution

10000 8000

8000
6000

¢ 2
g 6000 H
g £ 4000
§ 4000 §
£ g
2000
2000
0 or
0 0002 0004 0006 0.008 001 0012 0014 0016 0018 002 0 0002 0004 0006 0008 001 0012 0014 0016 0018 002
time
Linear Elasticity - section z=2.5cm Linear Elasticity - section z=5cm
exact solution exact solution
coupling without cont. area coupling without cont. area
10000 coupling with cont. area coupling with cont. area
8000
8000
6000
2 2
2 6000 2
8 8
s g 4000
§ 4000 §
£ 3
2000
2000
o or
"0 0002 0004 0006 0008 001 0012 0014 0016 0018 002 "0 0002 0004 0006 0.008 001 0012 0014 0016 0018 002

Figure 7: Comparison between exact and coupled solution values of the mean
pressure, for the four test cases considered, at two sections: the middle one
z = 2.5cm (left) and the interface section with the 1D model z = 5¢cm (right).

7 Conclusions

We have considered the coupling between 3D and 1D fluid-structure interaction
models describing the flow inside compliant tubes. We proposed a 3D-1D cou-
pling based on the continuity, at the coupling interface, of the normal total stress
and of the flux. By adopting a reformulation of the Navier-Stokes equations, for
which the natural boundary condition of the weak problem is precisely the nor-
mal total stress, we derived an a prior: energy estimate for the global 3D-1D
FSI coupling. Several models for the structure vessel wall on the 3D problem
were considered, starting with a simple algebraic model and concluding with a
3D non-linear elastic one, and the energy estimate result of the 3D-1D model
was extended to each case.

We have shown that if the structure wall model does not require boundary
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Figure 8: Comparison between exact and coupled solution values of the flux
(right), for the four test cases considered, at two sections: the middle one z =
2.5c¢m (left) and the interface section with the 1D model z = 5em (right).

conditions, the stability result is readily obtained. On the other hand, if the
structure model requires boundary conditions, the stability result is obtained
only by choosing homogeneous (either Dirichlet or Neumann) boundary condi-
tions for the structure. In both cases, the stability of the 3D-1D FSI coupling
is obtained without imposing the continuity of the area at the coupling inter-
face. Nevertheless, the prescription of the continuity of the flux guarantees the
conservation of the mass, so that the coupling is consistent.

Intensive numerical tests were carried out, showing that the coupling works
very well, even for an explicit coupling algorithm, which was the strategy here
applied.

The description of other possible algorithms at the numerical level, as well as
the analysis of the discretization of the models here presented and a comparative
study between the Navier-Stokes formulation here proposed and a more standard
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Figure 9: Relative errors for the solution values of the mean pressure (up), the
flux (middle) and the area (bottom), for the four test cases considered, at two
sections: the middle one z = 2.5¢m (left) and the interface section with the 1D
model z = 5em (right).

one, will be the subject of a forthcoming work.
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