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EXISTENCE OF SOLUTIONS AND CONTINUOUS AND SEMI-DISCRETE
STABILITY ESTIMATES FOR 3D/0D COUPLED SYSTEMS MODELLING
AIRFLOWS AND BLOOD FLOWS

CELINE GRANDMONT! 23 AND SEBASTIEN MARTIN®*

Abstract. In this paper we analyse geometric multiscale models arising in the description of physio-
logical flows such as blood flow in arteries or air flow in the bronchial tree. The geometrical complexity
of the networks in which air/blood flows lead to a classical decomposition in two areas: a truncated 3D
geometry corresponding to the largest contribution of the domain, and a 0D part connected to the 3D
part, modelling air/blood flows in smaller airways/vessels. The fluid in the 3D part is described by the
Stokes or the Navier—Stokes system which is coupled to 0D models or so-called Windkessel models. The
resulting Navier—Stokes—Windkessel coupled system involves Neumann non-local boundary conditions
that depends on the considered applications. We first show that the different types of Windkessel mod-
els share a similar formalism. Next we derive existence results and stability estimates for the continuous
coupled Stokes—Windkessel or Navier—Stokes—Windkessel problem as well as stability estimates for the
semi-discretized systems with either implicit or explicit treatment of the boundary conditions. In all
the calculations, we pay a special attention to the dependency of the various constants and smallness
conditions on the data with respect to the physical and numerical parameters. In particular we exhibit
different kinds of behavior depending on the considered 0D model. Moreover even if no energy estimates
can be derived in energy norms for the Navier—Stokes—Windkessel system, leading to possible and ob-
served numerical instabilities for large applied pressures, we show that stability estimates for both the
continuous and semi-discrete problems, can be obtained in appropriate norms for small enough data by
introducing a new well chosen Stokes-like operator. These sufficient stability conditions on the data may
give a hint on the order of magnitude of the data enabling stable computations without stabilization
method for the problem. Numerical simulations illustrate some of the theoretical results.

Mathematics Subject Classification. 76205, 76D07, 65M60, 74H15.

Received January 8, 2021. Accepted September 1, 2021.

1. INTRODUCTION

In the present work, we focus on the analysis and numerical analysis of geometric multiscale models used
either for simulating physiological flows such as airflows in the respiratory tract, see e.g. [2,24,32,35,40,43,52]
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or blood flows in the arterial network, see e.g. [17,19,28,44,45,51]. We aim, in particular, at giving a general
theoretical framework to the models and to numerical observations with respect to numerical stability.

Simulations in patient-specific geometries may provide valuable informations to physicians to improve diagno-
sis, pulmonary drug delivery [34] or blood surgery [16]. Nevertheless, direct simulations of 3D flows in geometries
such as the tracheo-bronchial tree or the arterial network are limited by the following constraints: since the whole
respiratory tree and the blood network are very complex, with a lot of bifurcations, and with different scales
therein, numerical costs related to a full 3D simulation in the whole domain are prohibitive. Not to mention
that the image processing of the complete bronchial tree or blood network is out of reach for the time being.
Therefore the whole domain is usually truncated, restricting the computational domain to a smaller part which
is considered to be the most significant one in terms of flow description at the global scale: the large bronchi for
airflows or the aorta region for blood flows. As a countereffect, the removed part has to be taken into account
thanks to suitable reduced models in order to describe the global behaviour of the whole system.

Air and blood are commonly modelled as homogeneous, viscous, Newtonian and incompressible fluids. Thus
we consider a system of partial differential equations involving the Navier—Stokes equations, which has to be
coupled to reduced models to take into account phenomena in the removed part of the domain. In this work, we
focus on so-called 0D or Windkessel models that describe how the fluid flux and average pressure on the artificial
boundaries is related to the mechanical properties of the truncated part. Note that 1D models (see for instance
[18,20]) can also be considered to describe the reduced part. Here, the existence of solutions and numerical
stability of 3D/0D coupled systems is investigated, with special attention brought to applications related to,
both, airflows and blood flows modelling, which involve different kinds of 0D models sharing nevertheless a
similar formalism. The whole resulting system involves Navier—Stokes equations with nonlocal Neumann-type
boundary conditions which depend on the chosen 0D model.

Many authors investigated the difficulties related to this kind of problems. From the theoretical point of
view and the numerical point of view, one difficulty comes from the lack of energy estimate when considering
the Navier-Stokes system with Neumann boundary conditions and more generally mixed Dirichlet—Neumann
boundary conditions. Nevertheless existence of strong solutions (global in time for small data or local in time)
has been shown in [31] under the assumption that the out/inlets meet the lateral boundary with a right angle
and requiring some strong regularity estimates for the solution of the Stokes problem with mixed boundary
conditions (note nevertheless that these regularity results are not satisfied in this case). Additionally, when
coupling the Navier—Stokes system with 0D reduced models, we refer to [47] and [2,26] for the same type
of wellposedness results of strong solutions. In particular, in [47], the existence result based on a fixed point
strategy, is obtained for the Navier—Stokes system with Robin-type conditions under a smallness assumption
on the Robin coefficient modeling the resistive part of the 0D model and under the same regularity assumption
required in [31]. In [2] the Navier—Stokes system coupled to the resistive 0D model is considered; the regularity
assumption that was previously used in [31] and [47] is dropped as well as the assumption on the resistance of
the 0D model needed in [47]. The proof relies on the lower regularity results for the solution of the Stokes system
in polygonal domains with mixed boundary conditions, that have been derived in [42] and on the introduction
of a well chosen Stokes-like operator, similar but simpler than the one we will introduce in this paper, that takes
into account the 0D model. Note that all these results are valid for small data or in small time. Note moreover
that concerning 3D/0D models (see [26]) and 3D/1D models (see [7,18,20,46]), coupling conditions based on
the total pressure enables to have global energy estimates, allowing to prove global existence of weak solutions
as in [26]. From the numerical point of view, the lack of energy estimates for the Navier—Stokes system with
Neumann boundary conditions or coupled with 0D model is linked to numerical instabilities as soon as, for a
given physical setting, the applied pressure drop reach a threshold. To overcome this difficulty many strategies
have been proposed. For general flows, we refer to the early work of [11] that introduces a whole set of boundary
conditions that have been further extended and analysed in [12] where existence of weak solutions is proven.
For hemodynamic flows, stabilization methods — some of them similar as the one proposed in [12] — have been
introduced [1, 3,4, 28]. These stabilization techniques lead to the modification of the resolved physical system.



STABILITY ESTIMATES FOR 3D/0D COUPLED SYSTEMS 2367

We also refer to [21,31,40], for reviews on these questions and to [5] where benchmark tests are performed for
various stabilization methods.

Concerning the coupling of the Navier—Stokes equations with 0D models (or other reduced models such as
1D models), many strategies have been considered for the theoretical analysis of such problems as for their
numerical implementation. For instance, as already stated, the existence result proved in [47] is based on a
fixed point theorem, whereas in [2] a global formulation of the coupled system is considered. Moreover, for the
modelling of physiological flows, many coupling strategies have been already implemented: the explicit treatment
has been used for instance in hemodynamics in [45,51] or for airflows in [13] for 3D/1D coupling; the implicit
coupling with Neumann boundary conditions involving the full traction, achieved thanks to an iterative process
has been proposed in [28]. Still in the context of hemodynamics the implicit coupling and the implicit treatment
of the convective part of the fluid equations have been achieved by a Newton algorithm [17,33]; however, in
each Newton sub-time-step, the coupling is explicit. The same strategy is used in [43] for mechanical ventilation
in a rat bronchial tree. In [37] an iterative procedure is proposed for 3D/0D hydraulic networks. Moreover we
refer for instance to [2] in the context of airflow modelling or [6] in the context of blood flows modelling where
implicit monolithic coupling schemes are considered. The efficiency of the numerical methods associated to
these problems relies on the analysis of two types of numerical difficulties: on the one hand, the explicit/implicit
treatment of the nonlocal boundary conditions which couple the 3D and 0D models, which may lead to numerical
instabilities and thus possible restrictions on the time-step, even with an implicit treatment of the coupling (when
achieved by an iterative procedure). On the other hand, the more intrinsic difficulties coming from the convective
term in the Navier—Stokes system which, as already stated, induces a lack of energy estimates and subsequent
observed numerical instabilities. When considering full fluid-structure interaction heterogeneous 3D/1D coupled
models, the question of the spurious numerical reflexions at the interface is a crucial one and is investigated in
[38], for instance, in which an iterative implicit coupling scheme is proposed.

Thus this paper is concerned with the analysis and numerical analysis of the coupled 3D/0D models arising
in blood flows in large arteries as well as airflows in the bronchial tree. Here we derive energy or stability
estimates for continuous and semi-discrete Stokes or Navier—Stokes system coupled to typical Windkessel models
for explicit and implicit couplings, with a special emphasis to the dependance with respect to the physical
parameters. These estimates enable to justify the existence of solutions and in the discrete case, the aim is
to quantify, depending on the application field, the stability restrictions on the time step or on the data that
are sufficient to ensure stability estimates. Note that this paper improves and generalizes partial results that
can be found in [22,23]. The outline of this article is as follows: in Section 2 we introduce the coupled fluid-
Windkessel models under study. We choose standard 0D models used in blood flow or airflow and we embed
them in a similar formalism. We also present the semi-discretized in time schemes considered for the coupled
fluid-Windkessel models, whose stability analysis will be performed in the next sections. Next, in Section 3, we
derive energy or stability estimates for the continuous or semi-discretized in time Stokes—Windkessel coupled
system. Implicit and explicit treatments of the boundary conditions are considered. We exhibit different type
of results depending on the considered 0D model. Note that the derived estimates leads to the existence of
weak solutions. Finally in Section 4 we study the Navier—-Stokes—Windkessel coupled system. We prove stability
estimates both in the continuous case and two semi-discrete cases with either explicit or implicit coupling.
Since no energy estimate can be derived, we prove estimates in stronger norms linked to the domain of a
new well-chosen Stokes-like operator adapted to the coupled system. Once again the derived estimates enable
to prove existence of strong solutions locally in time or for small enough data and we exhibit different types
of behavior depending on the considered 0D model as well as on the coupling strategy. The final section is
devoted to some numerical illustrations of the physical and stability behavior of the considered model and
schemes. In particular we emphasize the difference between the different 0D models, exhibit restrictions on the
time step when considering an explicit strategy or on the applied data when considering the Navier—Stokes
system.
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2. REDUCED MODELS IN AIRFLOWS AND BLOOD FLOWS

2.1. Models

In this section, we describe different types of models associated to physiological flows, such as air through
the bronchial tree or blood in the arterial network. The bronchial tree and the blood network have a complex
structure which can be described as an assembly of tubes in which the biological fluid (air or blood) flows.
For instance, the human respiratory tract is a dyadic tree of about 23 generations. The first generation (the
trachea) has a length of about 10 cm, while the last one is about 1 mm. Until the 15th generation, the flow
is convective whereas it is mainly diffusive in the acinar region. Moreover, the medical imaging and image
processing techniques allow to obtain a good segmented surface and an associated mesh only up to the 6th or
7th generation. In the same way, the arterial network can be described as tube network.

In this context the complexity of the geometries makes it difficult to address direct simulations over the
whole domain which then have to be truncated. Nevertheless, the removed parts corresponding to the smaller
scales have to be taken into account in the global modelling: this can be done by defining appropriate reduced
models. After truncation of the whole domain, we get a domain @ C R? involving artificial boundaries which
are denoted T';, with ¢ € {0,--- ,N}, N+ 1 being the number of in/outlets. The lateral walls of the respiratory
tree or of the aorta are denoted I'y. In these 3D domains, we assume that the velocity u and the pressure p
of the fluid satisfy the following incompressible Stokes or Navier—Stokes system (corresponding respectively to
e=0ande=1):

p(Ou+e(u-Viu) — pAu+Vp=0 in Q,
div(u) =0 in £,
u=0 on Iy,
u(0,) = up in Q,
with ug the initial velocity, n the outward unit vector on every part of the boundary 02 and p and u the
density and the viscosity of the fluid respectively. In order to model the whole system, i.e. the whole respiratory
tree or the whole blood network, taking into account the fluid flow in the removed part, the 3D model has to
be completed with a well-chosen reduced model. For instance, the removed part can be condensed into a 0D
model (0D in the sense that it does not depend on a space variable) coupled to the 3D model at each outlet
T';. Here we choose to consider some classical 0D models (also referred to as Windkessel models), used in blood
or air flow modelling, but sharing the same formalism. We refer the reader to [48] for a review on geometric
multiscale modeling in the context of cardiovascular systems. The coupling between the 3D and the 0D parts
can be written as
puVu-n—pn=—-pmn, only; i=0,...,N,

where p; is a constant in space interface pressure that depends on the considered 0D model. In all the studied
cases, the 0D pressure is a function of the 0D fluid flux @;, namely

pi(t) = Fi(Qi(s), 0 < s < t).

Moreover the mass conservation at the interface I'; writes
Qi(s) := / u(s,-) - n.
r;

As a consequence the coupled system is Stokes or Navier—Stokes system with a generalized Neumann boundary
conditions based upon the modelling of phenomena in the truncated part:

p(Opu+e(u-Viu) — pAu+Vp =10 in Q,
div(u) =0 in Q,
u=20 on I'y, (2.1)

uVu-n—pn = —Fi(friu-n)non ;,i=0,...,N,
u(0,-) = ug in Q,
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Note that, as they involve the velocity flux at the artificial boundary, the boundary conditions are nonlocal. Note
also that we have implicitly made a choice: we consider the 3D system with Neumann boundary conditions, in
particular when we the 0D model is treated explicitly. Thus the splitting strategy will involve a Navier—Stokes
system solved with a prescribed pressure. Another choice could be to consider the continuity of the flux, which
leads to defective boundary conditions [39,50]. In this paper we do not address this splitting strategy. Many
other coupling strategies have been developed for 3D/1D coupling, see for instance [9,36] and also [8] for a
theoretical analysis of a simplified coupled problem. The choice of function F; depends on the application field
as it is designed to mimic the behaviour of the truncated subtree. For instance in the context of blood networks
models, so-called RCR and LRCR models are used whereas, in the context of airflows in the bronchial tree, a
so-called RC model is used. These models will be discussed thereafter.

FIGURE 1. Reduced 0D model: the RC model for air flows.

Remark 2.1. In this work, several choice have been made:

o We express the Neumann condition by using the non-symmetric tensor o := uNVu — pl. This choice can
be justified by the fact that this quantity is continuous on cross section boundary in a Poiseuille flow in
a cylindrical domain. Another choice could be based on the physical symmetric stress tensor Tgymm. =
p(Vu + Vut) — pl and we refer to [21, 31] for numerical comparisons between the two wversions. Note
nevertheless that the analysis performed hereafter remains unchanged when considering the full fluid strain
tensor.

e Lateral walls in the 3D part are assumed to be fully rigid and, consequently, we impose the fluid velocity to
be equal to zero on T'y. This assumption is valid in the context of air flows, at least for normal breathing. In
the context of blood flow modelling, the models should be enriched in order to take into account deformable
walls: we refer to [25, 48] for more sophisticated models involving a deformable domain.

Let us give some details on the considered reduced models.

e The RC model for air flows consists in reducing the truncated subtree into a resistive contribution
and a compliant contribution plugged in series at each outlet of the 3D domain, see Figure 1: therefore we
introduce a resistance R related to the resistance of the distal network (bronchial subtrees) and a compliance
C' describing the elasticity property of the surrounding tissues (lung parenchyma). The outlet pressure p; is
associated to the current pressure P and the model reduces to the following ODE:

{P:RQ+Pd,
_ 1P (22)
@=c dt -’

As a straightforward consequence,

P(t) = RQ(t) + (P(0) — RQ(0)) + C—1 /0 Q(s) ds. (2.3)
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FIGURE 2. Reduced 0D model: the RCR model for blood flows.
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e The RCR model for blood flows consists in reducing the truncated subtree into a proximal part which
is mainly resistive and a distal part which is resistive and compliant. The two parts are plugged in series
at each outlet of the 3D domain, see Figure 2. Therefore we introduce a proximal resistance R, a distal
resistance Rq and a compliance C, the latter representing the wall elasticity of the blood vessels. The outlet
pressure p; is the current pressure P and the model reduces to the following ODE:

{ P =R,Q+ Py,
APy Py
Q=C & + Ry
As a straightforward consequence,
t t t t—s
P(t) = P(0)e” ™i© + R, (Q(t) - e*WQ(O)) +Ct / Q(s) e Tt ds. (2.4)
0

e The LRCR model consists in considering inductive properties plugged in series with the previous RCR
model, see Figure 3. The corresponding set of equations is

P = R,Q + Py,

d Py — P
Q C’éié?( d L) + Ry
P,=L—.

T
As a straightforward consequence,
t t—s
Pt) = P(0)e ™7 + L <((1§(t) - ew(f(o)) + Ry (QU) - Q) + 0! / Q(s) et ds.
0

In all these cases, it can be noticed that the proximal pressure that connects the 3D domain to the truncated
0D model only depends on the flux @; so that function F;(-) takes the following general form:

dQ;

Fi(Qi(s), 0 < s <t) = Q;(t) + s T

() + % / ¢~ Qi(s) ds + Pilt), (25)

where coefficients a; > 0, 8; > 0, v; > 0 and characteristic time 7; € (0, 400) are associated to corresponding
models, and ¢t — P;(t) is a source term which also depends on the models. The coefficients «; model
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FIGURE 3. Reduced 0D model: the RCRL model.
TABLE 1. Model parameters.
a B v T P(t)
R R 0 0 +4oo 0
RC R, 0 C7' 40 P(0) — RQ(0)
RCR R, 0 C!' R4C (P(0) — R,Q(0))e” TaC®
RCL R, L C' 40 (P(O)prQ(O)fL%(O))
RCRL R, L C~' RsC (P(O)—RPQ(O)—L%(O))e‘ﬁ

dissipation of the flux, (; represent inertia, ~; represent elastance of the 0D models with an associated
relaxation time 7;. In particular, Table 1 summarizes the possible choices for these parameters related to the
previous described models:

Remark 2.2. The link between the different models can be described as follows

The four-element RCRL model with Rq = 400 leads to a so-called RC'L model.
The four-element RCRL model with L = 0 leads to the RC'R model.

The RCR model with Rq = +o0o allows us to get the RC model with R = R,;.
The RC model with C' = +o0o allows us to get the R model.

Remark 2.3. The compliance parameter in the RCR and LRCR represent the wall elasticity whereas we choose
to consider rigid wall for the 3D part. We refer to [25, 48] for more sophisticated models involving a deformable
domain.

2.2. Variational formulation of the coupled system

Let us now write the variational formulation associated to the coupled problem. Define the following functional
spaces

Hip,(Q) ={ve(H Q) v=0onT,}, V={veH,(Q),div(v)=0}.
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Multiplying the first equation of system (2.1) by v € V, integrating over the whole domain Q and using
integrations by parts with boundary conditions (2.5), we get:

p/Qatu@z-)-v+ep/ﬂ<u<t,->v>u<t,->v+u/QVu<t,->-vwgai (/muos,-)-n) (/vn)

e (f o) (f o)« 2o (7 (f e on) ) ([ )

:_imi(/mv.n)

Notice that € = 1 includes the full Navier—Stokes system whereas € = 0 allows us to deal with the linear Stokes
system. The variational formulation is essential for the derivation of energy estimates (see the forthcoming
subsections) which may be obtained by considering v = u. The estimates are easily derived in the linear case
but difficulties emerge in the nonlinear case because of the inertial effects. This difficulty is partially overcome
by using several tools: first the construction of a suitable operator (see Definition 4.1, page 2384) associated to
a normed space which is deeply related to the inertia of the system and, second, a bilinear form that takes into
account the fluid dissipation along with its 0D counterpart, namely the flux dissipation of 0D model. Let us
moreover introduce a useful functional space and related property:

72
H=V" = {v e L*Q), div(v) =0, v-n=0on I';}.
In this space the following lemma holds true:

Lemma 2.4. There exists & > 0 such that,

'/nv'n

We refer the reader to [2] for the proof of this lemma. Note that this estimate is deeply based on the divergence-
free property and on the fact that I'; UT'; = () for all i # j. Note that, for all v € H, the flux fr- v - n has to be
understood in a weak way: indeed it can be defined by means of duality:

SHHVHLQ(Q), vweH, Vie {O,,N}

/r. voni=(v-mn, 1>H_%(F1)7H%(Fi) ={v-m, gi>H‘%(aQ),H%(aQ) B /szv Vo
where g; is a function in H*(§2) such that g; =1 on I'; and ¢g; = 0 on I';, j # i. Note that such functions exist
as the boundaries I'; are not in contact. Finally, if v € V, the classical flux formula is recovered. Let us also
introduce the following inequality, that can be deduced from the trace inequality: there exists Cr > 0 such that

/V-l’l
T,

i

< CFHVV||L2(Q)7 YvevV, Vie {O, . ,N} (26)

In what follows, for the sake of simplicity (and without loss of generality for the mathematical analysis), we
will consider two artificial boundaries:

e one “inlet” 'y with standard Neumann boundary condition, i.e.
ag=0, By=0, v=0, Po:=po,

where ¢ — po(t) is a prescribed pressure.
e one “outlet” I'; which is renamed I'yy (with a subscript which stands for Windkessel boundary condition)
coupled with a generic Windkessel model. For that reason we rename «aq, 81,71, 71 as a, 3,7, T.
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Moreover note that the non-homogeneous Neumann boundary condition on I'g can be reduced to homogeneous
Neumann boundary condition by defining a new unknown pressure p — py (which will be still denoted p) and
a new Windkessel source term P — pg (which will be still denoted P). Thus we will consider py = 0, since the
pressure drop is taken into account in the Windkessel source term P. Consequently we consider the following
problem:

Find u(t,-) € V such that, for all v € V,

/atu V+6p/( (t, )V)u(t,-)v—k,u/QVu(t,')~Vv+a(/qu(t,-)-n) </va~n>
+6< Fwatu(t,-)~n> (/va,n)+,y</0 e 5 (/qu(s,~)~n) ds) </va~n> (2.7)

= —-P(t) v-n

T'w

Remark 2.5. In the whole paper we consider Neumann boundary conditions at the outlets for the 3D parts.
We could have considered u -1 = 0 and (o - n)-n = F;(Q;) instead. The analysis that follows would be
essentially unchanged except for some regularity properties associated to the Stokes-like operator we introduce
for the Navier—Stokes—Windkessel system, see Remark 4.5.

2.3. Discretization schemes

We investigate the numerical stability of various coupling strategies between the Stokes or Navier—Stokes
system and the 0D models. In particular, we aim at deriving stability estimates on the solution of the discretized-
in-time and pay attention to the sensitivity of the stability constants or possible smallness conditions with respect
to the physiological and numerical parameters.

In what follows, discretized-in-time systems will be referred as semi-discretized systems. Let At > 0 be
the time step and t" = nAt, n € {0,...,N}, with NAt = T. We denote by (u”,p”) the approximated
solution at time ¢™ of the continuous velocity and pressure fields ¢ — (u(¢,-),p(t,-)). If we discretize in time
the strong formulation of system (2.7), using the first order backward Euler scheme for the time derivative, the
approximated velocity and pressure u™*! and p"t! satisfy:

un+l _ un
p (At +eurtl. Vu"“) — pAutt + Vpntl =0, in Q,
div(u"*tt) =0, in Q,

utl =0, on Ty, (2.8)
pVu™tl.n — pntln =0, on Iy,
pVurtton — pntln = —FA((Q%)o<k<m), on Ty,

u’ = ug, in Q,

where the choice I € {0,1} corresponds to a semi-implicit or an implicit treatment of the convection term.
Function Fa; is a time approximation of F, where F is defined by (2.5). It depends on the approximations
(QF)o<k<m of the fluxes (Q(t*))o<kr<m. Note that we may consider either explicit treatment of the boundary
conditions with m = n or implicit treatment with m = n + 1. The approximate function is chosen as:

X Qn-‘rl Qn m T m+1—k k
F m) = aQ™ - At P(E™). 2.9
(@ pssem) = 00"+ 38 T ane 30 () @t e (29)
Note that, here, the inertance term will be always treated in an implicit way. Indeed an explicit treatment of this
added mass term leads to possibly unconditionally unstable schemes, see Section 5.3.1, as it has been observed
and analyzed in [15] in the context of blood flows. In what follows we investigate the case § = 0 and the case
B # 0 in order to understand the stabilization effect of the inertance on the scheme.
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Remark 2.6. The Definition (2.9) of the approzimate function modelling the 0D model is built upon the approz-
imation of the RC and RCR models which leads us to the following quadrature formula

tm s m . m+1—k .
7/0 e 7 Q(s)ds ~ yAt Z (T+At> Q".

k=m-—n

Indeed in the case of the RC model (a > 0, 8 =0,y >0, 7 = +00), the integral fot Q(s)ds is approximated
by the classical rectangle rule whereas for the RCR model (¢ > 0, 8 =0, v > 0, 7 < +0o0), Equation (2.9)
corresponds to the following discretization of system (2.2)

Fa((Q%)o<kem) == P*™ = R,Q™ + Py,
oPit - Ry N Pyt om. (2.10)
At Ry

We aim at studying the stability of the coupling schemes in both Stokes and Navier—Stokes regimes. In
particular we focus on the derivation of stability conditions for the implicit and explicit schemes. The goal is
to quantify the possible restrictions on the data and numerical parameters with respect to the physiological
parameters and investigate the differences that can be encountered for various 0D models corresponding to
blood flows and respiratory flows. Consequently since our aim is to differentiate the behaviour of typical models
used either in blood flows or in air flows, we focus on the case v > 0 in the forthcoming theorems. Note that
the case v = 0 will be treated in remarks pointing out the possible simplifications. In any case, the variational
formulation of System (2.8) writes:

Find u"*! € V such that, for all v € V,

p/(u”'H—u”)-v+5pAt/(u”'”V)u"HV—i—uAt/Vu”+1-VV+aAt (/ um~n> </ v-n)
Q Q Q Tw T'w
m r m+1—k .
+ﬂ</ u"+1-n—/ u”-n) (/ v-n)+'yAt2 < ) / u” - n (/ v-n)
st ([ vn)
I'w

(2.11)
where P = P(t™). In the above formulation, the choice of € allows us to discuss the Stokes (¢ = 0) and
Navier—Stokes (¢ = 1) cases; the index I corresponds to the implicit (I = 1) or semi-implicit (I = 0) treatment
of the convection term; finally the index m allows us to describe an explicit (m = n) or implicit (m = n + 1)
coupling between 3D and 0D models.

3. STUDY OF THE STOKES—WINDKESSEL COUPLED SYSTEM

3.1. Energy estimates for the continuous system

Let us now derive the energy estimates related to Problem (2.7) with & = 0. This property is an important
issue of the analysis of the numerical strategies which are built upon similar principles at the discrete level
and is a key ingredient to prove existence of weak solutions. In particular, all the following calculations can be
justified thanks to a Galerkin approximation, leading to a rigorous derivation of the existence of weak solution.

Theorem 3.1 (Energy estimates for the Stokes system). Let T > 0 and p > 0. Assume that o > 0, 8 > 0,
v >0 and 0 < 7 < +o00. Any weak solution u of the Problem (2.7) with e = 0 satisfies, for 0 <t < T':

t t t
LIt e+ 5 / [Vu(s. ) 3oy ds + 5Q%(1) +a / Q*(s)ds+ ZV2(t) + / V2(s)ds  (3.1)
8 2 [
S0+ 50 [[pas

p
< §HUOH%2(Q) +
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where Q(s) = [ u(s,) -n and V(t) = ft e 7 Q(s)ds

Proof. Taking v = u(t,-) in the variational formulation (2.7) we get

d dQ2 t Ctes
1 ey + VU + @) + A0 +9Q(0) [ Q) ds +P0)Q(0) =0,
Introducing the auxiliary volume
t
V(t) = / e” T Q(s)ds, (3.2)
0
we obtain easily that V satisfies the following ODE
dv
S+ V()= Q). (33)

Note that the previous ODE (3.3) is also valid for 7 = 400 since, in this case, V(t) = fot Q(s)ds. From
equations (3.2) and (3.3), we get

100 [ e F e as = (G0 + Vo) v =350+ v

Then we obtain

pd 2 2 pd o 2 2 Y20 —
a0y + IV o) + 5 Q0 + 0@ + S LVA0 + 1v2(0) = —9(0) | it
(3.4)
Using a trace inequality and Young’s inequality, the term P(¢ fFW -n can be controlled by:
P <Eyv 2 C—%ﬂﬂ 3.5
(t) g u(t, ) nf < SVt )Lz (o) + (t)- (3.5)
w

Finally using (3.5) to bound the right hand side of (3.4), we obtain

pd 2 H 2 pd o 2 2 d oo V2 CE e
I M + 5 IVu( o) + 5 Q0 + 0@ + F VA0 + 220 < S22 39
We conclude by a simple time integration and remembering that V' (0) = 0. O

Remark 3.2 (Case v = 0). In this case, the introduction of the auziliary volume V is not necessary and the
estimate (3.1) is still valid with v = 0.

Remark 3.3. Note that other energy estimates can be derived. For instance, assume that o # 0. Then the
estimate of the source term can be replaced by

‘9(7:) /FW u(t,)n

As a consequence (3.6) can be replaced by

< %QQ(t) + iﬂﬂ(t). (3.7)

d 1
Dt 3y + IV V) + 5 Q20 + 2@ + 2 Sv2) + 1v2(n) < ~9°().

Q
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It leads to

t «a t t
S ey [ 195y s + 5070+ 5 [ @ as+ 120+ 2 [ Vioas

-
P s I
< §||u0||iz(m + 5(.322(0) + %/0 P2(s)ds.  (3.8)
Note moreover that different estimates can be obtained for other cases:
o If u =0 and o =0, then the source term can be bounded as
PAt) p
@) [ ult,)-n| < w PO o) < 822 4 L) - (3.9)
T 2p 2
w
by Lemma 2.4 and Young’s inequality.
« 30,
P2t) B e
P@) [ ult,) n < [PONQ)] < +5Q°(1). (3.10)
I'w 286 2

Nevertheless, with the previous inequalities (3.9) and (3.10), the energy estimate obtained by Gronwall lemma
involves an exponential growth that behaves as et. Indeed if we denote U(t) as the left-hand side of (3.1), we

use (3.4) and (3.9) to obtain: W (t) < KQ%S) + U(t) and by Gronwall lemma,

Ut) < {g;/ot P2(s) ds—l—U(O)}et.

A very similar argument leads to a similar estimate if we use (3.10) instead of (3.9).

To summarize, when v > 0 and T < +00, in the case where the system is dissipative in u (u > 0) or Q

(ae > 0) then, for zero applied pressures, the energy of the system is decreasing. When p = «a = 0 then the energy
of the system is also bounded but with a bound that behaves as e’ .
Remark 3.4. Note that when v > 0 and 7 < 400, the auziliary volume V defined by (3.2) is “dissipated”
by the model. In particular, in that respect, the RCR model (T < 400) and the RC model (T = 400) used
respectively in blood flow simulations and air flow simulations behave in a different way, the auziliary volume
V' being dissipated in the RCR case whereas it is not in the RC case.

This energy estimate enable to obtain the following existence theorem:

Theorem 3.5. Let T > 0, ug € H, P € L?(0,T). There exists a unique u € L>(0,T; H) N L?(0,T;V) weak
solution of (2.7) with € =0 satisfying (3.6).

Proof. The proof is standard and based on a Galerkin approximation. ([l

3.2. Energy estimates for the semi-discretized system

In this subsection, we establish energy estimates for the solution of the semi-discretized Stokes system with
implicit treatment of the boundary conditions (see Thm. 3.6) or explicit treatment (see Thm. 3.9). Taking u™*!
as a test function in the variational formulation (2.11) with e = 0 provides the following equality:

p Hun+1||iz(ﬂ) o p/Qun . un+1 4 /LAt ||Vun+1||iz(9) + aAtQanJrl +ﬂ((Qn+1)2 _ QnQn+1)

m m+1—k
A Y (T J: At) Q" Q"™ + AtPmQMH = 0.
k=m—n
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We have
+11)2 " +1 _ Py, n+12 p 2 14 +1 2
pllu” HLZ(Q) - p/QuL utt = b} [u” HL2(Q) ) [z ) + 9 [ unHLZ(Q)
and
n+1\2 nyn+1 (Qn+1)2 (Qn)Q (Qn+1 - Qn)Z
@) -QQMT = o -+ 5 :
The discrete energy balance thus writes:
P n+11|2 P n|2 14 n+1 nl|2 n+12 myn+1
B [ ] 5 a2 0 + 5 [u"™ —u HL2(Q) +pAt[|Va ”L?(Q) +aldtQmd
+5 QT = 5@+ 5@ = QM)+ AVTTETQMT 4 ArPTQMT = 0, (3.11)
where
n+1 n+2—k
T
At ( ) QF, ifm=n+1,
V7z+1,m = ; T+ At

n ’ n+l—k
k : —
AtZ(T+At> Q", ifm=n.

Defining the dimensionless parameter
-

Opp 1= ————
At T+ At

(3.12)

note that the discrete volume V" 1n+L (resp. V1) is obtained by the rectangle rule with top-right (resp.
top-left) corner approximation of the volume V (¢"*+1):

n+1 nt+l—k
At Z Pyl ifm=n+1
At T+ At Q - imp > rm=n+ ’

Vn+1,m — (313)

n—k
AtémZ( +At> QF = VEil ifm=n.

We now distinguish the implicit and explicit cases in the following (resp. m = n + 1 and m = n).

3.2.1. Implicit coupling

Let us first consider the implicit case, namely m = n+ 1. In the case of implicit coupling the analysis is nearly
the same as in the continuous framework. More precisely the implicit coupling of the Stokes system with any
0D model leads to unconditionally stable schemes in standard energy norms. Denoting Viﬁlp =VFkE see (3.13),
we easily verify that

Qn-i-l V;Zj[;l V'l&p 7Vn+1
At imp
which corresponds to the time discretization of Equation (3.3) by a backward Euler scheme. Here we choose
to analyse the standard backward Euler scheme; nevertheless alternate time discretization schemes may be
considered, based on Crank—Nicolson method for instance. In this case the analysis should be quite similar since
the dissipative property of the backward Euler scheme is not used in the forthcoming derivation of the stability
estimates.

Theorem 3.6 (Implicit coupling with the Stokes system). Let u > 0 and T > 0. Assume that « > 0, 8 > 0,
v >0 and 0 < 7 < 4o00. Let At > 0 be the time step and t™ = nAt, n € {0,..., N}, with NAt = T. The
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discrete solution u™t1 of Problem (2.11) with ¢ = 0 satisfies the estimate

n+1 n+1 n+1
P 1% : B : n YAt
§||un+1||2L2(Q) + §At Z ||Vuk|\2L2(Q) + 5(@"“)2 + alt Z(Qk) (Vnn;l) T Z(‘/ilknp>2 (3.14)
k=1 k=1 k=1
ﬂ n+1
*||u ||L2(Q)+ (Q° FAtZ (PF)?
Proof. The proof is a straightforward adaptation of the proof of Theorem 3.1. O

Remark 3.7 (Case v =0). As for the continuous case, the same kind of discrete energy estimate for v = 0
may be derived without introducing the discrete auxiliary volume.

Remark 3.8. Note that Theorem 3.6 can be extended to the fully-discretized system, using a standard Lagrange
finite element approzimation. Moreover different estimates of the source term as the estimates (3.7) and (3.10)
obtained in Remark 3.3, can be adapted to the semi-discrete and fully-discrete frameworks with straightforward
consequences on the global estimate (3.14). Furthermore in the semi-discrete framework, the estimate (3.9) is
still true, and, in the fully-discrete framework, it is still valid but under some assumptions on the discrete finite
element spaces, ensuring that Lemma 2.4 holds at the discrete finite element level. In particular, Lemma 2.4
will be satisfied for any vy, € Vi, = {v,, € X, fQ div(vp)gn = 0, Vg, € My} provided that Xy, is a conformal
Lagrange finite element approximation of Hé,m () and My, contains an internal approzimation space of H(Q).
In particular we cannot consider finite element spaces involving discontinuous pressures. For instance if we
consider Po—Py continuous Lagrange discretizations, any vy € V}, satisfies

’/ Vi -1
Ty

Indeed to prove Lemma 2.4 in the discrete setting, we need to build a discrete lifting gn such that

< kllvhllL2), Vie{0,...,N}.

e gn=1onl;and g, =0onTly, j#1i;
o gn € HY(Q) with ||gn|| g < C where C does not depend on h;
e g, has to belong to My, so that

/ diV(Vh)gh =0, Vv, eV,
Q

3.2.2. FEaxplicit coupling

We recall that the g-term that accounts for the 0D model inertia is treated in an implicit way. Using the
definition of the auxiliary volume, and denoting Ve’f(p = VFE=1 gsee (3.13), we can derive discrete equations

relating the flow to the discrete auxiliary volume:

Vad' —Vé
ey Lynit =g, (3.15)
1 vkt —vn
A e =@ (316)

where da; is defined by (3.12).
These are the key ingredients to prove:

Theorem 3.9 (Explicit coupling with the Stokes system). Let pn > 0 and T > 0. Assume that o > 0, 8 > 0,
v >0 and 0 < 7 < 4o00. Let At > 0 be the time step and t" = nAt, n € {0,...,N}, with NAt = T. The
discrete solution u™*! of Problem (2.11) with e = 0 and m = n satisfies the following stability estimate
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e Under the condition

a 8py
0<At< A\ :i= — 1 -1
< <A I ( + 202 > ,
we have
n+1 n+1
P uAt vAt B n Y irm
H +1HL2(Q) Z Hvuk”m(n - Z(‘/:a]j(p)g + *(Q 2 4 @(Ve)ﬁ)z

k=1

s T 02
< eCaTexi—a7 F At Z ka

where EY is a constant that only depends on the energy norm of the initial conditions and

2

ak 2At

CR, = — + —.
At D + 7_2

o Assume furthermore that 3 > 0. Then, under the condition

0§At<&1::a<\/1+8m—1>
4ry

n+1
p

I4 Hun+1H2 .UAt % Va2 WAt Z(Vk )2 + —(Q”H)Q i L(Vn+2)2
2 L2(Q) L2(Q T exp 26At exp
k=1

GS.T 5 oAy O% k)
< eCarl’exs AthP

where EY is a constant that only depends on the energy norm of the initial conditions and
« n 2At
BT

Proof. Considering the energy equality (3.11), with m = n, we obtain

we have

~S L
Cr; =

S ey = S Iy + 5 [0 = u™ [ + A Va7, ) +aAr Q@™ (37)
+§(Qn+1)2 _ g(Qn)Q + g(Qn-H _ Qn)Q —l—’}/At V;r}z(—}&)—lQn—H + At anQn'H -0

Let us deal with the explicit terms. The first one can be bounded simply as follows
+1 n aAt n+1\2
ot @rQrt] < “2h g2 + gy
The second one, involving the discrete auxiliary volume Vzg‘l, can be rewritten as follows, using Equation (3.16)

1 Vn+2 Vn+1 1

n+lon+l _ exp exp n+1 n+1
ALV = A ( Vi el R

B U ) A /o B L
oAt 2 2 2 exp /7
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and we get

B n v (VES2)? At
§(Q 2+ aip + 7(‘/ )2
¢ n+1 Vn+2 Vn+1

exp
n aAt n\2 alt n+1\2 Y (‘/;xp ) Y ( exp exp )
5 Q") + 2(Q)+2(Q )+5At22 i 5
C n JI7AN n

g Hun+1HiQ(Q) + MAtHvun—i_lH%z(Q) +
B

Pin
<3 [u ||L2(Q) +3

where we have used an estimate similar to (3.5) to bound the source term. The stability estimate is built upon
the control of the following extra terms:
2 1
alt (Qn)Z + Al (Qn+1)2 7 (Vve?c?)r ‘/97;(;; )
2 2 ’ SAL 2 '
Thanks to (3.16) we have

e (‘/e?(?;z Leﬁ"ﬁl) Y 2¢2 n+142 At 2 n+1
- = < — Y —_— .
B, 5 = i AtZ6 Q") + = S (VEEh)?

Consequently we obtain

Pyn uAt n B n v (V2?2 At
a2 ) + [Vu +1IILz(Q)+ (@ +1) T (V)?
j 5 o (Vah)?
n n n n Y ex
< 2. @ 5@ )? + (Q )2+ (Q 2+ o
2 §A2t 2
At? Ct
2 n+1\2 n—+1 n
b (At RQ )+ 28 %(VQX; ) + SE a2
and since da; < 1, we obtain
n+2
P n—i—l /JAt n+1 é n+1\2 Y <VYEX-I~)_ ) fyAt n+1
P ey + A5 1T ey + 5 (@) + 5 S22 I g2
B ﬂ n alt ny2 aAt n+1 2 Y (VZ}(;I)
< DI By + 5@ + 25 @ + SFHQ + 5
+— Atz(Q”H) As? (V"H) + C—%At(CP”)Q. (3.18)
Ot T2 2P 2p

Now we discuss two different cases: 8 > 0 (general case), 8 > 0 (0D inertial case).
e In the general case § > 0, and in particular if 5 = 0, the terms
v n
7At2(Q +1)2’

alt, alt 1o
AR O PR

in the right-hand side of (3.18) cannot be controlled by the inertia of the 0D model. However they can be
controlled by the inertial term of the fluid. Indeed by Lemma 2.4,

2

and, as a consequence, we deduce from (3.18) and the above inequality that

P . pAt v (V&) ’YA nty2 B oon
2 (1= 2 0= A ) g + 2 Pl gy VR 5@
2A12\ (VIbh)?
<2 (142 At un 2, — —
<21+ ar) ||L2(m+5m( )
B n C? P
2@+ Shau2
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Defining

2 2 2
P(At) =1 L Ar - T A2, (3.19)
p p

we introduce the roots of this polynomial

a 8py a 8py
A= — 1 -1 —Ag 1= —— 1 1 3.20
! 4~ ( + K2a2 >’ 2 4~ ( + K202 * (3.20)

with, for the sake of convenience, \; > 0. Then we get

2vk? At
T\ = A)Ae + AL) > 1 — T (3.21)

P(At) =

As a consequence, we obtain

o At pAt v (V&2 At B n
(1= 50) Iy + “5E IV gy + 520 1 Ty 4 By
2 2 n+1\2 2
P akK o o 288\ (Vo)™ B, e, CF ny2
<14+ —At — (1 —— 4= —At(P")*.
< 5 (1 28 e + 75 (14 250 ) B 4 Gyt + SE AN

Using the discrete Gronwall lemma [30] and under the condition 0 < At < Aq, this provides the following
stability estimate

n+1 n+1
P Hun-HH2 + pAt Z ”vukH2 + YAt Z(Vk )2 + E(Qn-‘rl)Q + v (Vn+2)2
2 L2(Q) 2 — L2() T o exp 2 20n; = P

< CZT% EO Cle Y Tk2
< eCaTen o t;( ),

where E° is a constant that only depends on the energy norm of the initial conditions and

2
ak 2At
cR, = — 4+ =,
At p + 72
e Assume now that 3 > 0. In that case the terms
aAt( aAt(
2 2

n n g n
Q )27 Q +1)27 TMAtQ(;ZAt(Q +1)2

in the right-hand side of (3.18) can be controlled by the inertia of the 0D model. The estimate (3.18) yields

n+2\2
P nt+1y2 pAt n+12 B « 27 2 n+1\2 Y (Vexﬁ ) yAt n+1\2
5”‘1 1220 + 5 Va2 + 7\~ BAt - FAt (@) + o 2 t (Ve )
14 ni|2 6 « n\2 Y 2At2 (V’e’f)b(‘li)‘l)Q CIQ’ n\2
<L = - L o /4 T }
< Slullze@) + 3 (1+ 5&‘) (@) + i (1+ = ot 2uAt(ﬂ’ )

- 2
Defining P(At) :=1— %At — %AtQ, we introduce the roots of this polynomial

oo ] 8 5o _oaf [, 86
Al'_4v( 1+ = 1), Ao 1= 47< 1+ a2+1,
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with, for the sake of convenience, A; > 0. Then we get

P(At) = %(Xl —At)(Ag + At) > 1 — %.
1

As a consequence, we obtain

pAt B At v (V& At
THVU T2y + ) (1 Y (@)% + EQTP + T(Vexﬁl)z

g B a n 2At2 (Vve?(—i_l)Q 02 mn
< Bl Fa o) + 5 (14 A (@7 + 5 (1+ —Sr Sy,

p
S

5 w2 g +

5 ﬂ 5At 7’2 2

Under the condition 0 < At < Aj, the discrete Gronwall lemma [30], implies that

p 2 pAE YAt B v
+1 k|2 E \2 +1)2 +2)2
5 Hun HLQ(Q) + 5 Z [Vu HL2(Q) + — Z(Voxp) + 5(@” )"+ m(veﬁp )
k=1 k=1
-5 T 02 N
< OUTerEm (E + ;Atzw) |
m o
where E° is a constant that only depends on the energy norm of the initial conditions and
s o 2At
Note that alternate estimates can be derived following the continuous case that have been developed in
Remark 3.3. 0

Remark 3.10 (Case v = 0). In this case, no auzxiliary volume is required to derive discrete energy estimates.
The sufficient conditions that guarantee the stability of the explicit scheme become:

max (%, ﬁ)
At < ——F 2
@
This condition involves the ratio of the inertance of the 8D or 0D system to the resistance of the 0D model.
Moreover the exponential growth constants are modified as follows:

ak? S a

CcR, = — =—
At - ’ At .
P

g

Remark 3.11 (Influence of the inertia). When the inertia parameters of the problem, namely p and (3, tend to
400, so do the critical times A\ and 1 which implies that in practice no condition on the time step is required to
ensure stability. Moreover, the exponential growth remains bounded. Let us discuss the influence of the inertance
parameter B on the critical time A1

) [3 s AL
A1 ~B—+oc0 %7 CAt ~B—+oc0 73

B

)
(%

and
~S o
CAt ~B—0 -

B

When the inertance of the 0D model is small, so is the critical time :\1; nevertheless in this case it is sufficient
to impose At < A\ that may be less restrictive to ensure the stability of the explicit scheme.

X1 ~B3—0
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Remark 3.12. Let us discuss the influence of the characteristic relazation time T on the obtained stability
estimates and smallness assumption on the time step:

o the sufficient conditions on the time step do not depend on the parameter 7.

e when T — +o0, the contribution 2T/ 40 the exponential growth goes to 1 and thus is uniformly bounded.

o when 7 K T, the exponential bound AT/ hides an effective restriction on the time-step. Indeed in order
to obtain a uniform bound of the exponential growth, this requires a severe restriction on the time step by
choosing At such that AtT /72 = O(1), namely At = O(%)

Remark 3.13 (Influence of the resistance parameter ). When a becomes large then the critical times Ay and
A1 behave as
B

p ~
/\1 ~o—s —.
a——+00

)\1 ~a—+4oo %a
Thus the larger « is (which corresponds to the resistive parameter of the 0D model), the more severe is the
constraint on the time step together with the exponential growth.

4. STUDY OF THE NAVIER—STOKES—WINDKESSEL COUPLED SYSTEM

4.1. Estimates for the continuous system

Let us consider the Navier—Stokes system and underline the standard difficulties met when one is interested in
analyzing the energy balance when adding nonlinearities to the problem. Note that the estimates we will derive
hereafter lead to the existence of strong solution for small time or for small enough data. Let us first review
the difficulties coming from the convection term. To fix the idea we consider the Navier-Stokes system (2.7)
coupled with a R model (F(Q(s),0 < s <t) = a@(t)). Proceeding as in the linear case, we derive the following
energy equality:

2
2, u/? / 2 </ ) /
—u-n+p Vul” + o u-n|] =P u-n.
2dt/| | »/F()UFW 2 | ‘ TI'w () T'w

Here we are considering the coupling with the R model only and have used the divergence free property of the
fluid velocity. We see a term p fr |u| u - n that represents the flux of kinetic energy at the artificial boundary,
whose sign is not known a priori. Conbequently unlike for the Stokes system one can not derive easily an energy
estimate. To obtain a satisfactory energy estimate and existence theorems, one has to be able to control this
kinetic energy flux at the interface where Neumann boundary conditions are prescribed. Note that in dimension

three we can prove the following bound (see [31])

‘ / u®
p =
rw 2

which does not allow to obtain an energy estimate. Nevertheless existence of a unique strong solution can be
proven. In particular, in [2], the existence of a unique strong solution (locally in time or for small data) is
derived, based on the same ideas developped in [31] and on regularity results of the solution of the stationary
Stokes system with mixed Dirichlet—Neumann boundary conditions in polyhedral domains [41].

Regarding the existence of solutions for the Navier—Stokes system with mixed Dirichlet—-Neumann boundary
conditions, we refer to [31]: the authors prove the existence of a unique smooth solution which is local in time;
under an additional assumption on the smallness of the data, the smooth solution is proven to be global-in-
time. Note that the existence of global weak solutions can be derived by choosing appropriate outflow boundary
conditions that control the flux of incoming kinetic energy and thus stabilize the system [12]. The case of Robin-
type boundary conditions which involve the modelling of a local-in-space resistive contribution is analyzed in
[47]: existence of a strong solution is obtained under the assumption that the resistance is small enough. In [2]

5/2 1 2
< Cllul|ig, |Vl
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a RC-like model is studied: the existence of a unique local-in-time strong solution for any data is proven; the
particular case of a single R model is also investigated, leading to the existence and uniqueness of a global-in-
time smooth solution for small data even if the resistance is large. Finally in [47], existence of a local-in-time
strong solution for the RCR model is proven for small data. Proofs of the above results are all based upon
Galerkin approximations with special bases. Note moreover that they all require that in/outlet meet the lateral
boundary with right angles. This framework will be used in the analysis of the semi-discretized Navier—Stokes
systems. We point out that the main difficulty in the above references relies on the estimate of the convective
term of the Navier—Stokes system.

Let us now focus on the more general 0D model we study here and introduce key tools for the derivation of
suitable estimates of the solution of the coupled system. In particular we introduce a new Stokes-like operator
adapted to our coupled Navier—Stokes—Windkessel model.

Definition 4.1 (Stokes operator). The space H is endowed with the scalar product

i afvwis([ o) ([ v

and we denote ||-|| , 5 the norm associated to this scalar product. Then we define the bilinear form a,,q as

Qua: VXV =R

(v,w) »—>u/ng~Vw+a(/va~n> </Fww-n>.

Finally we introduce the operator A, o : D(A, o) — H associated to the bilinear form a, o by
(ApaVs W)p,g = apa(v, w)

with
D(Apa) ={ueV, laua(u,v)[<C|v|g, Vv e V]

Proposition 4.2 (Properties of the Stokes operator). The operator A, o has the following properties:

o A, € L(D(AL),H) is invertible and its inverse is compact on H;
o A, . is self-adjoint.

As a consequence, A, o admits a family of eigenfunctions {¢;}
Ay,,oa¢j = Vj¢j; with 0<1v <y <...< Vj —j—4o00 +o0o
which is complete and orthogonal in both H and V.

Proof. The proof of this proposition relies on classical arguments, see for instance [10] for general arguments
and [27] for a direct proof in a similar context. O

Lemma 4.3. The following estimates hold:
1. There exists L > 0 such that

Vv € D(Aya), ||VV||L2(Q) <L ||AH70¢V||L2(Q) : (4.1)

, where C'p denotes the Poincaré constant.

2
The constant L depends on the parameters as L := CPM
I
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2. If furthermore the artificial boundaries I'o and T'w meet the lateral boundaries T'y at angle 5 and each

boundary is smooth enough, then there exist € > 0 and M > 0, such that

W e DA IVl e g < Myl (42)
The constant M depends on the parameters as:
M:=c? (Z + cgmg + OS)CFZL) : (4.3)

where C’S(;) are constants which only depend on the domain.
Remark 4.4. Both constants L and M are proportional to the ratio of a density to a viscosity.

Proof. Both estimates rely on the properties of the Stokes operator. Using the definition of the scalar product

on H, we obtain
(ApaVv,V)ps = p/ Apav-v+p (/ AoV n) </ V- n)
Q i Ty T'w

< oA pa¥ Loy IV + 652 ¥l e ey Al o
< Cp(p+ BK?) HA,u,aV”Lz(Q) ||VVHL2(Q) )

where we have used Lemma 2.4 and Poincaré inequality. Besides, by definition of the operator A, ., we have

2
2 2
<Au,av,v>pﬂ=au,a<v,v>=u||Vv||L2(m+a(/F v-n) > w1Vl
w

thus
2
plIVYIza) < Crlp+ Br%) |1 Ana¥l 20 IV VIl 20 »
which, by simplification, concludes the proof of (4.1). The proof of estimate (4.2) is based upon a regularity

result for the Stokes problem with homogeneous mixed boundary conditions, see [41], for which we need the
geometric angular assumption. The problem A, v = f € H can be rewritten as

—Av+V <p> = Bf, in Q,
w) p
div(v) =0, in Q,
VvV = 07 on FZ7 (4 4)

Vv-n—gnzo7 on Iy,

I
Vv~n—pn:—5(/ f~n)n—a</ v~n>n,onFW.
w B \Jry H\Jrw

We consider the auxiliary pressure defined by

—Ap =0, in Q,
Vp-n =0, on I'y,
p=0, on I'y,

ﬁ——ﬁ(AWf~n)—Oz</rwv~n>,onI‘W.

By standard arguments and using Lemma 2.4 and Equation (2.6), we have

1950 20y < € (aCr 19Vl 2y + B 1€l 2y ) (4.5)
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where Cg) is a constant which only depends on . Using this auxiliary pressure, the problem defined by (4.4)
can be rewritten as

Av+vC’p)pfwﬂmQ
Ju nooop
div(v) =0, in Q,
v=0, on I'y,
Vv-n—un:O, on I'g,
B
Vv~n—un:0, on I'yy.
I
As a consequence, from regularity results that can be found in [41] in the case of right angles, there exists € > 0
such that
@ (P HVPHLZ(Q)
¥l 3 < € (M £ 200y + = )

where Cg) is a constant which only depends on Q. Using estimate (4.5), we get
2) (P 1y B 2) ~(1 «
IVl 4y < O (M +Co )”u> €20 + €57 €O Cr IV oy
By (4.1) and since f = A, ,v, we obtain
2) (P 1y B 2 1 o
Ml g1ey < €8 (24002 ) 4 P P02 N Awavly o

which concludes the proof of (4.2). O

Remark 4.5. If we impose only the normal component of the velocity to be free, namely u-T =0 and (-n)-n =

0, then the Stokes-like operator has to be slightly adapted and it will be defined on H, = Vf_ with
V,={velL*9), div(v)=0, v.-n=0o0onTy, v.-7=0 on ToUTy}.

The only difference concerns Lemma 4.3 and lies in the regularity properties associated to this operator. In
particular in this case, due to the symmetry properties of the Stokes solution, D(A, ) C H*() and not only

in H2T¢(Q). Consequently the solution velocity u will then belong to L2(0,T; D(A,,4)) C L*(0,T; H*(2)).

Now that we have introduced an appropriate Stokes-like operator adapted to our coupled Navier—Stokes—
Windkessel system we can derive estimates in suitable norms for this system. The idea relies on the formal
choice of u and A, ou as test functions and then a linear combination of the obtained inequalities. We will
consider two cases.

e the so-called general case for which we prove an estimate valid for small time;
e the so-called dissipative case, with 7 < 400, for which we prove that, if the initial data and applied pressures
are small enough, an “energy” decrease can be established.

Theorem 4.6 (Estimates for the Navier—Stokes system). Let 1 > 0. Assume that the artificial boundaries I'g
and Uy meet the lateral boundaries T'y at angle 5 and that each boundary is smooth enough. Assume that o > 0,
g =0,v>0.

e General case: local-in-time “energy” bound for any data. Assume that 0 < 7 < 4o00. For any smooth
solution u of the Problem (2.7), there exists T* > 0 and t — G, (t) which depend on the data such that, for
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allt € (0,7%):
B
*Hu( )||L2 () + — / ||Vu >||L2(Q d5+ Q2 +Oé Q2 d5+ V2 V2

Frago(u(t, ), ult, ) + 5/0 | A, quls, '>Hiﬁ ds < G, (1), (4.6)

where T is any positive homogeneity constant.
e Dissipative case: global-in-time “energy” bound for small data. Assume furthermore that T < +00.
Let 6 > 0 and n > 0 such that

Define
a CE  nK? 9
H(t) := <2M + 45p> PA(1).

There exists a dissipation parameter D > 0 (defined by (4.28)) such that, if the initial data and external
forces are small enough, namely

na+ﬁ un®
Q2( ) = 3 27
2 (v + 2

p np )
5||u0||i2(9) to Va2 (q) +

and
[H]|o < DE,

then the solution satisfies a stability estimate:

2t gy + 2 IVt ey + P20 + T2 <& (4.7)

Moreover t — fo | A au(s, )||p 5 ds is also bounded on any time interval [0,T].

Proof. Let us derive the estimates in the general case, then in the so-called dissipative case. Note that all the
following formal calculations can be justified by using Galerkin approximation with a special basis associated
to the eigenfunctions of the operator A, ., see Proposition 4.2.

General case. Taking u as a test function in the variational formulation (2.7), we proceed as for the Stokes—
Windkessel system and obtain estimate (3.6) with an additional term p [,(uV)uu that we bound as follows:

\p/QKuvm-u

where C'g) is a constant related to the continuous embedding of H'(£2) onto L*(£2). The estimate writes

3
< p |Vl 2 7y < CFp [VUl[Faq) - (4.8)

pdy e I Bd o 7d Y2
sl s + SV Fa@) + 5 Q70 +aQ7(1) + 3 V(O + 2V2(0)
02
< 5, P +CWplIVult, )32, - (4.9)

To control the last term in (4.9), we need to control u in L>(0,7; H'(2)). Thus we take 4, ,u as a test function
in the variational formulation (2.7). By definition of the operator A, ., see Definition 4.1, we have

1d

5 e (u(t, ), ult ) + Ayt )2,

= [ @Ot ) At ) =V ([ Apontt)on) =20 [ Apontt)n @)
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The convection term can be estimated as follows

’p / (uV)u4d, u
Q

Thanks to the continuous embedding of H3+¢ () in L>(€), we have, for every ¢ > 0,

< pllall o o) IVl 20 [ Apaull 12 () -

4
all ) < €5 lall g4 g

Then, choosing € < € where ¢ is defined in Lemma 4.3, by a Hilbert interpolation combined with Lemma 4.3
there exists 6 € (0,1) such that

]l e gy < M| Ay a1l (V] 52 g

Consequently,
Viu A < 0(5) M1I-? || A v 14-6
p Q(u Judau) < Cqo’p 14,00l 22 (o) IVall ) -
Using Young’s inequality, we get
p [ @A 0u < 604,00l + C
uV)ud, u| < dp au + Caqsp
Q o eI e (4.11)
< 6||Au’au||p”3 Vu”]ﬂ?ﬂ) )

where § > 0 will be chosen later on and Cq s is a constant which depends on 01 and Q only. Let us now
deal with terms like vV (¢) fr A, qu(t,-) - n), for which we need a control of the auxiliary volume V' defined
by (3.2). This control will be | prov1ded by estimate (4.9). By using Lemma 2.4, the definition of ||| , 5 and
Young’s inequality, we have

v aun <S04 ) 2( V)2 46| Ay oul (4.12)
T Jpy, Bt m| = T 0p Meettlos = 35500 wetllpp - ‘
The linear forcing terms can be treated similarly:
k| P 2 2
P A qu-n| < ——|A, < —fP d]A . 4.13
’ - ol 1S N [Apeull, 5 < 10p +6[[Apaull, 5 (4.13)

Thus, from (4.10) and thanks the previous estimates (4.11), (4.12), (4.13), we obtain

L () u(t, )1 30) [ Ay, ) O [T T
9 qp oo\ ), U woott 8= L2(9) "5, 45p
(4.14)
We next choose d > 0 such that 1 — 3§ > 0, for instance
1-35= % (4.15)

i.e. § = & and we denote C’S()ﬁ) := Cq 1. Using (4.15), we add (4.9) and (4.14) that has been multiplied by a
6
positive homogeneity constant r to obtain:

pd 2 o 2 Bd o 2 vyd oo Y2
5 gt zae) + IVt i) + 5 3@ 1) +aQ°(t) + 5 V() + V()
rd r
+ 5&0‘/&&(11(157 ')7 u(tv )) + 5 HAHyOéu(tv )”iﬂ

2(146) Irk?
(0ol + T (VI (410

C2 3rk? 3
§<2,§+ 2 )T2<t>+c§ﬂp||w< Mz +rCE
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Thus we can apply a nonlinear Gronwall lemma by setting

plt) = L lult, Yooy + 5Q0) + TV20) + Saalult, ), ulh, ),

which, by (4.16) and since |Vu(t, ')Hiz(Q) < iama(u(t, ), u(t,-)), satisfies the following inequality:

146

d 3/432')/ 3 Q%P 6) 270 p 201-0)  (140)
G20 S F) + =Zo(t) + CF) o2 (1) + O ——amr M7 o (1),
pr (rp)? TOp 0
with
2 2
F(t) = <CF + 37%) P2(t).
2u 2p

Consequently, we obtain a stability estimate at least for a small time T* (depending on the data of the problem).
From this bound on ¢ one can deduce that

t
/0 |Aau(s, )%, ds

is also bounded on (0,7*).

e Dissipative case 7 < 400.

Next we further investigate the case 7 < 4oco. In this case, as already underlined for the Stokes system,
the auxiliary volume V', defined by (3.2), is dissipated by the system. We take advantage of this to derive a
stability estimate for any time but for small enough data. When taking u as a test function in the variational
formulation (2.7), we bound the convective term in a coarser way than we did previously: using inequality (4.1)

in Lemma 4.3 and the definition of [-|| , 5 we get

f [

2
< plIVull 12 (q) [ull7sq)

3 2
< CY L2 A aul|Fa g, IVl 2 o)
3 2
< CPL2 | Apall? 4 1Vl o (4.17)

where, as in inequality (4.8), constant 05(23) is related to the continuous embedding of H'(f2) onto L*(Q). The

estimate now writes

pd 2 H 2 gd o 2 yd o Y2
Sl )zz@) + §||Vu(t, MNiz) + 5@@ (t) +aQ(t) + 5&‘/ (t) + ;V (t)

02
< 5 PO+ O Ay ault ) [ IVt ) ey - (418)

Next we take A, ,u as a test function in the variational formulation (2.7). First the convective term can be

bounded as follows

2
< plull o ey 190l 2 It gy < P02 g 110 2

‘p/(uV)uAu’au
Q
< M Auaul} 5 IVl 2 gy (4.19)
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where we have used the continuity of the embedding H2+€(Q) «— L>(1) together with estimate (4.2) of

Lemma 4.3 and the definition of ||-[|, 5. Let us now deal with the term vV’ fr 1o - 1n). Using Lemma 2.4,

Young’s inequality and the deﬁmtlon of II- H - and taking advantage of T < 400, leads to

v ‘V < A n)‘ SRV [Apeull 2 S B Ly 2 ’Y [ Au au”Lz
T'w nt
2

Y 2, TETY 2
< Ty Ao , 4.20
< v T Tl (1.20)

where n > 0 will be chosen later on. The linear forcing terms are bounded as in the general case, see (4.13).
Thus, by (4.10), (4.19), (4.20) and (4.13), we obtain

1d
5 gt (ut: ) ut. ) + Ay au(t )}

< DAt 5 [V ey + 5 V20 + 100+ (5 570 ) I, (420
nT 46p 2p Ps
By choosing § and 7 sufficiently small such that
5+ H;?” = % (4.22)
we obtain
1d

iaau,a(u(ta')vu(tv')) Py ||All all( )Hpﬁ

i 2
< M|[Ayqu(t, )Hpguvu( N2 +27777V (t )+mﬂn (t). (4.23)

We multiply (4.23) by n and add (4.18) to obtain:

d
dt

g

(Gt ey + Fonatule ) ut0) + 5Q20 + V20 ) + HIVa(t )y + Q@) + 2120

n (3)p2 Ct | s
# (L - A+ CPL2) 190(t ) Aot < (5E 425 ) 9200,

Recalling the definition of @, «(-,-) (see Def. 4.1) we get

na+ﬂ

d (p n Y p Y
G (Bl + 2 190t + 252020 + J720)) + S0t ey + Q%) + LV

n CE | nk
(2 CS’M 190t ) Ao < (5542 9200

Next we want to make appear some dissipation of

w(t) = 2t Vo) + L IV00 ) ey + Q20+ Tv20,

even in the case a = 0 and 3 > 0. Since |Q| < Cr [[Vul| 2, we have that

1 1 [
§||Vu(t, Wiz > ZHVU(E M2z + @Qz(t)
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and thus

d
i (510 e+ 170t My + 2552020 + 37200 )+ 4 19te Moy + (o 1 ) @20

2 n ()2 CE |
= 020+ (- M+ OO Va0 ) Aot I 5 < (55 + 2 ) 2200,

Then, since [[ul|2(q) < Cp ||Vl 2(q) by Poincaré inequality,
K 2 H 2 H 2
2 IVult )z o) = IVt )l + 80T [t )z »

we thus obtain

% <p|| (t, )HLZ(Q) Jr ||Vu( )||i2(9) + O (1) + ’YVQ(t)>

+@Hu( )||L2(Q)Jr ||Vu( N2

na+ﬂ

# (o 302) QO+ V20 + (- 0+ CPL IV ) Dot I
< <02 + Z;p) PAt).  (4.24)

Estimate (4.24) can be rewritten as

Su() + D) + (A BTl oy ) MApant )2, < H), (4.25)

with
A= g B =M + CI L2, (4.26)
H(t) := (C + pr) P2(t), (4.27)

and a dissipation coefficient defined as

1 1 20&4‘%
D :=min | —, M27—, 290 ) (4.28)
T 4pC% " 4n’ na+ B

The constant D stands for the dissipation of the system. In particular, assuming that 7 < +oc ensures that
the 0D model is indeed dissipative with respect to the volume V if the data are small enough. Assuming that
A =B[Vu(t, )| 12(q) = 0, we obtain by Gronwall lemma:

t
H
T(t) < w(0)e Pt + / |H(s)| P8 ds < w(0)e Pt + %(1 —e P, (4.29)
0
Consequently if
nu A? IHllyy _ np A
v(0) < ¢ 32 DS g (4.30)

which implies that [[Vuol| 2oy < £, then we obtain the following estimate for all time:
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To conclude, provided that the initial data and the source term are small enough (see conditions (4.30)), the
solution satisfies a stability estimate in suitable norms, namely

p na+6 gl py’®
Sl ) [Fee) + 75 V()72 ) + QW+ 5V <e= s
32 (v + Ce?)

Finally, combining this estimate with (4.25) allows us to conclude that

t
2
/0 |4 at(s, )2, ds

is also bounded on any time interval [0, T. O

Remark 4.7. This theorem shows as for the Stokes—Windkessel system that typical 0D models used in blood
flows and in airflows modeling behave in a different way. Indeed for the RCR model for instance we obtain global-
in-time estimates provided the data are small enough whereas for the RC model we obtain only local-in-time
estimates.

Remark 4.8. In the dissipative case, parameters § and n may be specified, for instance as follows:

=1 =7
4 = 2K27y"
As a consequence, updating the constants and source terms as
_|_ M 2
p P (3)p2 1 Py “Tacz Cr | 1 2
= , Bi= M+CG L7, D= , , H(t):= [ =L + — | P*(1),
4Kk2Ty 2K27 + = min <7’ 2p 4n2m + ﬂ 4pC% ) ®) (2/1 + 277y ®)
we deduce that, if
2 2
() < A 1Hlloe o P A
16k27y B2 D 16Kk27~ B2
the estimate now reads:
P 2 PH B 2 2 PH 1
=||u(t, - —— ||Vu Ty
Dt Moy + g IVt ey + (5 + o ) @20+ 3120 < —
(M—l— 2C Lok T*y)

Note that the behaviour of the required bound on the initial velocity, namely %, as well as the upper bound in
the estimate (4.7), namely

_pp AP

~ 16k27y B2’

can be described more precisely with respect to the parameters: % and &€ tend to 0 when p — 0, p — 400,
8 — 400, v — 400 or T — 4o0o. In particular the less the 0D model dissipates energy with respect to the

auxiliary volume V| the more restrictive is the smallness condition on the data.

Remark 4.9 (Case v =0). Note that, in that case, an estimate can be derived by choosing only A, u as a
test function. Indeed no control on the auziliary volume V (t) defined by (3.2), is required. More precisely, we
easily derive the following estimate

d

2 (0% 1
= (5 1Vu )@ + 5Q%0) + (2 — M| Vu, ->||m)) lAuault, )35 < z—pw HENCE 1Y
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In this case the dissipation comes from the term || A, ou(t, )|| - Assuming that

1
HVUHH(Q) = UM
and since || Ay qu(t H 52 PlALu(, )||L2 > & ||Vu||ig(9) estimate (4.31) can be rewritten as
d (p 2 Q9 P 2 K2
4t (5 170 )l3a + 5Q°0) + 55 IVulia < 5 70)

Moreover since |Vul(t, )||L2(Q) 1| Vu(t, )Hiz(n) + ﬁcy(t), we obtain

2

d 2 o 9 K* .o

— | = — t —P(t). 4.32

3t (5170 + 5Q°0) + 557 [Vullise) + 5eaz @0 < 5,70 (4.32)
Thus the analogue of the dissipation coefficient D is, in this case,

. P P
Do = — ] .
0= i (4;”;2’ 4MC§L2)

Consequently,

d /p « K2

gt (5 V00 2a(0) + 5@%0) + Do (5 1Vt e + 5Q°0) < 5 P20,

Proceeding as in the proof of Theorem 4.6, we obtain that if the initial data are small, namely

2 H
LIV sy + 5@%0) < b,
and if the external pressure satisfies
= 1970 <
oo 323\/[2’

then the solution satisfies the following stabzllty estimate

H 2 H

L IVu(t e + 520 < s (4.3

Here we recover the results obtained in [31] for the Navier—Stokes system with Neumann boundary conditions
as a particular case of this result by setting o = 3 = 0. Note also that the behaviour of the required bound on
the initial velocity, namely - s @S well as the upper bound 2 in estimate (4.33) can be described more precisely
with respect to the parameters: Dy, ~ 5 and 5z tend to 0 when uw—0, p— +oo, f — +o0.

Remark 4.10. We could have kept (4.9) instead of (4.18) and, following nearly the same lines, obtain a stability
estimate for small enough data. But it leads to slightly more tedious calculations we choose not to present here
for the sake of simplicity.

Remark 4.11. In the case 8 > 0, estimates (4.13) and (4.20) can be adapted by using the property ||v||i)5 >

2
16 (wa V- n) . In that way similar estimates can be derived by using the 0D inertia instead of the fluid intertia,

leading to a possibly less restrictive condition on the smallness assumption on the data.

As for the Stokes case we can state the following existence result
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Theorem 4.12. Let T >0, ug € V, P € L?(0,T), in the general case there exists a time T* < T and a unique
“strong” solution u € L*(0,T*; D(A, o)) N L®(0,T*; V)N HY(0,T*; H) solution of (2.7) with e = 1. In the
dissipative case (T < 00), assuming the data (initial data and applied pressure) to be small enough this solution
18 global in time.

Proof. This proof is standard and can be done thanks to a Galerkin approximation with the eigenvectors of
operator A, , as a Galerkin basis. The addtional bound on dyu in L2(0,T; L?() is obtained by taking d;u as
a test function. The strong convergence in L? of the velocity is thus deduced from the Aubin-Lions Lemma and
the fact that u is bounded at least in L2(0,T; H(€)) and d;u is bounded in L?(0,T; L%(Q2)). We refer to [2,31]
for similar proofs. O

4.2. Estimates for the semi-discretized system

4.2.1. Implicit coupling

We now focus on the semi-discrete Navier—Stokes system implicitly coupled to the Windkessel model which
corresponds to the variational formulation (2.11) with ¢ = 1 and m = n + 1. We consider a semi-implicit
treatment of the convective term, namely I = 0.

Theorem 4.13 (Implicit coupling with the Navier-Stokes system). Let p > 0. Assume that the artificial
boundaries 'y and Ty meet the lateral boundaries T'y at angle T and that each boundary is smooth enough.

2
Assume that « >0, >0, v > 0.

e Dissipative case: global-in-time bound for small data. Assume that 7 < +00. Let us consider the
constants §, n, D and the function H as in Theorem 4.6. If the initial data and external forces are small
enough, namely

P i 2 na+f = pn®
§||UO||2L2(Q) + o HVUOHLQ(Q) + 5 Q)< &= . 5 )
32 (nC M+ e?)
and _
[H| < DE,
then the solution of (2.11) withe =1, m =n+ 1 and I = 0 satisfies the following estimate:
Pn M1 o g« ny2 Y um 1
Dl ey + 5 190 ey + (5 + 31) (@02 + J0i8, ) <&, (1.3)

for allm € {0,..., N} Moreover At ZnN:o ||A,L7au"||f2) 5 s also bounded independently on N.
e Case 7 = 4o0: local-in-time bound for small data. Assume that the time step is such that

At < =: At,,
Y

where T is a positive homogeneity constant. Assume furthermore that the initial data, external forces and
final time T = NAt satisfy

Py:10712 TH 02 f ra 042 Cf | 2rw? = k2
Il I+ (5 ) @+ (G + 25 ) are
— & AT
< pe = (4.35)

PR
32 (Ce2 +rc{)



STABILITY ESTIMATES FOR 3D/0D COUPLED SYSTEMS 2395

then

Pinp2 rH n||2 B ra n2’7n27"n k|2
§||u ||L2(Q)+7||Vu ||L2(Q)Jr <2+2) Q") +5(Vimp) +1Atkzo||f4u,au ||p,5

Jé] CE  2rk?
< it (*HU-OHLQ @) + ||Vu0HL2(Q + (2 ) (QO) (2M Atz (Pk )

Proof. All the forthcoming calculations can be rigorously justified by using a Galerkin method with a special
basis associated to the Stokes-like operator A, o, see Proposition 4.2. Moreover existence of a solution (for which
uniqueness could be also proven) can be also derived thanks to the previous estimates by the same Galerkin
approximation.

e Dissipative case: 7 < +o0.

We consider the system (2.8) with I = 0 for which the convection term is semi-explicit. We prove esti-
mate (4.34) by induction. We follow the steps of the continuous case by taking u"*! and A#’au”“‘1 as test
functions in the variational formulation (2.11). Note that the only difference with the continuous case concerns
the estimate of the convection term. The discrete analogue of (4.17) should be read as

‘P/Q(unv)vlmrl u"“’ < plupa HV“nHHLz(Q) Hun+1||L4(Q)
(3) 2
< Cg L2 VU™l 120 ||Au,aun+1||p,g
The discrete stability estimate can thus be written as follows

B R 7AN

p n M n n n mn n
5““ T2 ) + fAtIIVu ) + 5(@ 12+ aAH Q") + (VlmJgI) + 7(‘/;7;;1)
*||u [ @ T 5@ )2+ (Vimp)2 FN(UJ 24+ CF LA VU | s g [|Apan HH 5 (4.36)

We take A4, ,u™! as a test function in the variational formulation (2.11) for e =1, I =0 and m = n + 1:

p/ ("t —u") - A, qu"t + pAL /
Q

(W"V)u" A, ,u"tt + p At / Vu"t!.vA, ,u"t!
Q Q

+aAt Qn-‘rl ( A,u au ) + ﬁ (Qn+1 Qn) (

T'w

Ay qu” ntl ) + ’yAtVlﬁngl ( A#’au"+1 . n>
'w

I'w

=-—P" At ( Ay ou™tt n) .
Tw
By definition of operator A, », we have
p [t w5 (@ - Q) ([ Aot o)
Q T'w

a o ( n+1l _ un7un+1)

o 2 2 ! o

DTt 4+ S v 5 vt - v+ S+ S@ ) + SQ - @)

Using again the definition of A, , we have also

pAt [ Va"t VA, ut T+ aAtQmH (

o Au,aun_‘_l : n) = At HA;t,aunJ’_lHiﬂ

I'w
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Now we have to estimate p [, (u"V)utt 4, ,u™*l. We do not follow exactly the same lines as for the continuous
case in particular since the convective term is treated in a semi-implicit way:

’ﬂ/ﬂ(unv)un+1 Ayou™ <p HunHLG(Q) HVU”HHL?»(Q) ||Au,aun+1||1;2(9)

<cp IVu™|l12(q) |‘un+1HH%+E(Q [ A0 2 g

< C(7>M V"] 20 |Apau HH (4.37)

pB’
where Cg) comes from the continuous embeddings H37¢(Q) < W3(Q) and H'(Q) — L%(Q). Then using
(4.13) for the forcing term, (4.20) for the term involving the volume and estimate (4.37) for the convection
term, the discrete analogue of estimate (4.23) reads

At 2
n+1 n+1 n+1
HV - HL? Q)+ (Q 2+ B HAu»ocu * Hp,g
2
n||2 a n Y n n 7 n n 2
< C VU Gy + 5@ + 2y MR + 45pAt(‘.P 24 CPMAL V" 12 g [ Apaa™ | 5,
(4.38)
with (d,7n) satisfying (4.22). By multiplying estimate (4.38) by n and adding (4.36), we obtain
Piyn Iz n B« n
DIy + 50+ AT ey + (5 + G+ ade) @2
v | AL 7 3 7 n 112
+ (2 + 2T> (Veri? + (3 = (CPx2 + ) 196" 2y ) A [ A,
§||u 172y + 77||Vu HL2(Q) + < 277> @)%+ (Vlmp) + < + 1" AP (4.39)
Recalling that A is defined by (4.26) and defining B by
B =cPe?+ oMy, (4.40)

since |Q" ™| < Cr HVU"HHLQ( and |[u” +1HL2 < Cp ||V L‘HHLQ @ by Poincaré inequality, we proceed as

in the continuous case in order to derive the dlscrete analogue of estimate (4.25):

p n+1)2 Hn # nt1 B« n+1\2
( + 8C% At) 0" 72 q) + ( 5 At) Va7 o) + (2 tgnt <a+ 402) At) Q™
IYAt n T n n
w50 5 0 (- BV ) A

2T
B

ni2 K ni2 « n\2 Y n o \2 02 K2 n+1\2
< Sl ||L2(Q)+§77||Vu [ 72(0) + 5 T 3" (@) +§(Vimp) + 7+K AL(P"TH). (4.41)

[N

Recalling the definition of D, see (4.28), and introducing the approximation of ¥ (t") defined by
n._ Py 11 o n B« n2 oy Y um
0 i By + g 190y + (5 + 57) @2+ J0i8,

we obtain R )
(14 DAL + At (A= BVl ) [[Apa™ 2, < 07+ ALH,
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where H"t1 = H(t"'), H being defined by (4.27). Then, if ||[Vu*||, for all k € {0,...,n}, we get

(Q) 2‘B’
max H*
o ke{0,...n+1} 1
gntl < o l— . 4.42
S At Dap © D (11 DAHH (442)
Assuming that
a; H*
g0 < A ke (0mmt1) < ﬁi
- 8 R2’ D - 8 R2’
we conclude that
n+1 UHA n+1 ‘A
Pt < T and |[Vu" , o < 05 (4.43)

Consequently, by induction, we can prove that the solution stays at each time iteration in the same ball defined
by estimate (4.43).

e Case 7 = +o0.

In this case we cannot take advantage of the dissipitation with respect to the volume Vi . Taking u"t! as a
test function, we obtain

Pin 7 n B n n n
Lt 3y + SAUTVE ) + SQT)? + adt Q) + S (Vink!)?
n ﬁ n n C 2 n n n
fwnpm+(Q> §mmf FM@*%+CIMMWuhmmMMu“Hﬁ (4.44)

Next, once again we take Iﬁlmau”*‘1 as a test function. Here we have to control the term

~yAt

n+1 n+1
V;mp / AMa(Xu
F'w

without using the dissipative term A’At (V"‘gl) of (4.36) that is equal to zero in the case 7 = +00. We have, by
using Lemma 2.4 and the definition of 11,6 :

YAt

n n K n n n n
Vimp. /FW Ayou™ton| < LﬁA”V o [ Apeu™ i ———A(Virh)? +0At Ay qu HHi,ﬁ’ (4.45)

imp o, g — 5[) imp

for § > 0 that will be chosen latter. Remembering estimate (4.13) of the linear forcing terms and estimate (4.37)
of the convection term, we obtain

g ||Vun+1||2Lz(Q) + Q(Qnﬂ)z + At HAM aun+1||2

2
2

12 n2 &7 K/ ,-Y n+1
<5 V™[22 + 5(@ )+ ALVt + p

n n n 2
5 AP 4 (25At+c§{>mm\|vu \|L2m)) [ Ay 0™ |

P8

Consequently by choosing 2§ = %, we have

1
a2 + 5@+ (5~ ANV e ) At A |

2
< SV + Q) + 4 jmmgw+%mmwﬂ<mm
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Multiplying (4.46) by a homogeneity coefficient r and adding (4.44) yields

2.2
Ll e + S0+ A8V 2 ) + (5 + 5+ aAt) Q™)+ (7 - 4“{;&) Vi)’

2 2 2 imp
r . . e
+ (5 B (CS(“B)LJ2 +TC§(2)M) IVu ||L2(Q)) At HAu,au +1H
P n 6 ra n\2 Y n \2 C nt1
< 5 fu” %20 + B ||Vu 172 + (2 + 2) (@) + 5 (Vimp)™ + <2u - p) AL(PPH)2 (4.47)

Thus, if we impose

p
At < = At,,
8rK2y "

and assuming that
r

1(cPre2+rem)

we obtain, thanks to discrete Gronwall Lemma, the following discrete stability estimate

[Vu*| g < ., Vk€{0,...n}, (4.48)

n+1
P u” TM n B ro n n r 2
2H +1HL2(Q 7\\Vu +1||%2(Q) + (2 + 2) Q1) + (Vlrn;l) + ZAth ||Au,auk||p,3
0

T p T 8 ra CE¢ rw
< eBr a1 <2||u0||%2(9) + 7||Vu°||i2(m + (2 + 2) (Q%)* + <2N ) Atz (PF) ) . (4.49)

Consequently to satisfy (4.48) for k¥ = n + 1 and obtain the desired result by induction, the data have to
verify

N
—— TH 0|2 BoraN goz, (CF T k2
o5 [ s + IVl + (5 + 5 ) @+ (G2 + 2 DYy
TS,LL
E 2"
2(c§r2+rclv)

(4.50)

The above condition requires that the initial conditions, the forcing term as well as the final time T are small
enough. (Il

Note that a standard fixed point argument [31,49] allows us to obtain the same kind of stability bound for
the solution of system (2.11) with T = 1 together with the existence of a strong solution.

Remark 4.14. Let us comment the dependency on the homogeneity constant r. The upper bounds defined by
(4.48) and (4.50) are increasing with respect to r, are equal to zero for r = 0 and have a finite limit as r goes
to +00. Moreover, at the same time, the critical time step At, goes to zero as r goes to +0o and so does the
exponential growth. Thus, large values for r induce restrictive smallness conditions on the time step and on the
data. For small values for r the condition on the time step is dropped but the upper bound on the data goes to 0.

Remark 4.15. We can already note that for typical Windkessel model in blood flow for which T < 400, we
can ensure global-in-time stability of the semi-discrete solution for small enough initial data and external forces,
whereas for typical Windkessel model in airflow for which T = +o0o we exhibit restrictive sufficient conditions
on the time step and on the data (initial data, external forces, final time). In this case, the restriction on the
time step writes At < g-25—. In particular the smaller the Windkessel compliance is, the more restrictive the
conditions on the data and the time step are. Thus when p goes to zero or when 7y goes to infinity the time step
goes to zero.
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Remark 4.16. Note that we cannot extend easily the proof of Theorem /.13 to the fully-discretized system,
unlike for the Stokes system. To do so one should introduce the finite element discrete analogue of A, «, see
[29] in which this type of analysis is done for the Navier—Stokes system with homogeneous Dirichlet boundary
conditions.

Remark 4.17 (Case v = 0). As for the continuous case, it is sufficient to choose A, ou™*! as a test function

i order to derive a stability estimate, as in Remark 4.9. In this case the system is also dissipative and no
condition on the time step is required for the stability.

4.2.2. Explicit coupling

We now focus on the semi-discretized Navier—Stokes—Windkessel model with explicit coupling. More precisely,
as for the Stokes—Windkessel model with explicit coupling, the inertia of the 0D model associated to the
parameter 3 is treated implicitly whereas the terms related to the parameters o and ~ are treated explicitly.
Moreover we consider a semi-implicit treatment of the convective term. It thus corresponds to the problem
(2.11) with e = 1, m = n and I = 0. We have all the ingredients to study this case, since it will be a mix of the
study done for the Stokes system with explicit coupling and the study of the Navier—Stokes system.

Theorem 4.18. Let > 0. Assume that the artificial boundaries T'g and T'yy meet the lateral boundaries T'y at
angle 5 and that each boundary is smooth enough. Assume that o >0, 3 >0,y > 0 and 0 < 7 < +o00. The
discrete solution of (2.11) withe =1, I =0 and m = n satisfies a discrete stability estimate, under restrictive
condition on the data (final time, initial data and external forces) and on the time step. More precisely, let v be
a positive homogeneity constant, assuming that At < Ay (where A1 is defined by (3.20)) and that

N _coNs p T
Y (‘/clx )2 ﬂ C 27’}432 7'3Iue At,rt @7 XAt
fIIuOIILz Q)+ B 0|2 ) + + 5@+ AL Sh 4+ = ) Y (PF) <

2
Onr 2 S e 32 (€02 +rC M, )
with - 2 5
2 8
OR5, = CRo+r (235 4 B2t (451)
P P
(the constant C3, being defined in Thm. 3.9) and
Mo = (p + Cé”fiﬁ> , (452)
1 I
then the following discrete estimate holds true
n n+1
P n T n Y (Vx+2) B n
S ey + IV o) + 5 = @) 4 1A Ao
k=0

12 9
CN? oI T T 14 012 TH 012 Y (V:exp) ﬂ 0 C 27“['{ kN2
< egvatrt gxi—4A (2“11 ||L2(Q) + ?HVU ||L2(Q) + TAt ) (Q ) 2N Atz f]J

Note that here the discrete estimates are derived on the system with a semi-implicit treatment of the convection
term. Nevertheless a fixed point procedure could enable to prove a similar estimate in the case of an implicit
treatment of this term, namely in the case I = 1.

Proof. By taking u™*! as a test function in the variational formulation (2.11) with e =1, I = 0 and m = n
following the same lines as in the proof of Theorem 3.9 in the case § > 0 and using moreover the following
estimate of the convection term

’ / u"V)u T < plua” ||L4(Q) HvunHHm(Q) ||“ +1HL4(Q) = C<3)£’2 ||Vu”||L2(Q) HA#’OU +1Hpg’
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we get
n+2\2
P ar? 2 n+1)2 MAt n+1 7 (V™) YAL ©oni1 5 n+142
A IS LN pov Ve ) d
2(1- - 2 )nu ey + L3I0 ey + 7o T+ 2 4 2@

IN

2At2) (Vaih)? (4.53)

2
p ak
é n 2 CF n 2 n n+1
+5(Q) S AUO" + O [V o [[Apou™
where da: have been previously defined in the proof of Theorem 3.9 (see (3.12)). As the coupling is explicit the
next test function to consider is A%Ou”“. Note that the constant L appearing in the previous estimate (4.53)
does not depend on the parameter a. Following the same lines as in the proof of Theorem 4.13 leads to

2
SV gy + At Auow™ 7 < GV G20 + o AT+ COMoA T2 [[Anon™ 7

+ At ‘Q" A, ou™tt. n' +yAt
Tw

Vot A, ou™tt. n‘ . (4.54)

Tw

Here the constant My is associated to the operator A, o and thus is defined by (4.3) with o = 0 (see (4.52)). We
next have to estimate the last two terms of the right hand side of (4.54) corresponding to the explicit coupling.

Let us first consider aAt )Q" wa A, outt n‘. By Lemma 2.4 and Young’s inequality, we have

2
oK
7A75H“”HL2(Q) HAmOu

alt Qn/ A ,Oun+1 ‘n| < n+1
’ Tw g f Hpﬂ
042/'6 n n+1
< 15, At a3, Q)+5AtHAM0u Hpﬁ, (4.55)

Vet Jr,, Aot n‘ using once again Lemma 2.4:

where 6 > 0 will be chosen later. Next we estimate yA¢ |V

yAL (VL A, ou™ttn| <

exp = \/ﬁ

At this stage we do not distinghish two cases as we did previoulsly. In the general case we can not take advantage

TEALVES (A0 ],

exp

T'w

of the dissipation of the volume, thus we estimate yAt ‘V”* wa A, ou™ ! - n| as we did in the implicit coupling,

exp
see (4.45):
At [ A outt | < S AV 4 oAt ]| A, gu 4.56
v exp [ w0l n = 5p (exP) + H pok Hp,ﬁ' (4.56)
w

Thus from (4.54) multiplied by a homogeneity coefficient r > 0, using (4.55), choosing § = i, and adding (4.53)
we obtain

v (Va2 | AL i
R
TV (Vap )™+
(L (ce+ rcghvto) HVu"HL2(Q)) At HAu,OunJral,g
2 2
P aK 2ra’k
<B4+ (=
Vn+1

2 2
+ (1 4 BreTylan EAtQ) Vee')” é(Q”)2 + (ﬁ 4 e ) AL(P™)?. (4.57)
p T 2 2 21 p

B

£ (1= 2 a0 BEEAR ) L e + B+ 201V ) + Sy

4
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Next remembering the definition of the polynomial function P (see (3.19)) and its positive root A\; (see (3.20))
and using the lower bound (3.21), we have

P At n N N (VIE2)2 VAt § ﬂ )
2 (1 - )\1) [u +1HL2(Q) + 2(T+At)||Vu +1HL2(Q) 4+ 5 % L et (Vexﬁl) 5(@ +1)2

n (r (C’(3)L2 +rC, 7)3\/[0) V"l 120 ) At ||Auou”+1|| p

ak? 2ra 2t n "
( ( - )At)nu oy + LIV

<P
-2
8r k2 'yém 2 5 (Vc?(;,rl)Q Ié; 5 CE  2rk? 5
— At + A" ——— + =(Q" — At(P™M)2. (4.
(14 +Zae) ol Bgnrs (S8 + 25 ) avgne. sy

Thus assuming that
r

1(c§r2 + e )

[Vu®|[ g < ., Vke€{0,..,n}, (4.59)

and if we moreover impose At < A;, we obtain thanks to the discrete Gronwall Lemma that

n n+1
P n+12 Y v n+1(2 v (‘/eng) ﬁ n+1 At a A k
§Hu HL2(Q)+7H u ||L2(Q)+5AtT 5(@ )? + ZH pou ||pﬁ
k=0

Vio)? B C3 27"/1
< oONET oxiiamt (Pl 2 TH 02 l( exp P ~0y2 k
< oOXE Ty (2||u Lo + S IVEllza@) + 5 =52 + 5@ + ot AthP )

with C’thﬂ, defined by (4.51). Consequently if the data satisfy

Velx 2 N 3 7CZ§,TT DY ZAt
Ol + IV ey + 2 T 4 B (4 2 ) Yok e e e HE
= 32 (Ce2 + el )
we obtain the desired result by induction. |

Remark 4.19. Let us discuss the so called dissipative case, namely T < +oo for which we could have tried to
take advantage of the volume dissipation. In this case we can reproduce (4.20) to obtain

2
YAt T Auvr)? + %At 4y 0u™2 (4.60)

2777' xp

n+1 n+1
chxp / A#qou -
I'w

Thus by (4.55) and (4.60), the bound (4.54) becomes

2
gHvunA—lHiQ(Q) +AtHA,u, Oun+1H ﬁ ||vu ||L2(Q> 4+ 45 At(fpn-O-I)Q_'_Cé;)MoAt ||Vu"||L2(Q) HAM,Oun-‘v-lHi,ﬁ
2
+ 0216,; At [u"[[72 ) + %%At(‘/e?c;l) (6+ %) At Auou™ 7, (461)

By choosing § and 1 satisfying (4.22), the previous estimate (4.61) writes
M n+11|2 1 (7 n n+11|2
5 [Vu ||L2(Q) + (2 — Oy Mo [[Vu"|| 2(q) ) At || Ay ou Hp,ﬁ

2
At(?nJrl)Q +

4
A" K ni2 Y n+142

[l,
5 ||V11 HLZ(Q) + 45p exp
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By multiplying (4.62) by n and adding (4.53), leads to

n+2
P 9 nt1012 ) n+112 Yy (V;axp ) ’yAt n+1
5 (1 - TAt* p At ) [u \|L2(Q)+§(U+At)||vu ||L2(Q)+67MT+ o0 (Vg

7 n n
n (2 (0(3)52 +C§(2)77Mo) |Vu HL2(Q)) At||A,ou +1H
4 2 nt1
Py ak?  nalk n wn n 2082\ (VESD? B,
<35 (1 + ( p + ) At) [u™[|72 () + 5 [Vu H2L2(Q) + 5 San (1 + ) 7; §(Q )?

86p?
C2 nK .
+( + 45/)) At(P™)=.

Boon
5(@ +1)2

Let us define By by
By = CP L2 + M. (4.63)

Note that By corresponds to the constant B defined by (4.40) with a = 0. Next remembering the definition of the
polynomial function P (see (3.19)) and its positive root A1 (see (3.20)) and using the the lower bound (3.21),
remembering also the definitions of A defined by (4.26) and of H defined by (4.27), we have

P At i LB ntly2 v (VESD? AAt i B e

2 (1= 50) I ey + B+ A0V g + 52 2L 4 Py 4 By

+ (A — Bo ||Vun||L2(Q)) At HAM’Ou"“Hiﬁ

p ak® | nafk n n 9 2012 (Vb2 /6 n n
<8 (1 (S ) ) i+ L 9y 5 (1 250 ) B Dy e

Thus, if HVukHLQ(Q) < %, for all k € {0, ...,n}, and assuming that At < A1, we obtain thanks to the discrete

Gronwall Lemma

n+2\2 n+1
Pin 1o v (V&S | At B om A 2
S ey + IV ey + 5 VA + Q)+ ALY [[A0nt
k=0

1 \2 n
CNST xLx7 [ P02 H 02 7 (Vexp) B ~oy2 k

< eatlgxi—=a <2||u HLQ(Q) +7||Vu HL‘Z(Q) + E 9 +§(Q ) +Ath_OH , (4.64)
where
nalkt
85p?
Consequently the desired discrete stability estimate can be proven by induction assuming that the data of the
problem satisfy

CX? = Cit +

ONPT ﬁ( 022 e + 22 ||Vu0|| + 7 (Vew)® T Q(QO)Z +At§:H’€) < np A
e e L2() @ T 50 2 2 ) =8B

As a conclusion, in the case of the semi-discrete Navier—Stokes system coupled explicitly to the 0D model,
the obtained stability estimates are quite similar in both considered cases. In both proofs, we exhibit a similar
sufficient condition on the time step (which is the same as for the Stokes system) and restrictive assumptions on
the data imposing smallness of the initial data as well as on the applied forces but also on the global time T'. In
particular in the so called dissipative case, when explicitly coupled to the Navier—Stokes equation, the system
does not dissipate energy anymore.
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Remark 4.20. As in the proof of Theorem 3.9 we can adapt the previous calculations to the case where 3 > 0
and take advantage of the inertia of the 0D model. For the sake of simplicity we do not reproduce the calculations
here.

At
Remark 4.21. For the case wherg T < +00 in order to control the exponential growth T one could impose
to the time step to satisfy At < 2% which could be a rather restrictive condition in particular for large time T
or small relaxation time T.

5. NUMERICAL RESULTS

5.1. Numerical method for the implicit coupling

In this section we numerically illustrate some of the previous theoretical results. First, let us present the way
we choose to solve the Navier—Stokes—Windkessel model with the implicit coupling, since this case involves all
the numerical difficulties of the problems we are interested in. We focus on a 2D/0D coupled problem, for the
sake of simplicity and we use the software FreeFem++ which is a programming language and a free software
focused on solving PDEs using the finite element method, see https://freefem.org/.

Basically FreeFem++ is a finite element library which contains basic solvers for linear problems such as Stokes
problems (actually it builds the resulting linear system based upon the finite element approximation of a linear
variational problem and, if well-posed, proposes associated numerical solvers). The resolution of the Stokes
problems is done with classical inf-sup stable P, — P; finite elements. The scheme we use allows us to deal with
the nonlocal boundary condition by solving only standard Stokes problems with mixed Dirichlet—Neumann
boundary conditions. The method relies on a superposition principle that is proposed in [14] and which is
similar to what is proposed in [50]. It has the advantage not to alter the conditioning of the resulting matrix
with respect to the parameters of the 0D model. The main drawback of the method is its computational cost
in the case of a large number of outlets. The semi-discretized problem takes the following form:

Aitu"+1 +e(u™ - V)u"tt — pAu"tt 4 vptt = éu“, on (,
div(u"tt) =0, on Q,

utt =0, on I'y (5.1)
—puVu™tl.n+ p"tlin = gon, on Iy

—puVu™tl n 4+ p"tln = Q" 'n+ g n, on Iy

where g := g; denote source terms that may depend to the solution at previous time steps. All the systems
we are interested in (such as R, RC, RCL, RCRL models) fall into the scope of this formalism, by choosing or
updating in a suitable manner the generalized parameters or functions a and g;.

The main difficulty relies on the nonlocal boundary condition located at I'y since

R
Iy

We propose the following strategy, which allows us not to build the contribution of the nonlocal term in the
resulting matrix. The method is based on the construction of the solution of two linear systems at each time
step:

1. Define (w°, %) as the solution of

AitwO +e(u™ - V)w? — pAw® 4+ vl = Aitu”, on Q,
div(w?) =0, on €,

w! =0, onI'y (5.2)
—/J,VWO ‘n+7’n=gyn, onTy

—uVw? - n+71n=gin, only


https://freefem.org/
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TABLE 2. Stability results for the (Navier—)Stokes-R model with applied pressure gy = 5x 1072,
Symbol O means that the simulation is stable whereas X means that it is unstable.

Time step At 0.05 0.10 0.20 0.40

.0
Stokes (implicit) O
Stokes (explicit) O
Navier—Stokes (implicit) X
Navier—Stokes (explicit) X

XXKXO |
XX XO |

1
g
|
X
X

2. Define (w!,7!) as the solution of
ALtWI +e(u™ - V)w! — pAw' +Val =0, on Q,
div(w!) =0, on Q,
wl=0, only (5.3)
—uVw!-n+7ln=0, onl
—uVw!-n+7ln=1n,onT;

3. By linearity, define
(W) = (w0, 7%) + h(w 7)),

where k has to be fixed. By means of construction, we have

—uVw? n+ 70+ k(—pVw! -n+ 7ln) = gon, on Iy,
—uVwY - n+7%n+ k(—puVw! -n+7ln) = (k+g1)n, on I'y,

and k has to be chosen such that k = « (fFl wl-n+k [ owh n) i.e.

0
. afp, w'-n .
l—ozfrlwl-n

Note that if ¢ = 0 (in the case of the Stokes-Windkessel system), the computation of w! is required only
once (this computation can be made offline).

5.2. Numerical results for the R model

We focus on a simple tubular geometry. The data are built upon some analogy in cgs units. The tubular
dimensions are set to L, = 2 and L, = 12 and the computational mesh is generated with 20 x 120 nodes.
Computations have been led for the R model with the following parameters:

p=12x10"3 pu=2x10"% a=1x10"".

The initial velocity field is set to 0. Let At be the computational time step and let us recall that gy which
represents the applied pressure and it has still to be prescribed.

o Fxperiment 1. Results summarized in Table 2 correspond to an applied pressure gg which is taken as a
constant function, i.e. go = 5 x 1072,
For At = 0.10, the numerical solution of the Stokes-R model with the explicit scheme is stable and the
solution converges to a stationary Poiseuille profile, see Figure 4. Note that the stationary Poiseuille profile
corresponds to the stationary flow obtained in a tube whose length is equal to the sum of the length of the
original (truncated) tube plus the one corresponding to the resistive 0D model.
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FI1GURE 4. Simulation of the Stokes-R model with explicit coupling with “small” time-step
(At = 0.10). Velocity field at time iAt (for i = 1,2,10).

For At = 0.20, the numerical solution of the Stokes-R model with the explicit scheme is unstable: instability is
observed with spontaneous unphysical inversions of the flow between two time steps: flow reversal is observed
at each time step and the magnitude of the flux (at the inlet) exponentially increases, through the analysis
of the flux at the inlet (upper boundary), see Figure 5. This illustrates how the stability for the simulation
of the Stokes-R model with explicit coupling depends on the distance of the value of the time step from the
critical value .

The numerical solution of the Stokes-R model with the implicit scheme is unconditionally stable for any
value of the time step and it converges to the stationary Poiseuille profile that was previously observed with
the explicit coupling (stable case).

Then when considering the convective terms, the observations are quite different: the numerical solution
of the Navier—Stokes-R model is unstable for both implicit and explicit schemes, whatever the value of the
time-step is: blow up phenomena appear, see Figure 6. Instabilities presumably come from the smallness
assumption on the data which is not satisfied: this will be confirmed in the next series of numerical results.
Ezxperiment 2. In order to verify the argument related to the smallness assumption, we perform the very
same simulations as before except for the value of gy which is now set to go = 5 x 10 (i.e. the applied
pressure is 100 times smaller as in the previous cases). Results are summarized in Table 3.

As expected, the stability results of the Stokes-R model are not affected by the modification of the applied
pressure. When focusing on the Navier—Stokes-R model with the implicit coupling, the results have turned
out to be stable due to the data reduction, as no restriction on the time step is required, see Remark 4.17.
When focusing on the Navier—Stokes-R model with the ezplicit coupling, the conditional stability ensured by
the smallness of the data (due to the convective term in the Navier—-Stokes system) and time step restriction
(due to the explicit coupling) is illustrated by the numerical results.

Ezperiment 3. Let us highlight the role of the threshold value —£5 for the time step on the stability of the
explicit scheme in the Stokes-R model. Fixing the fluid viscosity at 4 = 2 x 10~* and the applied pressure
at ¢g° = 5 x 1072, we exhibit the constraint on the time step in Table 4:
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FI1GURE 5. Simulation of the Stokes-R model with explicit coupling with “large” time-step
(At = 0.20). Evolution of the flux at the upper boundary: ¢t — ¢(t) = L, fFo u(t,-) - n.
Oscillations are observed at each time step and the magnitude has an exponential behaviour.
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FIGURE 6. Simulation of the Navier—-Stokes-R model with explicit coupling with time-step
At = 0.10. Velocity field at time ¢At (for ¢« = 2,6,10). The numerical solution is unstable as
blow up occurs.
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TABLE 3. Stability results for the (Navier—)Stokes-R model with applied pressure gy = 5x 107°.
Symbol O means that the simulation is stable whereas X means that it is unstable.

Time step At 0.05 0.10 0.20 0.40

.0
Stokes (implicit) O
Stokes (explicit) O
Navier—Stokes (implicit) O
Navier—Stokes (explicit) O

XOXO |
XOXO |

1
g
|
|
d

TABLE 4. Stability results for the Stokes-R model with explicit coupling with applied pressure
g° = 5 x 102, Symbol O means that the simulation is stable whereas X means that it is
unstable.

Time step At 0.05 0.10 0.20 0.40
(*)y p=12x10"3 a=1x10"* O O X X
(a) p=24x10"°% a=2x10"" O O X X
(b) p=24x10"% a=1x10"" O O O X
() p=12x10"% a=2x10"" O X X X

We may observe that, for the tubular geometry under consideration, for p = 1.2 x 1072 and v = 1 x 1071,
the critical value of the time step lies between 0.10 and 0.20, see Table 4 (*). From this situation,

— multiplying both the fluid density and the model resistance by a factor 2, see Table 4 (a), does not alter
this observation, which is expected since the critical time step —£5 is not modified;

— multiplying only the fluid density by a factor 2, see Table 4 (b), allows us to choose a time step which is
twice bigger as before: this is confirmed by the numerical simulations, as the critical time step now lies
between 0.20 and 0.40 (instead of 0.10 and 0.20);

— multiplying only the resistance by a factor 2, see Table 4 (c), reduces the stability region by a factor 2:
this is confirmed by the numerical simulations, as the critical time step now lies between 0.05 and 0.10
(instead of 0.10 and 0.20).

As a concluding remark, the previous observations do not depend on the applied pressure ¢°: the stability
results remain the same when considering ¢° = 5 x 10%* instead of ¢g° = 5 x 10%2, as the stability of the
explicit scheme for the Stokes-R model is not affected by the magnitude of the data g°.

5.3. Influence of the 0D inertance parameter on the numerical stability

We focus on the influence of the 0D inertance parameter 3 on the stability results.

First we illustrate in Ezperiment 4 the instability occurring when the 0D inertia is treated explicitly and is
large enough compared to the fluid inertia in the linear regime. Second, In Ezperiments 5 and 6 we investigate
the stabilization effect of the 0D inertia when treated implicitly in the nonlinear regime.

5.3.1. In the Stokes regime

In Ezperiment 4, we consider the Stokes system coupled to a resistance and an inductance. We consider the
same parameter values as in Experiment 1 (with, in particular, a resistance value which is set to a = 1 x 107!)
and we add some inductance 0D model (thus considering a RCL model with C~! = 0). Parameter 3 is identified
to L and we solve the Stokes-RL system with an implicit coupling for the resistance and an implicit or explicit
coupling for the inductance. The time step is set to At = 0.05 and the applied pressure is set to gg = 5 x 101°.

When considering the implicit coupling for the inductance (with values L = 1071, 10%° 107!), numerical
simulations are stable, even if the time step and the applied pressure are increased.
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TABLE 5. Blow up of the numerical solution with respect to the 0D inertance parameter 3 (all
other data taken from Experiment 1, in the Navier—Stokes regime with the implicit coupling).

ﬁ Tblow up

0 0.05
1x 1071 0.10
1 x 1070 0.30
1x 10t 2.80

TABLE 6. Stability of the numerical solution with respect to the applied pressure g° and the 0D
inertance parameter [ (all other data taken from Experiment 1, in the Navier—Stokes regime
with the implicit coupling). Symbol O means that the simulation is stable whereas X means
that it is unstable.

5.0 x 1072 X X
1.5 x 101! ¢ O
5.0 x 101° O O

‘%
go
g

When considering the explicit coupling for the inductance (with L = 10~1), numerical simulations are uncon-
ditionnally unstable: we observe some unphysical flow reversal at each numerical time step along with a velocity
magnitude which tends to explode. Instability is unconditional as smaller values of the time step or applied
pressure lead to the very same phenomenon. Stable simulations are recovered for sufficiently small values of L as,
for L = 1072, an oscillatory phenomenon is observed but no flow reversal occurs: in this regime the added-mass
effect is negligible with respect to the inertia of the fluid.

5.8.2. In the Navier—Stokes regime

In Experiment 5, we consider the Navier—Stokes system coupled to a resistance and an inductance. We consider
the same parameter values as in Experiment 1, and we add some inductance 0D model (thus considering a RCL
model with C~! = 0). We solve the implicit coupling (for both a and 3) for the Navier—Stokes regime, with
At = 0.05. We observe, see Table 5, that the existence time increases with 3.

In Ezperiment 6, we investigate the numerical stability with respect to the applied pressure ¢° and the 0D
inertance parameter 3, see Table 6. Let us recall that the small data assumption is necessary for the global
existence in the Navier—Stokes-R model (see Experiments 1 and 2 for the Navier—Stokes regime with the implicit
coupling, while choosing either g = 5 x 1072 or ¢g° = 5 x 10*Y). Selecting an intermediate applied pressure,
namely ¢° = 1.5 x 10*! still leads to instabilities with the R model; but introducing some 0D inertance in the
system provides numerical stabilisation. Taking into account inertia in the 0D model may allow us to increase
the magnitude of the applied pressure in the simulations.

5.4. Influence of the geometry

Estimates that have been derived involve constants that depend on the geometry (such as Poincaré constant,
for instance). In this subsection we illustrate the influence of the domain on the stability issue. In Ezperiment 7,
we consider the Navier—Stokes system with

p=12x10"% pu=05x10"% a=p=~=0.

We report several simulations with the following domains:
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TABLE 7. Influence of the geometry on the stability results for the Navier—Stokes system.

T1 T2 Bl_z Tl T5 Bl—5

=420 0O O X 0 K X
#=-20 0O O O 0O ® DO

e tubular domains (for which |Ty| = |T';|) with dimensions
To|=|T1|=L,=1,20r5, L, =12

respectively denoted 17, T, T5.
o bottle-like domains (for which |I'g| < |I'1|) with L, = 12 and “upper” width |T'¢| = 1 and “lower” width
71| = 2 or 5; these domains are respectively denoted By_o and Bj_s.

In each simulation the computational mesh is generated with 20 nodes per unit length and the time-step is set
to At = 0.1. The boundary condition at I'y reduces to a free outlet condition (as the 0D model parameters are
set to 0) and the applied pressure at I'g is (still) denoted g°.

As expected A; and Ay (resp.: By and By; C; and Cs) give the very same results (Fig. 7). We see that
increasing the radius of the tube leads to instable Navier—Stokes simulations for the same applied pressure. This
is due to the fact that resistance of the tube T5 is much smaller than the one of 77 T» and thus the Reynolds
number is higher in this case. When considering a bottle, even for small values of the in/outlet surfaces (which
provides stable simulations in the case of a tube), instabilities appear but only when the flow enters through
the smaller inlet. It shows the influence of the ratio %’ and more generally of the geometry on the stability for
the Navier—Stokes system with Neumann boundary conditions (and incoming flows) (Fig. 8).

5.5. On the backflow in the RCR model

In this subsection we illustrate the emergence of backflows in the context of RCR or RC models. In Experi-
ment 8, we consider the Stokes system with

p=12x107% p=2x10"" a=pB=v=0.

We report several simulations in a tubular domain with dimensions L, = 2 and L, = 12. The boundary
condition at I';y is associated to a RCR model and the applied pressure at I'g is (still) denoted ¢g" = +1. The
RCR model is obtained with

a=R, L,, =0, y=C'-L, 7=R4; C
and we will use the following values for R, and C
R,=5x10"2 C =02,

whereas we will make the magnitude of Ry varies.

First let us deal with the implicit scheme. Using a time step At = 0.1 and a distal resistance Ry = 5 provides
a stable simulation which reveals at the beginning the emergence of a backflow phenomenon which vanishes as
the solution relaxes to steady state velocity. The backflow phenomenon is characterized at the boundaries by a
normal velocity distribution which is not signed. Several observations can be made:

e From the reference situation we increase the value of the distal resistance. We observe that the backflow is
enhanced by increasing values of Ry, see Figure 9 (actually, at ¢ = 0.5, the backflow phenomenon has nearly
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VELOCITY
6.0e+02

FIGURE 7. Velocity field for the Navier—Stokes model in a tube. A;) in the domain 77 with
pressure drop ¢° = —2 at time ¢ = 15 (distribution close to a steady state). B;) in the domain
T, with pressure drop ¢" = —2 at time ¢ = 15 (distribution close to a steady state). C1) in the
domain Ts with pressure drop ¢g° = —2 at time ¢t = 5 (the numerical solution is unphysical).
A») in the domain 77 with pressure drop ¢ = +2 at time ¢ = 15 (distribution close to a steady
state). Bs) in the domain Ty with pressure drop ¢° = 42 at time ¢t = 15 (distribution close to
a steady state). Cy) in the domain Ty with pressure drop ¢° = +2 at time ¢ = 5 (the numerical
solution is unstable).

vanished for Ry = 5). In particular, the simulation remains stable even for large values of R, (including the
RC model for which R; = +00) and the persistence time of the phenomenon is increased with increasing
values of Ry until reaching a limit regime (which is rapidly obtained, as only minor distribution differences
are observed between Rq = 50 and Ry = 500).

Figure 10 presents a series of temporal snapshots exhibiting the backflow phenomenon for Ry = 50.
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FIGURE 8. Velocity field for the Navier—Stokes model in a bottle-like geometry. A1) in the
domain B;_ with pressure drop g' = —2 at time ¢ = 15 (distribution close to a steady state).
B;) in the domain B;_5 with pressure drop ¢ = —2 at time ¢t = 15 (distribution close to
a steady state). Ap) in the domain B;_o with pressure drop ¢ = +2 at time t = 12 (the
numerical solution is unphysical). By) in the domain B;_5 with pressure drop ¢ = +2 at time
t = 10 (the numerical solution is unstable).
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FIGURE 9. Numerical solution for the Stokes-RCR model with implicit coupling. Backflow
phenomenon at time ¢ = 0.5 for different values of the distal resistance: Rq = 5, 10, 25, 50. The
velocity field is represented at different altitudes of the tube: y = 0 (lower outlet), y = 6 and
y = 12 (upper outlet) all over the width of the tube, i.e. x € (—1,1).

e The previous simulation with Ry = 50 and At = 0.1 has led to the backflow phenomenon. If we now reduce
the distal resistance (e.g Rq = 0.5) with the same time step At = 0.1, then the backflow is skipped and not
observed anymore; if, in turn, we divide the time step (e.g Rq = 0.5 with A¢ = 0.01), then the backflow
phenomenon is recovered: this illustrates the fact that the backflow is physically relevant and it is numerically

captured provided At < 7.

Now let us deal with the explicit scheme. Simulation with At = 0.1 and Ry = 5 reveals unphysical oscillations
and it is to be noticed that these oscillations do not blow up but rather exponentially grow up in time (in a
similar way as what is described in Fig. 5). The oscillations are unphysical as they are directly driven by the
time step (flow reversal occurs at each numerical time step). For the same data except the time step, which is
now At = 0.01 we observe that the numerical solution exhibits an oscillatory phenomenon (with a characteristic
time which is much greater than the time step) along with a backflow phenomenon; moreover the magnitude of
the oscillations tends to damp with time, see Figure 11.
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F1GURE 10. Numerical solution for the Stokes-RCR model with implicit coupling. Backflow
phenomenon at time ¢ = 0.2, 0.4, 0.6, 0.8, 1.0 and relaxation of the phenomenon at a longer
time t = 5 for Ry = 50 and At = 0.1. The velocity field is represented at different altitudes of
the tube: y = 0 (lower outlet), y = 6 and y = 12 (upper outlet) all over the width of the tube,

ie.x € (—1,1).
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FIGURE 11. Numerical solution for the Stokes-RCR model with explicit coupling at time ¢t =
0.05, 0.07, 0.09, 0.22, 0.28, 0.37 (with R; = 5 and At = 0.01). At ¢ = 0.07, the backflow
phenomenon has appeared; at ¢ = 0.09, the compliance of the 0D model has led to a reversal
flow; at ¢ = 0.22, the flow has gone back to a classical Poiseuille-like situation; at t = 0.28, a
backflow phenomenon has appeared again leading to a reversal flow (with smaller amplitude
than before); at ¢t = 0.37, the Poiseuille-like situation is recovered with a velocity magnitude
which is smaller than before.
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F1GURE 12. Simulation of the Stokes-RCR model with implicit coupling and a time-step At =
0.01. Evolution of the flux at the upper boundary: t — ¢(t) := L, fFo u(t, ) -n. a) for moderate

to large values of Rg; b) for small to moderate values of Ry.
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FIGURE 13. Simulation of the Stokes-RCR model with a time-step At = 0.01 with the explicit
and implicit schemes. Evolution of the flux at the upper boundary: ¢ — ¢(t) := L, fFo u(t,-)-n
for different values of the distal resistance Ry.

Now let us investigate the influence of the distal resistance R4 over the magnitude of the backflow phenomenon
and the flow reversals. Figure 12, obtained using the implicit coupling, shows that the distal resistance has an
impact on the phenomenon by focusing on the flux at the inlet with respect to time:

e for small values of Ry (from 0 to 5 x 1072 in the experiment), no flow reversal is observed as the flux is
negative, monotonic in time and converges in time to a stationary value.

e for moderate values of Ry (from 1x 107! to 1 x 107° in the experiment), the flux is not monotonic: backflow
phenomenon is identified even if it is not sufficient to generate flow reversal.

o for large values of Ry (from 5 x 107% to 5 x 1072 in the experiment), flow reversal is observed as the the flux
may become positive. Actually oscillations may occur, with damped amplitude and it is to be noticed that
both the (finite) number and the magnitude of flow reversals depend on the value of the distal resistance
Ry.

Note that the asymptotic regime (Ry — +00) corresponding to the RC model is nearly reached for R; = 50
or 500, as the two situations cannot be really distinguished in Figure 12a: flow reversal occurs around the
asymptotic flux whereas, for finite values of Ry, oscillations do not occur when time increases.

Finally let us observe how the scheme (implicit or explicit) captures the backflow phenomenon. Using a small
time-step At = 0.01 (that guarantees the stability of the explicit scheme) for both schemes, Figure 13 presents
the evolution of the flux at the inlet for different values of R4y with both schemes. It is to be noticed that the
backflow phenomenon is overestimated by the explicit scheme.

Concluding remarks can be done from simulations that are not presented here:
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e As a concluding observation with respect to the distal resistance for the explicit scheme, using Ry € {0.5 —
500} with At = 0.01 provides stable simulations leading to relaxation that may include both physical
oscillations and backflow phenomena whereas At = 0.1 leads to unphysical oscillations with exponential
growth. Thus for the RCR model, the distal resistance does not seem to play a role in the stability of the
simulation with the explicit scheme.

e As a concluding observation with respect to C' for the explicit scheme (in the stable simulations), the higher
the compliance value is, the later the backflow phenomenon occurs. Note that this is conform with the fact
that, when C' increases, the relaxation time 7 = R4C' also increases.

Finally note that test cases where the physical behaviour underlying 0D models has been investigated. In
particular some backflows have been obtained. Remark that we we not able to get simulations with backflows
which could induce instabilities for the Navier—Stokes system. Yet using stabilization techniques as in [1, 3,4,
12,28] may kill these backflow phenomena which are however contained in the 0D model.

6. CONCLUSION

In this paper we derived energy or stability estimates and existence results for Stokes—Windkessel and Navier—
Stokes—Windkessel models, both in the continuous setting and in the semi-discrete one with implicit or explicit
coupling. One of the key ingredients in the derivation is the control of an auxiliary volume associated to the 0D
model. This property is obtained by taking the velocity field u as a test function in the variational formulation
for both Stokes and Navier—Stokes regimes. Nevertheless in the Navier—Stokes regime, it is not sufficient to
obtain a stability estimate; in this case we have to consider a combination of the previous estimate with another
one in which A, ,u is used as a test function, where A, , is a new Stokes-like operator adapted to our coupled
system. This enables us to control both the convective term and the auxiliary volume.

In particular, we have shown that for the standard Windkessel model used in blood flow modeling, namely
the RCR model (for which « >0, 8 =0, >0 and 0 < 7 < 4+00), “energy” dissipation holds true and can be
also derived when considering the Navier—Stokes system under smallness assumptions on the data. Meanwhile
the standard Windkessel model used in airflow modeling (for which & > 0, 5 = 0, v > 0 and 7 = +00) is
not dissipative, leading to restrictive conditions — on the time step, on the data, on the final time — for the
stability of the Navier—Stokes system even for the implicit coupling; this echoes the numerical simulations of
such coupled problems for which instabilities arise leading to the use of stabilization techniques that make it
possible to get away from smallness conditions on the data or, at least, give access to a larger range of data,
see [5] where benchmark tests are performed for various stabilization methods. When considering an explicit
coupling for the Navier—Stokes system, in both cases (RCR and RC models), “energy” dissipation does not hold
anymore; stability estimates are derived but they require the same type of restrictive conditions.

We also paid attention to the dependency on the various physical parameters. Even if some of these constants
are not explicit and depend on the geometry (such as the Poincaré constant, for instance) and thus on the
considered test case, the derived estimates and their related validity conditions give a good insight into the
behaviour of coupled systems according to the underlying fluid involved. For instance increasing the inertance
in the 0D model (namely taking greater values for 3) which is always treated in an implicit way stabilizes the
semi-discretized system for the Stokes regime whereas it leads to a more restrictive smallness condition on the
data in the Navier—Stokes regime.
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