N
N

N

HAL

open science

Analysis of 3D non-linear Stokes problem coupled to
transport-diffusion for shear-thinning heterogeneous

microscale flows, applications to digital rock physics and

mucociliary clearance

David Sanchez, Laurene Hume, Robin Chatelin, Philippe Poncet

» To cite this version:

David Sanchez, Lauréne Hume, Robin Chatelin, Philippe Poncet. Analysis of 3D non-linear Stokes
problem coupled to transport-diffusion for shear-thinning heterogeneous microscale flows, applications
to digital rock physics and mucociliary clearance. ESAIM: Mathematical Modelling and Numerical
Analysis, 2019, 53, pp.1083-1124. 10.1051/m2an/2019013 . hal-01718335v2

HAL Id: hal-01718335
https://hal.science/hal-01718335v2
Submitted on 8 Feb 2019 (v2), last revised 5 Jul 2019 (v3)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01718335v2
https://hal.archives-ouvertes.fr

Analysis of 3D non-linear Stokes problem coupled to transport-
diffusion for shear-thinning heterogeneous microscale flows,
applications to digital rock physics and mucociliary clearance

David Sanchez* Lauréne Hume' Robin Chatelin* Philippe Poncet'™
February 8, 2019

Abstract

This study provides the analysis of the generalized 3D Stokes problem in a time dependent domain, modeling
a solid in motion. The fluid viscosity is a non-linear function of the shear-rate and depends on a transported and
diffused quantity. This is a natural model of flow at very low Reynolds numbers, typically at the microscale, in-
volving a miscible, heterogeneous and shear-thinning incompressible fluid filling a complex geometry in motion.
This one-way coupling is meaningful when the action produced by a solid in motion has a dominant effet on the
fluid. Several mathematical aspects are developed. The penalized version of this problem is introduced, involving
the penalization of the solid in a deformable motion but defined in a simple geometry (a periodic domain and/or
between planes), which is of crucial interest for many numerical methods. All the equations of this partial dif-
ferential system are analyzed separately, and then the coupled model is shown to be well-posed and to converge
toward the solution of the initial problem. In order to illustrate the pertinence of such models, two meaningful
micrometer scale real-life problems are presented: on the one hand, the dynamics of a polymer percolating the
pores of a real rock and miscible in water; on the other hand, the dynamics of the strongly heterogeneous mucus
bio-film, covering the human lungs surface, propelled by the vibrating ciliated cells. For both these examples the
mathematical hypothesis are satisfied.

Introduction

The dynamics of miscible non-Newtonian heterogeneous fluids, at the microscale, are of interest in almost any
microfluidic configuration where a miscible polymer is introduced and diluted in a fluid. This concerns life science
(at the scale of the cells), environment (at the scale of the pores in natural porous media), artificial micro-devices
or highly viscous flows (food industry). The complexity of the physics involved, especially in natural sciences
such as environment and life, leads to a very wide class of models with non-linear coupling between meaningful
quantities.

In particular, considering polymers modeling, there are multiple ways to take into account the complexity of
the non-linear behavior of the material, that is to say its rheology. Among the most common models, one can
mention visco-plastic models involving a yield stress (such as Bingham fluids [3]), visco-elastic involving relax-
ation of strain rate and/or stress tensor possibly by means of upper-convected time derivation (such as Oldroyd-B
or Maxwell models [39]), potentially extended to non-linear strain-stress relationships (Giesekus model [27, 46]).
Rheology models also include non-linear viscosity models of shear-thinning or shear-thickening fluid, such as the
Ostwald law (or power-law), the Carreau model [8], or Herschel-Bulkley [29] model involving a viscous-stress
threshold (thus also featuring visco-plasticity).

The present study focuses on micro-scale modeling, involving the physics of highly viscous flows modeled
by the stationary Stokes equation. The viscosity is assumed to follow the non-linear Carreau law (shear-thinning
rheology), variable in space and time, modeling heterogeneities. This heterogeneous medium is in motion resulting
from the velocity solution of the Stokes equation and also diffused. This results in a three-dimensional model
coupling diffusion and transport, the Stokes equation, whose non-linear viscosity takes into account the rheology,
with parameters varying with respect to space and time, due to the miscibility.

More precisely, a smooth immersed deformable body B(#) moving in the three-dimensional domain Q C R3 is
considered interacting with a highly viscous, incompressible, miscible and shear-thinning fluid in a time-dependent
fluid domain € \ B(t). Such a prescribed domain motion is especially suitable for phenomena driven by the solid,
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when the fluid feedback can be neglected. This avoids at the same time the parametrization of the fluid/solid
interaction, which is sometimes difficult to carry out or subject to large uncertainties (such as elasticity features).
In order to set up models around these geometries, the following set of R* is introduced, for a final real time 7' > 0,
defining the fluid domain:

0° = {(t,x) € [0,T] x xea\%}.

p

The shear-thinning feature induces a non-linear Stokes equation, whose solution provides the fluid velocity
and its pressure p. The heterogeneity means that the fluid parameters depend on a constituent concentration o and
the miscible aspects are modeled by the diffusion of this constituent . These modeling assumptions lead to the
following system of partial differential equations:

—div(2u(a, D(u))D(u)) = f — Vpin Oy,
divu = 0in Oy,

da +u-Va—ogAa=0in Oy,

u(t,-) = u(t,-) on OB(t) \ 99,

ey

where D(u) = (Vu + *Vu)/2 is the strain tensor and p is the variable viscosity, with given initial conditions
for . The diffusion coefficient o is a strictly positive real number. The boundary conditions are defined in the
sets of conditions (7)-(8) and are quite usual: Dirichlet, Neumann, a combination of both, or periodic conditions
on u, and typically no-flux (homogeneous Neumann) on « on the body inner boundary dB(t) \ 9 and on the
domain boundary 0f2. For these conditions, the velocity is required to match a prescribed solid velocity & almost
everywhere on the body: a one-way fluid structure interaction is assumed, which means that the counter force
exerted by the fluid on the solid is neglected, which is valid for the targeted applications.

In the present study, shear-thinning effects are considered, coming from the decreasing of the viscosity x with
respect to the shear-rate

¥ = (2D(u): D) < V2|D(w)|.

The classical example is the Ostwald law p = K972 /2 with the exponent ¢ < 2 and the consistency K > 0
(this law is also called power-law). It leads to a diffusion operator —div(|D(u)|?~2D(u)) in equation (1), whose
analysis is very close to the g-Laplacian theory. Its bounded version, exhibiting two physical Newtonian bounds
and sometimes used as a regularization of the Ostwald law, is the following Carreau law:

a()—2

11 (e, D) = pioo + (po(e) — poo) (14 28()?|DI?) 2 @

where 0 < oo < po(a) and g(a) €]1,2] for all o, where g, 5 and g are C* functions of «, and where D is
an arbitrary 3 X 3 matrix, in practice applied to the shear rate D(u). With respect to «, the viscosity at rest pg is
assumed to be increasing, ¢ is assumed to be decreasing (N = ¢ + 1 is called the fluid index), and the material
time /3 is assumed to be monotonic, for any . These conditions include constant values. In practice « is chosen in
[0, 1] but is free to be in any closed interval of R™. It is noticeable that the need of an exponent ¢ > 1 excludes the
Herschel-Bulkley model of visco-plasticity, which exhibits a 1/4 singularity such as ¢ = 1.

In order to go forward to practical aspects of real-world applications, this system of partial differential equations
is approximated by means of the following penalization of B(t) to satisfy the prescribed divergence-free velocity
w inside the body:

: e e e lB(t) e =~ c -
—div(2u(a®, D(u®))D(uf)) + —= (u* —u) = f — Vp~ in [0,T] x £,
divuf = 0in [0, 7] x : @)
ora® +uf - Va© —div(eVa®) =0 in O;

where 1(;) denotes the characteristic function of B(t). We set 0,,a°(t,-) = 0 on 0B (t) \ 952 for any time ¢, which
ensures that there is no diffusion of fluid material inside the body. The related boundary conditions are detailed in
the sets of conditions (7)-(8), as for the the non-penalized problem.

The penalized equations set (3) is definitely of interest in order to perform numerical simulations, as it makes
possible the use of numerical methods which avoid to mesh the body boundary 9B(t) and its displacements.

The present study provides an original analysis of the non-linear system (3). The convection-diffusion equation
analysis is performed in a time-dependent domain where classical methods can not be applied, and a mapping to
a stationary domain with time-dependent operators is provided. Indeed, Galerkin methods cannot be used in
this framework (an evolutionary spectrum can lead to possible multiple eigenvalues by means of path crossing).
Hence an innovative technique is presented involving the limit of operators with piece-wise constant coefficients.
Moreover, the equations (3) involving the penalization of the time-dependent domain are shown to have a unique
solution, converging toward the solution to the original system of partial differential equations (1). Furthermore,
this non-linear coupling involves shear-thinning effects leading to a second non-linearity by means of a generalized
Stokes operator. This is analyzed using p(z,¢)-Laplacian analytical techniques (variables exponent Lebesgue



spaces and Luxemburg norms typical from Orlicz spaces) which is a novelty for the analysis of the penalized
formulation of fluids with rheology.

This article is consequently structured in four main parts, describing mathematically and numerically this
coupled problem. The first part is a global overview which presents the model and the main mathematical results
in section 1.

The second part presents in section 2 the analysis of each PDE involved in model (3), for time independent and
time dependent domains (generalizing [18, 14] to non-linear framework). This section introduces the transforma-
tion of the non-linear viscosity into a variable ¢g-Laplacian problem, in the spirit of the work from Diening et al.
[19, 21, 20] for electro-rheological fluid, where they introduced the theory of variable exponent Lebesgue spaces.
Still about this problem, sections 2.1 and 2.2 use p-Laplacian methods [33] to prove solutions for the non-coupled
Stokes problem. In section 2.3 we study the rather simple convection-diffusion equation written in the non simple
case of a time-dependent domain €2\ B(t). For this study, in order to improve the readability of the proofs, various
technical arguments are presented in appendix A, including the Luxemburg norms and the required elements of
non-linear analysis, and the regularity and IL? estimates of the geometry lifting are provided in appendix B.

The third part of this article focuses on the mathematical aspects of the coupling in section 3, and shows the
proofs of Theorem 1.1 and Theorem 1.2. They provide the existence of the solution of the penalized coupled
problem (3), its convergence toward the solution of the initial problem (1) through the asymptotic analysis, and
its solution’s existence at the same time. To do so, an innovative technique of domain mapping is presented
involving the limit of operators with piece-wise constant coefficients, since such a mapping leads to time-dependent
differential operators and thus Galerkin methods cannot be used in this case (an evolutionary spectrum can lead
to possible multiple eigenvalues by means of path crossing). To simplify the readability, some proofs are also
provided in appendix C. Such a problem has been studied by Boyer and Fabrie in [5] for a coupling between
Navier-Stokes and transport equations, and also by the present authors in [14] for the Newtonian case, that is to
say for a viscosity independent of the shear-rate (ie. a linear Stokes problem). The theoretical study of a fixed
penalized domain was performed by Carbou and Fabrie [7] for the Navier-Stokes equation.

The fourth part is dedicated to numerical simulations of such problems in real world configurations, showing
that all the hypotheses set up before are necessary and satisfied. The a-dependency of the parameters in (2) is
subject to the mixing model. Firstly, an example from geosciences is provided in subsection 4.1, focusing on
the heterogeneous rheology in a non-moving complex geometry. Secondly, a life science example related to the
mucociliary clearance of human lungs is performed in subsection 4.2, and involves the shear-thinning mucus
subject to mucin heterogeneity around epithelial ciliated cells in motion. The numerical parameters used in the
simulations are available on table 2.

1 Problem setup and main results

1.1 Domains, equations and boundary conditions

Let T > 0, B(t) a domain of R? depending on time ¢ € [0, 7], and (2 a sufficiently smooth open set of R®. If one
considers a problem with one periodic boundary condition at least, let Q be an open set of R? whose boundary
is sufficiently smooth. An equivalence relationship ~ (whose kernel is denoted () is also defined such that the
quotient space 2 = Q/G, with a topology induced from Q, is sufficiently smooth.

Consequently, thanks to the quotient topology, the domain is smooth even if the faces involving periodic bound-
ary conditions exhibit corners with the remaining part of the domain boundary. The Figure 1.1 illustrates the
different configurations of acceptable and non acceptable domains with adequate boundary conditions.

One typical example of interest for the present study is a cube ]0, L[*> on which two periodic boundary condi-
tions are set: in that case, Q@ = R?x]0, L[ and G = LZ? x {0}, so that 2 = Q/G is smooth.

Four sets of R* are now introduced:

O =10,T] x Q the whole domain in time and space coordinates,

O, ={(t,z) €[0,T] x Q, € B(t)} the body, ie the penalized domain,

05 = {(t.) € 0,71 x 2, 2 € 9\ B{#) } = 0\ O, the fluid domain, @)
Y ={(t,x) €[0,T] x Q, x € 0B(t) \ 9} the inner boundary of O,,.

The problem (1) rewrites in these spaces:

u=uin Oy,

—div(2u(e, D(u))D(u)) = f — Vpin Oy,
divu =01in O,

Oia+u-Va —div(eVa) = 0in O;,.

®

On the boundaries of B(t) and 2, where the external normal field v is defined, we introduce u; = (u - v)v
and uj = u —uy = —(u A v) A v, respectively the normal and the tangential parts of u € R? (the hypothesis
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Figure 1: Acceptable domains 2 whose boundaries have to be sufficiently smooth, and how to manage corners in
domain regularity. Pairs of symbols denote periodicity.

H1 introduced after will forbid the fact that ¥ may be undefined at 0 B(t) and OS2 intersection). In order to easily
setup up the boundary conditions of problem (1), let 'y, ..., I'; denote the I connected components of 9€) and
their union

r= |_| T, (6)

i=1..1

on which a set of §; € {0, 1}, constant on each connected component I';, is introduced in order to naturally switch
between Neumann and Dirichlet boundary conditions on . It can be noticed that due to the quotient topology,
periodic boundary conditions do not appear among the I'; and consequently are not part of the listing of boundary
conditions. Nevertheless, the mention periodic othrewise is written in order to remind that periodic conditions are
included in the quotient topology. This leads to the following set of initial and boundary conditions:

u; =0 o0n[0,T] xT,
9
Oauy + (1 —ei)% —0 on[0,T] x Ty, Vie {1,...,1}, )

u is periodic otherwise.

with u = w on X, and

?T,Oj =0 onX andon [0,T]xT,
« is periodic otherwise, ®

a(0,) = apin Q.

The periodicity evoked in (7) and (8) is linked to the definition of the set 2. In the example of the cube ]0, L[?,
the boundaries ]0, L[x {0, L} x]0, L[ and {0, L} x]0, L[? disappear in {2 thanks to its definition as a quotient. The
condition "periodic otherwise" is a reminder throughout the article of this definition. The viscosity p and its
regularity, with respect to «, is assumed to satisfy:

a(a)—2
(e, D) = poe + (po(@) — poo) (1 +28(a)?| D) “ , VD € Mj33(R) and Yo € R,
to € CHR) NWL(R) and Vo € R, ig() = poo > 0,
B € CHR)NW*(R) and Vo € R, B(a) >0,
q € CH(R)N W *°(R) and Vo € R, g(a) € [¢—, 2] where ¢~ > 1.

According to the modeling, the penalized problem (3) can be rewritten:

1
—div (2u(a®, D(u?))D(w)) + 2L (uf — @) = f — Vp©  inO,
divu® =0 in O, 9)
oa® +uf - Vo —div(eVa®) =0 in O3,
af is extended by 0 in O,

~
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Figure 2: Acceptable cases of domains B for the C*-bi-regularity property introduced in definition 1.2.

with its initial and boundary conditions following the equation set (7)-(8).
In the following the norm on the spaces IL?(€2; R™) will be simply denoted by || - ||.» () to ease the notations.
Finally the following functional spaces are introduced:

Definition 1.1 We let F(Q2; X) denote the set of functions defined on Q with values in X and

L3(Q) = {wel?*9), [wdz=0}
V(Q) {weHY(QR?), divw=00nQw; =00nT, ;w;=00nT;, i=1.1}

with the usual H'-norm, the periodicity of function and normal field v being implicitly taken into account by
definition of Q). Thanks to the generalized Poincaré’s inequality (see [4] section II1.6), there exists two constants
depending only on ) such that for all w € V(Q)

al[VwllLz) < wllm @) < c2lVwllLz)-

1.2 Main results

The following existence and uniqueness results require some regularity assumptions on the obstacle’s time evolu-
tion (H1)-(H2) and on the velocity u inside the obstacle (H3). We first introduce a new definition:

Definition 1.2 Let B be an open set in Q. B has the C*-bi-regularity property if and only if B has the uniform
CF-regularity property (see [2] section 4 for the definition) up to the boundary of Q2 and 2\ B is an open set in Q
having the uniform C*-regularity property.

It is assumed that:

Hypothesis 1 (H1)
e The domain B is an open set in ) having the C?-bi-regularity property,
e O\ B is an open connected set in ).

One can notice that if BNA$ = () and B has the uniform C*-regularity property then B has the C*-bi-regularity
property. Moreover, in the mucociliary clearance application, there exists (I,1’) € (R*)? suchthat0 <[ <1’ < L
andT" x [0,{] € B C T x [0,0], i.e. the bronchial wall is assumed to be the fixed domain I'" x [0, ] where cilia
are attached. Cilia are also supposed to never reach the top of the domain 2. There exists then domains B having
the C*-bi-regularity property. Moreover the inner boundary ¥ = 9B \ 02 of B is smooth and may be smoothly
periodically extended. It splits €2 in two regular open sets.



Furthermore, we need existence and regularity of solutions for the convection-diffusion equation in the de-
formable domain, obtained by rewriting the equations in a stationary domain thanks to a diffeomorphism ¥. The
following assumptions on the regularity of U are required for the continuity of field v and operator A in equa-
tions (16) and (17) :

Hypothesis 2 (H2) There exists a function ¥ € C*([0,T]; C?(2; R?)) such that for all t € [0, T)

t) is a C*-diffeomorphism on ).

) =V(t)(B).

t) preserves the C*-bi-regularity property.
)

o U(t) preserves the Lebesgue measure of all sets, i.e. Yw C Q |¥(t)(w)] = |w|.

Remarks:
e The domain B(t) has the C2-bi-regularity property.
e In the following, ¥(¢)(w) is also denoted ¥ (¢, w) or ¥y (w).

e In the case of the lung simulations, if for all ¢ € [0, T'], one has
‘I'(t)ho,l]xr = Idjo,xr, Y(t)([0,0'] x T') C [0,1'] x T, then
W(t) preserves the C2-bi-regularity property.

We also have Q\ B(t) = ¥(¢,Q\ B).

The preservation of the measure also implies that
Y(t,z) € [0,7] x Q, |det Jy)(z)| = 1 and tr( w)at (t)) =0.

The velocity @ in B(t) has to be smooth enough:

Hypothesis 3 (H3) We assume that
e @€ CO([0, T E(B(); RY))
o Vt €[0,T], divu(t,-) =0in B(t),
o u fulfills the set of boundary conditions (7).

A last technical assumption on the viscosity is required:

Hypothesis 4 (H4) We assume that
a(e)
o (o, Z) = (po(a) — poo)q' (@) (14 28(a)?Z) E "In(1 + 28%(a)Z) is bounded on K x R* for all
compact set K C R,

o a— (up(a) — poo)(gla) — 2) [3(( )) is bounded on K N{a, f(a) # 0} for all compact set K in R.

We can now define what is the meaning of a weak solution of the penalized problem (9) with boundary condi-
tions (7)-(8), and then state in theorem 1.1 that there is a unique weak solution of the penalized problem under the
assumption (H1) to (H4).

Definition 1.3 (u®, p°, a%) is a weak solution to (7)-(8)-(9) if it fulfills
o uf € LI(0,T;V(Q)), p° € LU0, T;L3(2)) with2 < ¢ < +00,
e af € L=°(0,T;H2(Q\ B(+))) N L20,T;H3 (2 \ B(+))) and of € H (0, T;HY (2 \ B(+))),
o a° =0in 0,

e forallv € C.(0,T;V(Q)),

// 2u(a®, D(u®))D(u®) : D(v)dx dt + — // u® — ) -vdadt = // <vdz dt,
0,T)xQ (0,T)xQ

e aF is the solution to 0y +u® - Va© — div (eVa©) = 0 in Oy, and satisfies the set of initial and boundary
conditions (8).



Theorem 1.1 Let oy € H?(Q \ B(0)). We assume (HI), (H2), (H3), (H4) and that for all T > 0, f €
L°°(0,T; L?(;R3)). There exists then a unique weak solution (u®,p,af) to (8)-(9). Moreover there exists
some constants independent of € such that u® fulfills

1 _
MooHD(UE)H]%w([o,T];LZ(Q)) + g”us - “||n2_oc([o,T];L2(B(-)))
< O f o= o,z @) lalli= orym (1)) + O IE (0.112(00)
2

+C" max ( @~ o, (5 18IE< 002 (5 ) -

MooHD(“E)Hiz([o,T];U(Q)) + g||UE - ﬂ||12L2([o,T];L2(B(-)))
< C”f”M([O,T];L"’(Q))“a||L°C([O7T];H2(B(2»))) + C'f I 20,1722
+C" max ||ﬂ\|ﬂ%2([o,T];H2(B(.)))a||ﬂHSL
L3=a™ ([0,T];H2(B(")))

bl

where ¢~ = inf{q(a), « € R} > 1.

In the same spirit as for the penalized problem, we define what is solution of the original problem in the moving
domain. Then we state the convergence of the weak solution of the penalized toward the solution of the original
problem (5), as well as its well-posedness, in theorem 1.2.

Definition 1.4 (u,p, a) is a solution to (5)-(7)-(8) if it fulfills
o ueLI(0,T5V(R\ B())). p € LU0, T;L3(2\ B(-))) with 2 < ¢ < +ov,
e a € L0, T;HA(Q\ B()) N L2(0, T3 HA(Q\ B())) NHY(0, T; H (R B(-)),
o u==7inO,,

(u,p) € L0, T; H (Q\ B(-); R)) x L9(0, T; L3(Q\ B(+))) with 2 < q < +00 is the solution to divu = 0
in Of and
P

—div(2p(a, D(u))D(u)) = f — Vp € L*(0,T;H™(Q\ B())),

satisfying the set of boundary conditions (7) and vz = Uz a.e.,

« is the solution 10 Oy + u - Va — div(eVa) = 0 in O, and satisfies the set of initial and boundary
conditions (8).

Theorem 1.2 Under the assumptions of Theorem 1.1, there exists a unique solution (u, p, «) to (5)-(7)-(8). More-
over the weak solution (uf, p°, a®) of (7)-(8)-(9) weakly converges towards (u, p, &) as € goes to zero.

Furthermore, many technical arguments are provided in Appendix A in order to build the proof of both theo-
rems, detailed in section 3.

2 Mathematical aspects of the penalized equations

2.1 The generalized Stokes problem in a non moving domain

We are now interested in the following non-coupled penalized Stokes problem

—div(2u(z,u)D(u)) + I?B(u —u)=f—Vp inQ,
1(2, D(W)) = oo + (p0(@) — p1o0) (1 + 28(2)2|D(w)) "5~ in Q) (10)

divu =0 in €,

where v satisfies the boundary conditions (7) and € > 0. Since there is for instance no coupling we work with a
viscosity g that only depends on x and w. In this problem, the given data are (ug, ) € (F(;R1))2, ¢ € P(Q)
the set of all measurable functions on §) with values in [1, +oc], see also section A.1, B an open set in {2, 4 €
F(B;R?) fulfilling divii = 0, f € F(Q;R®), and the unknowns are D(u) = (Vu + *Vu) /2 with u € F(Q;R?)
and p € F(Q; R).

First a time-independent problem is considered. To obtain the following results (H1) is assumed and an addi-
tional assumption is needed on % (HS5) which is a simpler time-independent version of (H3).

Hypothesis 5 (HS)
e 4 € H?(B;R?),



e divu = 0in B,
e 4, =0o0nT,
o 4 follows the set of boundary conditions in (7).

In order to ensure well-posedness of equation (10), @ does not need to match the velocity of the B(t), which is
accessible via the applicatin ¥ in hypothesis (H2). Nevertheless, the goal of the coupled model and assumption (8)
is to avoid the flux of « into the body B(t), so @ is required to match the body velocity field at the body boundary
when the full systems (5) and (9) are considered. The remark holds for both the penalized problem (10) and the
original non-penalized problem (14).

2.1.1 Existence and uniqueness

Definition 2.1 We associate to the problem (10) the following variational formulation for all v € V (),

/QQ,u(a:,D(u))(D(u) : D(v)) dx + é/

B

(u—@)-vdx:/fmdx. (11)
Q

Theorem 2.1 Let

e £>0, thoo >0,

to € L°(Q) such that for all x € Q, po(x) = too,

B € L*°(Q) such that for all x € Q, B(x) > 0,

q € P(Q) suchthat1 < q~ < ¢t <2,

u fulfilling (H5),
o feL2(QR3).
Then there exists a unique (u,p) € V() x L3(Q) solution of (10).

Proof. This proof is inspired from various results from [4] section I1.3.2 and from [14] but is adapted to the
non-linear case using Theorem A.12. We use the notation V' = V' (€2). We let

a(u,v) = /Q 2u(xz, D(u))D(u) : D(v) dx + é/ uv dx

B

for all (u,v) € V2. Then

la(u, v)| = ‘/92(um—k(uo—um)(l—i—Qﬂ(x)?D(u):D(u))q(;)_1>D(u):D(v) dx+§/Buvd:c

< 2400 || D(u) |2 1D () || L2 () + g||u||m2(3)||v||m2(3)
a(@) _ x)— x)—
- /Q 210 — 1o0)2 "% 72 (14 (V28(2))"9) 72| D(w)|) =) | D(w) | D(v)] de
1 a(x)
< 2ol D) 20y DO 20 + = ullam[0llam) + 20 (50 — 100)2°F =2 ocl| (W) 20 1 D(0) 120

i . 1\*" 1 \" .
2] (s — 1002773 ()7 %(() +( ) >||D<u>|q<> oo 1D o).

q(x) q'(x)

It follows that

1
la(, )] < CID() a1 D)oy + = lullacs) vlls
FCID) ooy max (1D (W) [,y D@L y)

- +_ 1
< O (ID@)le@) +max (ID@E o) 1D L)) ) 1D (@) + < lullz ) loles)
o 1
C max (HD(U)”Ez(Qly ||D(U)||1L2(Q)) HD(”)HL?(Q) + g||UHL2(B)HU||L2(B)

<
< Cemax (IID@) [ @} 1D@)ll2) ) 1D@)ll2(0)-

The function v — a(u,v) is well defined from V' to R, linear and continuous if v € V. Thanks to the Riesz
theorem, for all u € V there exists a unique A(u) € V' such that a(u,v) =< A(u),v >. The function A : V —
V" is well defined and bounded.



The function A — a(u + Au’,v) is continuous from R to R thanks to the dominated convergence theorem for all
(u,u’,v) € V3. Thanks to Lemma A.10 we have

< Alu) — AWw),u —v >= /Q2Moo|D(U) —D(v)[*dx + é /B lu —v|* dz
+ [ 200 = o) [(1+ 282 @I D) D)

(14 282(@) D))/ D ()] : (D(w) ~ D(v)) do > /Q 2tao| D(1) — D(w)[2d > 0.

Since (9 > [0, thanks to the Korn’s and Poincaré’s inequalities:

1 a(x
[ 2up@p e+ [ uar > [ pipf s+ [ 20— po) 1+ 262D D) de
Q B Q Q
> o0 D(w) 230y > Cllullfn -

|a(u, u)]

Consequently Tl — 400 as ||u|m1 () — +o00. Moreover the function L : V' — R defined by
u H! (Q)

1
L(v) = f-vdx—kf/ﬂ-vda:
Q €JB

is well defined, linear and continuous since
1
|L(v)] < ||fHJL2(Q)HU||L2(Q) + EHUHU(B)”'U”]LZ(B) < C||U||H1(Q),

so the function L is in V’. Thanks to the non-linear Lax-Milgram Theorem A.12 there exists a weak solution
u € V such that A(u) = L.
Let (u,v) € V? two weak solutions of (10). Then

<A(u)—Aw),u—v> = <0u—v>=0
> [ 2uslDlu— ) de > Cllu = vl o
Q
The solution is then unique and the end of the proof is classical. Indeed, the first part of the proof implies that

1

g = —div(2uD(u)) + —B(u — @) — f belongs to H~1(£2) . Testing this function against a function ¢ € H}(Q2)
€

such that divgy = 0 we obtain:

<g,0 >H-1(0),H (Q)= /QQ/,L(J?,D(U,))D(U) : D(¢) dx + é /B(u —u)pdr — A fodr =0.

De Rham’s theorem induces the existence of a function p € L3(£2) such that g = —Vp. We now verify that the
last boundary conditions are fulfilled. The function g + Vp rewrites

g+ Vp=—div(2u(xz, D(u))D(u) — pI) + I?B(u —u)—f=0.

From this expression we deduce that 2p(z, u) D(u) — pI lies in
Haiy = {v € L*(Q), dive € L*(Q)}
and admits a normal trace in HI='/2(99). For all ¢ € V(Q),

<g+Vp, ¢ >g-10)m@)=0
- / (2u(e, D) D(u) : D) ~ pdive)de — [ (2u, Dw)D(w)6 ~ pr - 6) do

a0
1 _
+E/B(ufu)¢dzf/ﬂf¢dx.

Since divgp = 0 and thanks to (11) expressed with v = ¢ and to the boundary conditions already fulfilled by « and

¢ we obtain
E 2/1D u) — p[ . (ZS d()

ie{1..I}
= Z < (2/LD(’U,) —p[)l/, 10) >H-1/2(D;),H/2(T;)
ie{1..I}
= Y <(1—=60)uD(Wv), ¢ >g-1/2r,y m/2r,y =0
ie{1..1}



forall ¢ € V(Q).
Forall i € {1..I}, let v; € H'Y?(T';). There exists a lifting ¢ € V() such that ¢ - v = 0, 0;¢ = 0 and

(1 —0;)¢ = ¥; on T; (see [4] section IIL.4 for example). Then for all 1) € H'/2(T;) with i € {1..I}, we obtain
thanks to its lifting in V' (£2) that

Z < 2,uD(u)1/,gz5 >H*1/2(Fi),H1/2(Fi) = Z < (]. - 91)(2[LD(U)V),’IZ)Z >]HI*1/2(I‘1-),(H1/2(F1;): 0,
ie{l..1} ie{l..1}

and then that for all i € {1..1}, one has (1 — 6;)(2uD(u)r) = 0in H™*/2(I;). Since T; is assumed to be flat (no
curvature), so v is constant and can be extended to a tubular neighborhood of T';, this writes:

(1—6;) (2ug“ +2uV (u - u)m) = 0in H™Y(Iy), i = 1..1.
14

Since p = pg >0, u-v € H1/2(Fi) and u - v = 0 on I'; we have V| (u - v) = 0, thus

ou -
Vw-v)=v-V(u-v)+V(u-v)= uv
v
. . Ou| .
and we finally get, by means of tangential projection, that (1 — Ql)g =0only, ¢t=1.1.
Hence (u,p) € V() x L3(£) is the solution to the Stokes problem (10). [

2.1.2 “Harmonic” prolongation of «

To obtain precise estimates on (u, p) we need a prolongation @ of @ in the whole domain 2. We study the following

system:
—div(2usD(@)) = —Vp inQ\ B,
divi=0 inQ\ B,
@=1u ondB\ 09,

u satisfies the boundary conditions in (7).

(12)

Proposition 2.2 We assume (HI)-(HS). There exists a unique weak solution (i, p) of (12) with @ € H*(Q2\ B; R3)

and p € L3(2\ B). Moreover there exists a constant C depending on Q) \ B such that
e @8y + 1Pz B) < Clltllue(s).-
Proof. cf[14] ]

Proposition 2.3 Under the assumptions of Prop. 2.2, we let P(u) = 1ptu+ 1o\ gu. Then P(u) € V() and there
exists a constant C depending on B (and ) such that

1P (@) (o) < Clltlluz(s)-

2.1.3 Estimates on (u, p)

Under the assumptions of Theorem 2.1 and Proposition 2.2 we let (u, p) be the unique weak solution to (10) given
by Theorem 2.1. Applying (11) with v = v — P (@), we obtain

| 2ute. DE@)ID@P da+ Zlju = il s,
<z (Hulioey + 1P@ o) + [ 2u(e D)D) DP(@))do,
< Il (lallaqey + 1P zz(@y) + € max (1D oy 1000 zc@y) 1D(P@) s

< Ol e lllszs) + Ol 7Ry + Cmax (||D<P<u>>||£;(g), |D<P<u>>|izm)) + oo D@ Bager
hence

1 _ _ T i
Moo”D(U)Hf?(Q) + g”“ - U||12L2(B) < O fllLz o llallmz sy + C||f||12L2(Q) + C'max (”UISPEIB): ”U]%I?(B)) .
(13)
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From (10), we deduce

IVplla-1(0) .
< | flla-1(@) + 1div(2uD(w)) |z-1 (@) + *||1B(U —)|lg-1(q)
< fllez ) + ||2M(517 D(u))D(u)||L2 () + *||U — ||z ()
< | fllezce) + *||U — 2By + 2pc0 | D(u )||L2(Q
A2y — o) I DL llzg@y + 1127 (o — £160) 872 oo | D () |97 2
< fllez ) + *||U — |2 (By + 2Hool [ D(u)]|L2()
122 g — o) e | D) s
FOI2" 7 g — )32 o (e (D) 20,52 1D )
< [ fllLzo) + 1||U — |23y + 2Mc0 | D(u)||L2(0)
+2 (uo—uoo>||oo\|D<u)||Lz<m+C||2@*1<uo—uoomq@*?nmmax(\|D<u>||;iz<§2%|\D< 2))

q 1)71

Since the mean of p is zero, Poincaré’s lemma gives

q()
oz < ©[Iflla@ + 2l = sy + 2ntoc IDElacay + 25 (0 = )| 1Dz
(@)

£ 2% o = ) 3992|_ e (1D PO |

2.2 The generalized Stokes problem in a time-dependent domain

Let T > 0. In the following the domain B depends on the time ¢ € [0, 7] and we need to track the dependency
on time ¢ of the constants (especially the ones in all Sobolev related theorems). Using classical trace and lifting
theorems (on the domain B(t) or €2\ B(t)) there appear to be some constants depending on B(t) and 2\ B(t).
Thanks to the Proposition A.6 we can estimate the time-behaviour of these constants.

Proposition 2.4 (Time dependent “harmonic” lifting) Assuming (HI)-(H2)-(H3) and jioo > 0, there exists a
unique weak solution (i, p) to

—2div(peo D(0)) = =Vp in Oy,
divi=0 inOS,

U =1u ae. on, (14
u satisfies the boundary conditions (7),
where i € L°°(0, T; HY(Q\ B(+);R®)) and p € L°°(0, T; L2(Q2\ B(-))).
Moreover there exists a constant C' depending on B and V such that for all 1 < g < +00
l@llLaco,rm @\B(y)) + IPllLao,riz\80)) < Cllullmzco,)-
Proof. see [14]. [ |

Proposition 2.5 Under the assumptions of Proposition 2.4 we let P(u) = 1o, u+1ocu. Then P(u) € L*>(0,T; V(£2))
and there exists a constant C depending on B and W such that for all 1 < g < +oo, ||P(a t)lLago,rim () <
Clalle= (o ryme(5()))-

Following the scheme used in section 2.1 we obtain the following theorem.
Theorem 2.6 We assume (H1), (H2) and (H3). Let
¢ >0, hoo >0, T >0,
o 1 € L]0, T] x Q) such that for all (t,z) € [0,T] X Q, po(t,x) = pioo,
o 5 L>([0,T] x Q) such that for all (t,z) € [0,T] x Q, B(t,z) >0,

o ¢ € L>°([0,T] x Q) such that forallt € [0,T] q(t,-) € P(Q) and
1<q <qgt <2

o f L0, T;L2(;R?)).
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Then there exists a unique weak solution (u, p) to the problem

1
—div(2u(z, u)D(u)) + ?(u —a)=f—Vp in[0,T] x Q,
divu =0 in[0,T] x Q, (15)
u satisfies the set of boundary conditions (7),
which fulfills (u,p) € L™ ([0,T],V () x L" ([0, T]; L&(2)) for all 2 < r < +oc. We also have the following
inequalities:
1 _
Moo||D(U)||H2_oe([o,T];1L2(Q)) + g”“ - “||n2_oc([o,T];L2(B(-)))
< Ol o.ryzzp lll=qoara e + O IE o, ryna )
+C" max ( |72 o o2 (1)) 10,702 (5
and 1
pioo | D)2 2 (0, 77.1202)) + g||u — allf2 (o 1128y

< CllF Mz o,z 1l o,y + C N F IR 2 0,172 )
2

+C" max  [[allEz o,y 5):

all ~
L3=a™ ([0,T];H?(B(-)))

2.3 The convection-diffusion equation in a time-dependent domain

Theorem 2.7 We assume (H1) and (H2). Let o > 0 and u € L>°(0,T;V(Q)). Let ag € H(Q \ B(0)). There
exists a unique solution o € L°°(0, T; HY(Q \ B(+))) NL2(0, T; H2(Q\ B(+))) NHY(0, T;L*(Q\ B(-))) to the
problem

Ora+u-Va —div(eVa) =0 in O,
where o follows the set of initial and boundary conditions (8). Moreover if oy € H?(Q \ B(0)) and fulfills the
boundary conditions described in (8) then o € 1L°°(0, T; H2(Q\ B(+)))NL2(0, T; H3(Q\ B(+)))NH (0, T; H! (Q\
B(+))) and there exist some constants C and C' depending only on Q and o such that for all t € [0, T):

ot w25y < Cllaollme\z(0)) exp (C/t (1 + HUHEM(O,T;Hl(Q)) + ||u||ﬁm(o,T;Hl(Q))>)
and
el o 8 < Cllaollzzqan oy exp (C' (14 el o700 () + Nl 0 rimscay) ) ) -

Proof. In order to deal with the variable domain we use the diffeomorphism ¥ defined in hypothesis (H2) to rewrite
the equation in a fixed domain but with time-dependent differential operators. We let 3(t,y) = a(t, ¥(t,y)) for
allt € [0,7] and y € Q \ B. In the following we note ¥;(y) instead of ¥(¢,y). S fulfills

0B +u(t,y) - " Ji(y)'VB —gA(t,y)B =0 inQ\ B,
(Je(y) " Je(y)"'VB) v =0 on (A(Q\ B)NQ) UT,
[ has periodic conditions otherwise,

B(0,-) = ag (¥o()) inQ\ B,

where v is the outward unitary normal to d(Q2 \ B), J;(y) is the Jacobian matrix of y + Uy(y), v(t,y) =
u(t, Ui (y)) — 01 W4(y) and

(16)

A(t,y)B = div (1g\5 (W) (" Je(y) Je(y) "'V B) . (17)

Since we have assumed that ¥ preserves the measure we have | det J;(y)| = 1 for all (¢, y) € [0, 7] x 2 hence
we get the expression of the operator A. This also allows us to work with the classical Lebesgue and Sobolev spaces
instead of weighted ones (with a dependence on time). This assumption also leads to div.J; * (), ¥(t,y) = 0 for
all (t,y) € [0,T] x Q\ B and implies that div(J;(y) " tv(t,y)) = 0.

Instead of using a Galerkin’s method where the time-dependence of the eigenfunctions of A will be problematic

we discretize in time the equation to prove the existence of solutions. Let N € N*, h = v and t" = nh. We are

looking for 8™ (y) approximation of 5(¢™, y), which is the solution of the following implicit numerical scheme:

Bn—&-l _ Bn _
" T () TV — g AT )T =0 inQ\ B,

h _
(J " Tena (y) TPVB™ ) s =0 on (9(Q\ B)NQ) UL =: 4, (18)
"+ has periodic conditions otherwise,
3% =B(0,-) = a0 (To(-)) inQ\ B,

12



1 g+l
where v 11 (y) = E/ (u(t, U(y)) — (0: T (y))) dt.
t’VL _
By taking the scalar product of the equation with 3’ € H?(Q2 \ B) fulfilling the same boundary conditions and

integrating by parts, we get
a(B"*, B)
= /Q €;+16’+h0 (T VBT (T VB R (T VBT B da 19)
—L3)= [ e

O\B

This formulation is well-posed in H* (Q2\ B). Thanks to the regularity of ¥ , the operator L is linear and continuous
on H'(Q\ B) and a is bilinear and continuous on (H*(Q\ B))Q. Moreover

a(8, B) = 1813 + hol|' Ty VBIE — Al 61811 Tl VBl
> |IBI3 + ho ' I, VB3 — Chllo™ 6" Jtszn \\ﬂ||1/2||5||1/2
> (18113 + ho || T4 VBI2 — Chllo™ 6] Tk 1 VBl 18115
(||ﬂu”2 + O VBl )

> (1= Ch(Jlv" Mg + o™ lg)) 18113 + §0||tJ§L1+1Vﬁllz«

(20)

Thanks to the assumptions on u and W, (v™),eqo,..., v} is bounded in £°({0, ..., N};L8(Q2\ B)), then for h
independent of n and small enough, the form a is coercive. Thanks to Lax-Milgram theorem we then have the
existence and uniqueness of a solution 8"+ € H!(Q\ B) foralln € {0..N}.

We now let the functions 3V and BV be defined piece-wisely by 3 = g"*! and BN (t,y) = B"(y) +

t—t" _
T(ﬂ"“ — ") forally € Q\ Bandt €]t", t"*1]. These functions fulfill:

BN + N LI N VAN — o AN (ty)BY =0

where 5V, J; x and AN are defined piece-wisely by oV (t,y) = vt (y), Jin(y) = Jeni1(y) and AN (t,y) =
A(t™HL y) forall ¢t €], ¢ ] andy € Q\ B. .

In order to prove the existence of solutions of (16) we now need an estimate on 3. We take 3/ = "' in
(19) and obtain thanks to (20):

1
(1= Ch ([0 2+ o™ THIE) 18713 + o211, VB I3 < / BB dr < IIB"H% + gllﬂ"“ll2
and then

1 n n n — n n
(5 - On Qo2+ 19m218) ) 1B + o5 1 I V8™ B < 107,

1
We take h still independent from n so that Ch (||[o" |13 + |o" T ||§) < C'h < 1 and we obtain that

7\ L 7N\
g+ (1205 ) onl L v < (1-20%) 187
Since 1/2<1-2C'T/N <1, (1— 2C’%)7ﬂ < exp (4C’ %) and a quick recurrence gives:
- _ T
13+ 23 ohl g g < (1208 ) ISVIE < exp (40T 1) 15718 < exp (4P |81
k=1

This implies that 3 and Y € L°°(0, T;1L.2(Q \ B)) N1L2(0, T;H' (2 \ B)). We now take the gradient of the
first equation in (18)

vﬁn-‘rl 4+ hVY (,Un—i-l . tJt;}erBn—i-l _ UA(tn+1,y)6n+1) — vﬁn
and take its scalar product with .J;,; 1, *J;.}, V3" 1. Thanks to integration by parts we get:
[T L VB2 + ho|| A", y) 8713
< /S;\B (tt];-lu(y)vﬂn) . (tJt:j_l(y)Vﬂn) dy + h/Q\B (,UnJrl . tJt—n_l*_1 (y)VﬂnJrl) A(t”H,y)B”“ dy

1 - n 1 - n n - n n n
<1 VB ||§+*||tJtnLVﬂ FHE A+ Rl 6l T2k VB Il A ) 87 |2

< I T+ G )+ (5 - Cn (IR + o) ) 108V
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Since J;, 1 (y) = Ji' (y) + ft" 3tJt (y))(s) ds, we have

tn

I+ / O ())() e () ds

tn

< (L4 Rl @) e 0.1y <) 10T (W) Lo (0,1 x ) |F T V8™ |2

T VB 2 < " Tk e TtV 8™
o

< " TV 8" |2

Then we obtain

1 ) ) B ho 1+ Ch)?
(5 - 0n (e 1+ 101 ) 19,98 B + A ypeeig « L2

t 7—1 2
el i e
As we did for the L? estimates we obtain that

. . n T —-n T 2n B
913 +2 3 oA ) <(1-20%) (1+0g) 1uve
- U,

exp ((4C" +20)T 1) 115 VA"

<
< exp ((4C" +20)T) ||' Ty 'V B°I3.

Then BN and BV belong in - ~ - -
Lo (0, T; HY (Q\ B)) N1L2(0,T; H2(Q \ B)) and ;8" € L2(0,T;1L2(2\ B)).
Thanks to these last bounds we get that

Q

~ _ T =
1BY = BN Iz 0.1y x By < NHatBNH]Iﬁ((O,T)xQ\B) SN 0as N — +oo.

From these results we deduce by means of Theorem A.5 that there exists -
B e L>=(0,T;H(Q\ B)) NL2(0,T;HA(Q\ B)) NH'(0,T;L*(Q\ B))
such that up to a subsequence

BN -~ g weak — x in L>°(0, T; H' (2 \ B)),
BN~ B weakinL2(0,T; H?(Q \B))
gy~ B weak—*mL‘X’(O T;HY(Q\ B)),
BN — B weakinL2(0,T;H?(Q\ B)),
opN  — 98 weakinL2(0,T;L2(Q\ B)),
gN = B strong in C°(0, T; H* (2 \ B)) NL2(0, T;H**(Q\ B)), 0 < s < 1,
BN = B stronginL2(0,T;L2%(Q\ B)).
Moreover we have that
o - weak — xin L°°(0, T; H(Q\ B)),
Jin — strong in C*((0,T) x Q\ B),

AN(ty)8 — A(t,y)B stronginL?(0, T;HX(Q\ B))
forall 3 € L2(0,T; H2(Q\ B)).

Thanks to all these convergences we deduce that /3 is a solution to (16) with all the expected boundary and
initial conditions. Since we assume that 3y € H?(Q \ B) we have indeed more regularity on /3. To prove this we
write all the energy estimates we have on 3, available in Appendix B, which finishes the proof. ]

Remark : Since we use Lemma A.2 the first inequality in Theorem 2.7 is not sharp. The second one is a very
rough bound.

3 Asymptotic analysis and proofs of Theorem 1.1 and Theorem 1.2

3.1 Study of the coupled penalized problem

To prove the existence of a solution to this coupled non-linear problem, we introduce the sequence (o™, u™, p™)
defined by

1. a® = @& the extension by 0 of o outside 2\ B(0),
2. (u™,p") is the solution to
~div [2 (oo + (10(0") ~p1oc) (14282(a") | D (1) [2)7)/271) D(u)]
15(¢
+£(u” —u)=f—-Vp" in[0,T] x Q,

u™ satisfies the set of boundary conditions (7).
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3. a™ T is the solution to
O™t 4w Vot — diveVa"t =0 in O

where " t! satisfies the set of initial and boundary conditions (8).
4. We let u™t! = G(u™).
In the following we prove that G is a contraction in a well-chosen space. One can notice that the extension of
a™ by 0 means ™! = 01in O,,.
3.1.1 Study of G

Let E = 1.°°(0,T;V()). The operator G maps E to E thanks to theorems 2.6 and 2.7. Let u and v’ two solutions
to (15) with « and o respectively. We need the following proposition, whose proofs are available in Appendix C.

Proposition 3.1 Under the assumption (H4), there exists a constant C depending only onT, ), f and u such that
forae. t€[0,T]
1w = ')t )l @) < Cll(e = ) () lLe(o)-

Proof. See Appendix C.1. ]
Let o and « two solutions to (7)-(8)-(9) respectively with v and u'.

Proposition 3.2 There exists a constant C depending on ), ||cvo||m2 (), f, @, and on ||||Le(q) such that for all

tel0,T]
(e = @)t )l sy < Clle = @ l1Ea 0,1 0By
and
llon = &/l 0 2y < Clle = W IE2 0 o 80y
Proof. See Appendix C.2. ]

Proposition 3.3 There exists a time T* < T depending only on T, Q, Oy, ||ao||m2(q), f and @ such that

1
||G(u) — G(U/)HLQ(O,T*;HI(Q)) < §H’U, — u/||Lz(O,T*;H1(Q)).
Proof. See Appendix C.3. u

Proposition 3.4 There exists a constant C depending on T, S, O,, f and G such that

| (e, D(w) Di(w) = pte’s D)D) (1o
< € (D) = D@tz + @ = @)t eien ) -

Proof. See Appendix C.4. ]

3.1.2 Proof of Theorem 1.1

The sequence (a™),cn defined in section 3.1 is bounded in L>°(0, 7; H2(Q \ B(+))) NL2(0, T;H3(Q\ B(-))) N
H (0, T;HY(Q\ B(+))), as well as (u™)pen in L°(0,7; V() and (p™)nen in L2(0, T5LE(Q)).
The function G is a contraction on IL?(0, 7*; H*(€2)). This implies that the recurrent sequence (u"), ¢y defined
in the section 3.1 converges strongly in IL?(0, T*; H! (2)), and thanks to Prop. 3.2 the sequence (a"),,cy converges
strongly in > (0, 7*; H (2 \ B(-))) NL2(0,7*;H2(Q \ B(+))) and then in L2(0, T*; L (2 \ B(-))).
Thanks to Prop. 3.4 we then have that (u(a™, u™) D(u™)),,en converges strongly to (v, u) D (w) in L2(0, T*; L?(2)).
Moreover, thanks to the boundedness of the sequences there exists subsequences of (a™),cn and (p™),en still
denoted (a™),en and (p™)nen that fulfill:

a" =« weak —xin L>(0,T*; H*(Q\ B(-))),
a™ — a  weak in L2(0, T*;H?(Q \ B("))),
a™ — o weak in H'(0, T*; HY(Q\ B(+))),
p" —p  weakin L2(0, 7% 1L3(Q)).

We now take the limit as n goes to +oo in the sequence defined in 3.1 and obtain that (u,p,«) is a weak
solution to (9) on (0,7%*) x Q.
Furthermore, the time 7™ depends only on the data of the problem, particularly through the estimate on @ €
L°°(0,T; H2(2\ B(+))) obtained in Theorem 2.7. We then have
def
e o,z 5 < Cllaolis e sy 50 (C'T (14 1l e o 21 ) + Nl o @) ) < M
21
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with estimates on u only depending on the data of the problem (Theorem 2.6). We let M be the right-handside of

the inequality. Back to Prop. 3.3 we bound || |2\ (o)) by M and take a smaller 7 so that G be a contraction.
_ 9 _

Since a € L2(0, T; H3(Q2 \ B(+))) and a—? e L2(0,T; H'(Q\ B(-))) we then have:

a € C([0, T*[; H*(2\ B(")))
from Theorem A.5 applied to 8(¢,y) = a(t, U:(y)).

This implies that «(0,-) = ag € H?(Q \ B(0)) and that o(T*,-) € H2(Q \ B(T*)) and fulfills the same
boundary conditions as ag. Moreover ||o(T™, -)||lg2(o\ p(7+)) is also bounded by M thanks to (21). We now apply
the same estimates starting from 7 and still get that G is a contraction. We obtain the existence and the uniqueness
of the solution on (7, 27™) and thanks to (21) on (0,27™) C (0,7") we bound |[a(t, )|z (0 B(t)) by M. This
allows us to recursively obtain the solution on (0, 7).

3.2 Proof of Theorem 1.2

Lemma 3.5 Let u € LP(0,T;HY(Q \ B("))), K € R™ and (a,a’) € L0, T;L>°(Q \ B(-))) such that
el o, 7Lee o\ B(y)) and |/ |Lao,riLee 0\ B(.))) @re bounded by K. Then there exists a constant Cx > 0
such that

| (2p(er, u) = 2u(a’, u)) D(U)HLT(O,T;M(Q\B(t))) < CKHD(U)||]LP(O,T;]L2(Q\B(~)))Ha - O/HLQ(O,T;ILOC(Q\B(')))a

1 1 1 _
where — = — + —. The same result holds if we replace 2\ B(t) by .
r P g

Proof. The proof is similar to the proof of Proposition 3.4, detailed in section C.4. ]
According to Theorem 1.1 we have that

e af is bounded independently from ¢ in the spaces -
L0, T3 H(Q2\ B())), L*(0, T3 H(Q \ B("))) and H'(0, T; H' (Q\ B())),
which also implies that o and Vo< are bounded in H' (O5),

e v is bounded in L(0,T; V(Q2)) for all 2 < ¢ < +o0,
o e Yuf — ﬂ||H%q(0 7.5(.) 15 bounded for all 2 < ¢ < +o0.

Then there exists a subsequence still denoted (u°, p©, a°) that fulfills

a® = a weak —xinL>(0,T;H*(Q\ B(+))),

af  — a weakinL2(0,T;H3(Q\ B(")),

o — o weakin HY(0,T;HY(Q\ B(+))),

a®  — a stonginLY(Op) forall2 < ¢ <4,

Vaf — Va stronginL9(Oy) forall 2 < g < 4,

ut  — wu  weakinLY(0,T;V(Q)) forall 2 < ¢ < +00,

u® — wu weak —xinL*°(0,T;V(Q)),

w® — 4 stronginL9(0,T;L?(B(-))) forall 2 < ¢ < +o0,

Study of a: Thanks to the strong convergence of Va® in ]L4(Of,) and the weak convergence of u° in ]L4(Og),
u®-Vaf converges weakly toward u- Vo in L2 (O;). This implies that we can take the limit in the weak formulation
of the convection-diffusion equation.

Since af converges weakly towards a in H' (0, T; H' (2 \ B(+))), a*(0, -) converges weakly towards a/(0, -) in
H!(2\ B(0)) which implies that (0, -) = o € H?(Q2\ B(0)) in the trace sense.

Moreover, thanks to Theorem A.5 (Aubin-Simon applied to 8°(t,y) = a°(t, ¥+(y))), a° converges strongly
up to a subsequence in L2(0, T; H2(Q2 \ B(-))) and consequently in L2(0, T;L>°(Q \ B(-))).
Study of (u, p): Thanks to the weak convergence of u° towards w in L2(0,T; V(Q2)) and to the strong convergence
of u towards @ in L?(0,,), we have u = % in O,,.
Since 2u(af, u®) D(u) is bounded in L?(Of) and in L.?(O) it converges weakly in L*(O%) and in L2(O).

This implies that —div(2u(a®, u) D(uf)) converges weakly in L2 (0, 75 H=1 (Q\ B(+))) and in L?(0, T; H=(Q)).
In Oy, (u®,p®) is a weak solution to divu® = 0 in Oj and

—div(2u(a®,u®)D(u®)) = f — Vp° in Oy,

where u® satisfies the boundary conditions (7). -
This also implies that Vp® converges weakly towards Vp in L2(0, T; H~'(Q \ B(-))) and then p® converges
weakly towards p in L2(0, T; L3 (2 \ B(+))).
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Since u € L?(0, T; V(Q)) C L2(0,T; H(Q)) then ujpp(.)na € L*(0,T;HY2(9B(-)NQ)). Moreover u =
in O, with & € H3(O,). Consequently, ujpp(.)na = Ujap()na in L2(0, T; HY2(0B(-) N Q).

Let U the weak limit of —div(2u(af, u)D(uf)) inL2(0, T; H~1 (). We now prove that U = —div(2u(a, u)D(u)).
Thanks to Lemma 3.5 and to the bounds on u® we have that || (2u(a®, u®) — 2u(a, u®)) D(u®)La(o,rL2(0\B()))
converges to zero as € goes to zero for all 1 < ¢ < 4.

We will now study more accurately the operator A, (u) = —div(2u(a, w)D(u)). We prove in Theorem 2.1
that the operator 4, : V(Q2) — V’(Q) is bounded, hemi-continuous and strongly monotone. The operator is then
pseudo-monotone (Proposition A.11). Moreover we have

1
< Aafuayua > "‘g”uE - ﬂ”]%z(B(t)) = /Qf(ua — P(ﬂ))"‘ < AQEUE,P(Q) > .

Then _ _
lim < Agu®,u® > = lim < Ageu®,u® >
e—=0 e—=0
<lim [ (- (uf = P(@))+ < Aa-u®, P(a) >)
e—=0 Jo
< / f-(u—P(u))de+ < U, P(u) >
Q
</ f~(u—P(ﬁ)dx+/ f+(u—P(a)) de+ < U, P(u) > .
Q\B(?) B T

Since f = Vp+ U in Q\ B(t) we have

/ fo(u—Plu)de = / ~ (Vp+U)-(u— P(a))de
Q\B(t) O\B(t)
= i} Vp'(ufP(ﬁ))dsH/ U (u—P(a)dr
Q\B(t) O\B(t)

= / p(u— P(a)) vdo+ p(u— P(a))-vdo
OB(t)NQ T 'y T
_/  pdiv(u - P(a)) dx+/ U-(u— P(a)) dz
NBE) Q

= <Uu—P(a)>.

Finally we have

E} < Aguf v ><< Uyu > .

Since u® — w in L2(0,T; V() and A,u® — U in L2(0,T;V'(Q)) and A, is pseudo-monotone, we have
thanks to Proposition A.11 that A,u = U.

Thanks to the weak convergence of v = 2u(a®,u®) D(uf) — p°I in L?(Of) and since dive® = f € L2(05),
we get v° converging weakly in Haiy = {v € L2(Q), dive € L?(Q)}. Then 2u(a,u)D(u) — pI € Haiy and
(2u(a,u)D(u) —pI) - v =0on [0,T] x T, from which we deduce as in the proof of Theorem 2.1 the remaining
boundary conditions.

Uniqueness: Let (u, p, ) and (u/, p’, o’) two weak solutions to (5). Prop 3.2 gives that for all ¢ € [0, T,

[(=a" )t ) lm@aey < Cllu—v|lL204m @)\ B0)
la—allLzpm\5e))) < Cllu—u|lizoem @\B()))-

Following the estimates in Proposition 3.1 we write for almost all ¢ € [0, T,
/ 2u|D(u —u)|*(t, z) da
Q\B(t)
2 2 2
< K (D)2 0,200 50 HIP @) e o 70200000 ) 1@ = @) &N oe 0
Fora.e. t € [0,T] we have

ID(w —u)(t, )Lz @\ 50 , '
< C (Ilullie o, 3By + 10 llos 0,7 (@ By)) (@ = @) (& )= @ B() -

Thanks to the bounds on u, v’ and to lemma A.2 we obtain for a.e. t € [0, 7],

1/4 3/4
1D(u— )t Y laon sy < Clller— )t g sy 10— a)E I o 50
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Combining all these inequalities leads to
t
2 / 1/2 3/2
”u - U/HL2(07t;H1(Q\B(~))) < C/O ”(O‘ - )(Sa ')HHl(Q\B(,))”(O‘ - )( )HH2(Q\B( )
" 1/4
3/2
¢ ([ 1= B ds) o=l oo

. 1/4
3/2
C (/0 [[(@ — ") (s, WM& 50 ds) [l — ulllLé(O,t;Hl(Q\B(J))'
Hence t
e = /l1E2 (0,41 1 )y < C/O (e = @) (s, )l ey 4

and finally

[(e — &/)(t, )HHl (Q\B(") < Cllu—wu ||L2(0 HHUOQ\B())) S C/ [[(e — /)(s, ')H%p(g\é(.)) ds.
Thanks to Gronwall lemma we have for all ¢ € [0, 7]

(@ = &) (t, )z @5y = 05

and then conclude that u = v/ and p = p'.

4 Applications to shear-thinning heterogeneous micro-scale flows

Two microfluidic real-world problems satisfying the coupled problem (2,3) are addressed in these sections.

Firstly, in section 4.1, the transport and diffusion of Xanthan polymer in a porous rock is studied at the scale of
the pores. In this case the domain does not depend on time, but a strongly non-linear miscible fluid is in motion in
a micro-channel exhibiting a complex geometry.

Secondly, in section 4.2, a mixture of mucins, the proteins involved in pulmonary mucus, are displaced by
means of the vibratile motion of the ciliated epithelium cells covering the lungs. In that last case, the domain is
moving and is the dominant motion effect. The full Stokes-transport coupling thus goes beyond the work done
in [10] where only a prescribed a(z) was considered.

Dedicated computational algorithms have been developed to compute the studied coupled Newtonian problem
[11, 12, 10], and for the uncoupled non-linear problem [9]. These algorithms involve a hybrid grid—particles frame-
work in order to consider a suitable discretization of each phenomenon: Cartesian grids for the Stokes problem
and diffusion, Lagrangian method for the transport.

The resolution of the Stokes problem is based on an iterative projection method. This ensures accurate com-
putations of both the inviscid velocity and the non-linear effects as well as the penalized domain velocity and
boundary conditions (an inherent problem of projection methods [28]). It has been shown in [11], and improved
numerically in [12], that for a given function « the solution to the generalized Stokes problem is the limit of:

u="P ( lim u;’;)
n—oo
where P is the projector on divergence-free fields P(v) = v — V( with ( the solution to —A¢{ = —divv satisfying
homogeneous Neumann or periodic boundary conditions, and where v, is the sequence of functions defined as

follows: 1
NS B(” () —ul + Puf)) = f+ [2D(uy) + (divei)1d] Vi (22)

with p = p (a, P(u))) satisfying the Carreau law (2).
Adequate boundary conditions are setup for the limit function to satisfy the correct boundary conditions of the
Stokes problem. Indeed, the non homogeneous Dirichlet condition based on the Richardson extrapolation

Uy =g+ (1=0) (Puy,) —up) + 6 (P(up_y) —uyy_y)

leads to the boundary condition © = g¢. § € [0, 1] leads to the usual relaxation scheme, while § = —1 gives the
Richardson extrapolation, used in the present simulations.
The sequence defined by equation (22) reads, once divided by pt > pie > 0:

— Auj g + 1) (pe) " tul ., = RHS. (23)

This numerical strategy reduces the grid computations to a sequence of Poisson problems resolution computed
with a FFT-based solver FishPack [45] for the numerical evaluation of the projector P, and an algebraic multigrid
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A. Solid domain: Union of the rock body B. Fluid domain C. Isosurfaces of initial
and the cylindrical cell (hollow plot). function « (hollow plot).

D. Composite view of the fluid
with Xanthan concentration, the
rock body and the cylindrical
cell filling the computational
box (hollow plot).

Figure 3: Initial configuration of a Xanthan flow in a Bentheimer sandstone at its pore-scale (resolution 2573).
Pictures A and B displays respectively the solid (set B) and the fluid domains. Picture C shows three isosurfaces of
the initial concentration of Xanthan </, 4, hollowed in order to show the flow inside the pores: levels 0.2 (blue,
water with almost no Xanthan), 0.5 (transparent red, low concentration Xanthan) and 1 (red, high concentration
Xanthan). Left/right/front/back boundary conditions are periodic, so the penalized domain is allowed to be "square-
shaped", and the top/bottom are Dirichlet and Neumann boundary conditions so that 92 N B = @ as for the case
2.F of Figure 2.

solver MudPack [1] for the non-separable Helmholtz equation (23). This ensures a quasi—linear computational cost
with respect to the number of discretization points.

The idea of hybrid Particle-Grid methods is to use particles for the diffusion-transport and a grid-based method
for the penalized Stokes problem. A particle is a set («;, z;,v;) with a position z;, a volume v; and a weight o,
all of them depending only on time. Particles are a mean to approximate a function in the following sense:

ap(-,t) = Z @;j(t)d,,(yv; suchthat axp(z,t) = Z o;(t)p (z — () v; (t) 24)

for any regularizing kernel p. The transport equation can then be replaced by a set of differential equations for the
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o o Parameter Value
NS Diffusion o 41072 m?%/s
cooH OH o . Solvent (water) viscosity fioc | 1073 Pa-s
e P MON° o Carreau index N — 1 —0.614
N ° %{N A, 0.26 Pa -5
w0 ol B, 6.061074
0 % R, 6.5104
o o) Yo o Ag 2.4s
o L. Bg 6.1710~*

Table 1: Xanthan molecular structure and its rtheological parameters.
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Viscosity at zero shear-rate g (Pa-s)
and inverse shear-rate cut-off f (s 1)
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Figure 4: Xanthan viscosity at rest (o (zero shear-rate) and inverse shear-rate cut-off S with respect to xanthan
concentration (g/L) : experimental data (from [30]) and best exponential fits, with sigmoid transition from linear
to exponential for the py.

particle weights and locations which, for an incompressible flow, reads:

(t) = [oAa] (z;(1),1)
(t) = ulz;(t), 1) (25)

v (t) = 0 since divu = 0

/,
J
/.
J

where the velocity field v is computed through the resolution of the penalized Stokes problem.

This method in particular exhibits nice stability properties, in the sense that, unlike for traditional grid-based
methods, the time-step is not constrained by the grid size (that is to say there is no transport CFL condition). For
the high resolution simulations that we will consider, this significantly reduces the computational time. In order
to transfer data from grid to particles and the way back, high order convolution with strongly compact supported
kernels are used. For instance, we use the M3, M5 and M} kernels (depending on whether the positivity is crucial
or not) introduced in [36] and developed further in the context of particle methods in [16].

Since the convergence and consistency of this numerical method have been already investigated in [11, 12], no
further description is provided in the present article. The following section addresses the use of this method for
two real-world problems treated for the first time, that is to say solving the full coupled PDEs (2,3).

4.1 Application to polymer dynamics in geoscience

We are interested in the transport of Xanthan mixed in water (called the solvent, a Newtonian fluid of constant
Viscosity fto) by a viscous flow in a porous rock at its pore scale. This configuration is displayed on Figure 3 and
is setup as follows.

First, the solid is defined by the rock core matrix surrounded by a cylindrical cell filling the outer part of the
computational box (the solid domain B is the union of these two sets, as displayed on Figure 3.A). The rock core
matrix geometry is a Bentheimer sandstone defined by a set of 2572 voxels of 1 and 0, here obtained by MicroCT
X-Ray tomography with a SkyScan 1172 (Bruker). This provides a straightforward characteristic function 1 of
the solid penalized region and leading to model (3), the penalized version of (1). Despite the fact that the domain
here is not moving, this case provides a meaningful application case of (3) and illustrates how the hypothesis (H1)
to (H4) are satisfied and what they mean in practice (especially (H4)).

Second, the fluid domain is the open complementary set of B (shown on Figure 3.B) and is filled with a
concentration aCyy of Xanthan (« is variable in space and time), where Cy = 600mg/L or equivalently Cy/p =
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T T T T T T T T T
AN ———— Power law fit NPL=0'60363 KPL=0'16856
10 R e oy X Xanthane viscosity at 600mg/L
Lot BN R +  Xanthane viscosity at 300mg/L
Carreau law N-1=-0.38637 at 600mg/L
Viscosity diagram at 300mg/L
Viscosity diagram at 120mg/L
———— \Viscosity diagram at 60mg/L
Viscosity diagram at mg/L
Solvant viscosity
%  Experimental viscosity at rest, 0.05%=420mg/L |{
— — - Viscosity model, 0.05%=420mg/L H

Viscosity 1L (Pa- s)

107

107 10

Shear-rate v (5'1)

Figure 5: Xanthan shear-thinning feature: Viscosity with respect to the shear-rate. Two curves fit data from [48],
with inverse shear-rate cutoff 5 obtained by the regressions displayed on figure 4 and based on [30].

0.0713%, where p = 0.842kg/L is its density. The quantity « is transported and diffused in the fluid domain with
a velocity w solution to the 3D generalized Stokes problem (1). When « reaches zero, there is no Xanthan at all at
this location.

The Xanthan is a miscible polymer, used in Enhanced Oil Recovery (EOR). It exhibits a shear-thinning be-
havior, and is commonly used as an emulsifier or thickener in human food industry, widely used in gluten-free
food production. A usual way to produce Xanthan is by fermentation of corn sugar, wheat or soy with the bacteria
Xanthomonas campestris. Its rheological properties are quite stable to temperature and acidity variations. These
features are close to the Scleroglucan polymer, also used in EOR and reasonably clean since it can also be con-
sumed by bacterial activity, but Xanthan exhibits no yield-stress and thus its micro-scale transport and diffusion is
correctly modeled by our coupled Stokes—Tranport/Diffusion system (1) involving the Carreau law.

The Carreau law (2) satisfied by this miscible Xanthan reads:

N-—1

(e, D(w)) = proo + (po(@) = poo) (14 B()*5%) =

where ¥ = v/2|D(u)| and pio, = 1072 is the solvent dynamic viscosity, here water. In this solvent, the polymer
diffusion coefficient is ¢ = 4 10~?m? /s (from [44]) and its exponent ¢ = 1.386 can be considered constant due
to its very small variations [30], corresponding to a fluidindex N — 1 =q — 2 = —0.614.

To our knowledge, for any miscible polymer, the index N and the viscosity at rest pg (zero shear-rate) are
slightly or moderately increasing, while the inverse cut-off shear-rate 5 can be constant, increasing [17] or de-
creasing [25] with respect to the concentration «. In our case, the Xanthan polymer exhibits an exponential growth
in 8 [30], an almost constant exponent chosen as N = 0.613, an exponential growth of 7 for large concentra-
tions (a«Cy/p > 0.01%) and an affine transition to p.. for small concentrations, modeled by a 1 —e~* weighting,
dominant for « close to O:

110(Q) = poo + A, e2C0/PBu(1 — gmaCo/pRur) (26)

and B(«) = Ageacf’/ PBs with a nominal time Ap = 2.45s. These curves, with respect to experimental values, are
displayed on Figure 4. These five coefficients for salt-free and neutral pH solvent are displayed in the Table 1, and
the best fitting curves are displayed on figure 4. The final Carreau law obtained is displayed on figure 5 and all the
related parameters are mentioned in Table 1.

Considering these fluid features, on the one hand g is constant so ¢’(«) = 0 and hypothesis (H4.1) holds, and
on the other hand « remains in a compact interval I C R so uo(«) is bounded, and one gets 5/ = Cy/pBg so
hypothesis (H4.2) is also satisfied. Furthermore, one can notice that the hypothesis (H4.1) is robustly satisfied, that
is to say is still satisfied if ¢ is only C*(I) and lightly deviating from its value such as m(a) = 1 — ¢(«)/2 remains
positive. For any a € I, let z = 2|D(u)|? = 542 be the square of the shear-rate and M > 0 bounding |10 — ftoo].
Indeed, this gives directly that the expression of hypothesis (H4.1) is bounded by

In(1 + 322)
(1 + 522)7‘“(‘1) z—+400

M (max |q']) 27)

and thus is bounded for any D and o € I.
Furthermore, the initial condition of field « is based on a random field generated by FFTMA algorithm [41, 38].
This method allows to build 3D periodic random scalar fields by the use of fast Fourier transform. A covariance
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Figure 6: Top picture shows isosurfaces of Xanthan, colored by the velocity, at level o/aynq, = 30%. Initial
value is displayed with transparency, while the value after 24 time steps is displayed with solid colors. Zooms
exhibit locations with highest and lowest velocity regimes (respectively in red and blue). The bottom left picture is
similar but colored by the shear rate. Bottom picture shows the mean velocity of polymer at concentration higher
than a level o, quantifying the difference between water and diluted polymer.

field C'is first computed on the domain €2 according to a Gaussian model. The associated random field of arithmetic
average M, geometric average G and variance 72 is given by

a=Ge™ with w=F"! [\/mf {M +F! (W}'(Z)) }] 28)

where F (respectively 1) denotes the Fourier transform in R? (respectively the inverse Fourier transform in R?)
and Z is a gaussian white noise. This random ¢ is finally cut smoothly on a few voxels from the domain boundary
by means of a sigmoid function K so that the support of o = &K '1q\ g does not intersect IS or B.

Figure 6 displays the motion of the polymer (initial concentration « is displayed in transparency, and its value
after 24 iterations is displayed in solid). On this figure, coloring shows the shear rate on the one hand and the
velocity on the other hand. One can see that some regions are transport dominant, while others at small velocity
are diffusion dominant, due both to the shear-thinning feature and the domain shape. Thanks to that computation,
we can conclude that the polymer is here 3 to 5 times slower than the water. Despite the fact that the domain is not
time-dependent, our coupled model is crucial to capture these physical phenomena.

4.2 Application to the bio-mechanics of the human lung mucus

In the lung the tracheobronchial tree is protected from the outer world by the airway surface liquid (ASL). It forms
a thin film (~ 10 — 20um) on the bronchial walls and inhaled agents (dust, pathogens, pollution particles) are
trapped therein to prevent lung contaminations. On the bronchial wall micro-metric cilia are constantly beating
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Name Value
Computational domain 2 52 x 13 x 13um3
Cilia length 8 um
Cilia diameter 0.3 um
Number of Cilia 10
Beating frequency 10 Hz
Metachronal wavelength 100 pm
PCL viscosity (upcr, = fhoo) 0.001 Pa-s
Power-law index (N )t 0.35
Consistency (i) 2
Material Time (3) T 410% s
Newtonian viscosity ratio (k)* 20
Viscosity transition stiffness (\) 10
Transition length (6 H ) 7 um
ASL height (H) 13 pm
Mucin diffusion () 107 1m2.s71

Table 2: Reference parameters for the numerical simulations (gathered from [13, 9, 23, 42, 43]). ¥ only used in
computations with mucins advection. ' only used in non-Newtonian computations. * only used in Newtonian
computations.

to propel this ASL film to the trachea, in order to evacuate inhaled agents. It is then swallowed in the stomach.
This carpet of cilia is called the lung epithelium (or ciliated epithelium) and this ASL renewal mechanism is called
the mucociliary clearance. When it fails the cough attempts to overcome the ASL accumulation to prevent the
pathogens proliferation.

Due to the complex structure of the tracheobronchial tree and the micro-metric scale of the flow, a non-invasive
experimental study of the mucociliary clearance is impossible. That is why it was intensively studied numerically
in the last decades [43] - see [10] for a detailed and more exhaustive bibliography on recent results. Using exper-
imental rheology, the shear-thinning behavior of the ASL was measured and identified, it allows real data inputs
in the computational models [32, 40, 10]. These studies conclude that the flow can be modeled by a generalized
Stokes problem with shear-thinning effects interacting with immersed obstacles: the beating cilia.

The ASL is a non-homogeneous fluid whose viscosity varies due to proteins: the mucins [6]. These proteins are
released on the bronchial wall. They maturate and hydrate while they are transported in the ASL film , increasing
the viscosity and changing the rheological properties. The viscosity of the ASL and the corresponding rheological
parameters are assumed to be depending on a mucins ratio «, quantifying the mucins maturation: when o = 0
mucins have just been released, the fluid is newtonian and its viscosity is equal to water; when o = 1 mucins are
fully polymerized and the fluid is non-Newtonian with shear-thinning effects. A continuous transition between
these regimes is modeled with the Carreau rheology involving av — dependant rheological parameters, similarly to
the previous digital rock physics application.

The parameter dependent Carreau law models the regions with a low density of mucins (the bottom part of
the ASL), a high density of mucins (the upper part of the ASL), and the transition between both layers. The
lower Newtonian part of the fluid baths the cilia environment and is called the periciliary fluid layer (denoted PCL
thereafter) and the upper non-Newtonian part the mucus layer (denoted ML).

The function « is assumed to be the solution to a convection—diffusion equation and the Cilia—ASL interaction
is handled using the penalization method, assuming a one-way fluid-structure interaction. This cilia motion can
be divided in two parts: the effective stroke (when cilia are polymerizing to beat forward) and the recovery stroke
(when cilia are moving backward). A cilium shape and velocity follow the damped wave equation described in
[11] with the diameter shown on table 2. The carpet of cilia is a collection of such cilia, with the metachronal delay
used in [10].

Finally a no slip boundary condition is imposed on the bronchial wall and a free slip boundary conditions is
imposed at the air mucus interface which is assumed to be flat [10]. This leads to the exactly same problem (2,3)
analyzed in the previous sections. The rheology is here defined by the following Carreau law using the fluid index
N(a) =q(a) — 1:

e u) = pioe + (pol@) — pie) (L+ 287 D()?) 7

where jio, = 1072 is the PCL viscosity, equal to the water dynamics viscosity, and the material time 3 = 4 x 103s
is constant and independent of the mucin dilution.

As established in [10], the fluid index is set to N(a) = aNpr, + (1 — «) and the viscosity is set to po(a) =
Hoo (K / oo ), Where the consistency K and the mucus layer fluid index IV, are displayed on Table 2. Similarly
to the digital rock physics configuration, for any o > 0 (and o < 1), one gets ¢ — 2 < 0 and ¢'(o) = Ny, — 1
so hypothesis (H4.1) is satisfied for & > 0 as the expression decreases with respect to |D|: the limit and bound
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Figure 7: Snapshots of the simulation performed with the parameters of Table 2, with streamwise periodicity, at
resolution 512 x 256 x 128. Isosurfaces of function « at levels 0.4 and 0.7 are displayed respectively in blue and
red, after 200 and 415 time steps, displayed from top to bottom.

from (27) still holds in the present case. If &« = 0, pp(0) = 1 S0 the expression is zero and consequently
hypothesis (H4.1) holds. The second condition (H4.2) is trivially satisfied since 5’ = 0.

Four computations of the ASL propelled by beating cilia are presented in this section to investigate the influence
of both the transport and non-Newtonian effects. In order to compare these effects the following simulations are
computed (see Table 2 for parameters meanings and values):

e with both non-Newtonian and transport effects (analyzed in the previous sections),
e with non-Newtonian effects but no transport, meaning
afz,t) = ap(x) VEt =0,
e with transport but without non-Newtonian effects, meaning
p(a,u) = ,LL(OL) - /Loo(l + ’ia(xat))?
e without transport and without non-Newtonian effects, meaning
az,t) = ap(x) VEt = 0 and p(a, u) = p(a) = poo(l + ka(x, t)),

where the initial (or stationary, depending on the case considered) function « is defined by:

tan=! (A\(z/H, — 0)) — tan=(=\6)
tan=1 (A\(1 — 4)) — tan=1(=\6)

a(z,y,z) = (29)
In all these simulations the other parameters remain identical and are gathered in the Table 2. Each compu-
tation involves an array of 100 cilia beating asynchronously with a metachronal wave length of 100 pym. Several
snapshots of the simulation are presented on Figure 7.
The mucociliary clearance efficiency is quantified by the mean velocity of the mucus layer (the upper part of
the ASL). This mean velocity V() in the proximal direction () is computed at each time step, it is then averaged
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Figure 8: Temporal evolution of the mean mucus velocity V (t) for the four different computations. The value in
the caption indicates the temporal average over the simulation.

over six beating cycles (U):

H H H, 6T
vV : ! ’ U-T'(x7yvzat) = 1 / —
) /SHZ /0 /0 HzHsz(l —9) Yy 6T J, (t) (30)

On figure 8 the evolution of the quantity V' (¢) is displayed with respect to ¢ for each previous simulation. The
associated quantity U is displayed in the legend.

For both simulations with transport (respectively without transport), one can observe that the behavior of V(t)
is very similar since the curves are almost overlapping. Differences can be observed at the middle of the cilia
strokes (effective and recovery) when extreme values of V/(t) are reached (see zoomed parts of the figure 8).
The highest velocities are reached simultaneously and advected simulations give higher values, whereas lowest
velocities are not reached at the same times: advected simulations are in advance with respect to non-advected.
For Newtonian computations lowest velocities are similar while the Newtonian-advected simulation reach a lower
one.

A consequence of these observations is that U is similar for both non-Newtonian computations, it is higher
than for Newtonian cases: a 11% reduction (respectively 32% reduction) is observed for simulations without ad-
vection (respectively with advection). The Newtonian simulation with advection presents the lowest U. Hence
one can conclude that the non-Newtonian behavior of the mucus significantly increases the mucociliary clear-
ance efficiency, so Newtonian computations underestimate the ASL transport. Moreover at Newtonian regimes
the advection has an important role to play: mucociliary clearance is reduced by 21% when mucins transport is
neglected.

S Conclusion, perspectives and future work

In this study we have presented the analysis of a system of non-linear partial differential equation modeling the
microscale dynamics of a miscible and heterogeneous shear-thinning fluid in its solvent, in a moving domain.
The analysis has focused on the well-posedness and the convergence of its penalized version toward the original
problem in the time-dependent domain.

The penalized problem is shown to be of interest in order to perform numerical simulation. Indeed, two kinds
of heterogeneous flows involving miscible polymers at the micrometer scale have been presented, one in a non-
moving domain relative to geoscience, and one in a moving domain relative to life science. It can be noticed that
the present model is already valid for the heterogeneous mixing of two shear-thinning fluids moving and diffusing
into one another, but there is no usual real-world situation that can easily exhibit this.

An interesting perspective is to introduce a relaxation time with second order stress, as described by the
Giesekus model [27, 46], which would describe a wide class of viscoelastic fluids by means of two parameters.
Generalization to such models with time-relaxation (Maxwell, Oldroyd or Giesekus) could be of interest in order
to give a mathematical framework of the heterogeneity of such fluids, but would involve a large amount of physical
parameters which has little chance to be put easily in practice.

Nevertheless, two extensions of this study may be of direct interest. First by focusing on mass transfer with
a diffusion o dependent on the velocity u. This would be of practical interest for modeling the dispersion of the
front between a fluid and a polymer at high Peclet number, as quantified for example in [17]. Second, the case of
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Herschel-Bulkley fluids involving yields stress, for which the viscosity exhibits a singularity scaling as 1/|D(u)]:
the present results don’t hold is this case and such study would require a different analysis.

A Technical arguments

Lemma A.1 Let m € N*. There exists a constant C depending only on 2 and m such that for all v € H™(Q; R3)
we have

||UHHm(Q) <C (”UH]L2(Q) + ||d1V’U‘ Hm-1(Q) T chrlv| Hm—-1(Q) T ||U . V||Hm,—l/2(aﬂ))

where v is the outward unitary normal on 0S). The result remains true if we consider a periodic domain.
Proof. See [24] for the proof. The periodic version is easily deduced from [22] section VIL.6.1, [24]. [ |

Lemma A.2 Let ) and B fulfilling Hypothesis (HI ).

Let A € C°([0,T];CH(Q\ B; S3(R))) (where S3(R) is the set of real symmetric matrix in M3(R)). Let \ indepen-
dent from t such that for all (t,x) € [0,T] x Q\ Band £ € R® ¢ - A(t,x)¢ > M¢|%

Let v € H?(Q\ B) such that v has periodic conditions and (A(t,y)Vv) -v = 0 on T. There exists then a constant
C independent from t such that,

[ollmz @ 5) < C ([vllLzyp) + IdivA(, ) Vllz o 5)) -
Moreover, if v € H?(Q \ B), there exists a constant C' independent from t such that we have
IVl 25y < C (IVllz o\ 5y + IdivA(E, ) Volle o 5y + IVAiIVA(E ) Vollz o)) -

Proof. These results are straight adaptations of classic ones:
The first result comes from the regularity of the operator A; = I — divA(t, -)V with the domain

D(Ay) = {u e H*(Q\ B), (A(t,")Vu) - v = 0on I U o, u has periodic conditions} .

Following the study performed in [26] for the Dirichlet problem, for all f € L?(€2\ B) the solution v of A(t)v = f
lies in H2(2 \ B) and there exists a constant C' depending only of A, ||a; ;||wz. for (i,5) € {1,2,3}? and Q \ B
such that for all ¢ € [0, T

< C([llz@vs) + 12\ B)
< O ([ollezon ) + 1divA(E ) Vol 5)) -

The second estimate requires an adaptation of the proof of Lemma A.1 based on Hodge decomposition. We need

to work with the weighted scalar product defined on L?(Q\ B;R3) by < u,v >= / u- (A(t, -)v) de and adapt
O\B
the proof in [22] Chapter 7.6. [ ]

Proposition A.3 Let Q be a regular open bounded set of R3. Let v € H(S2). There exists then a constant C
depending only on ) such that

1/2 1/2
olle) < Cllollghig IvllEq)-

Let v € H?(Q). Then there exists a constant C depending only on Q such that

1/4 3/4
1]l () < Cllvllghio 1013

Proof. These two inequalities are deduced from the Sobolev embeddings of H'/2(Q2) and H"/4(2) respectively
into IL3(Q) and IL°°(€2) (see [2] section 4) and from the estimates of the H'/2(Q) and H"/4(Q2) norms thanks to
the interpolation space theory (see [35] section I). ]

Proposition A4 Let U € C°(0,T;C?(R?;R?)) such that for all t € [0,T] ¥ (t) is a C2-diffeomorphism of R3. Let
) be a regular open bounded set of R® and ), = W(t,).

Letv € HY(§). Then there exists a constant C depending only on (),
such that for all t € [0,T)]

() [lLoe (0,1wr0 2y and [ 9 (-) ™[ Loo (0,75w1.00 ()

1/2 1/2
ollaq,) < Cllvllihia, vl

Letv € H2(Q)). Then there exists a constant C depending only on (),
such that for all t € [0,T]

() [|oe (0,75w2000 (02) and | ¥ (-) ™[ Loo 0, 13w2 ¢ ()

1/4 3/4
olle ) < Cllollgh o, IV12q,)-
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Proof. We let u(t,z) = v(t, ¥(t)(x) for all (¢,z) € [0,T] x £ and apply Prop. A.3 to get the result. [

Theorem A.5 (Aubin-Lions-Simon) Let By C By C Bs three Banach spaces. We assume that the injection of
By into Bs is bounded and that the injection of By into By is compact. Let p,r such that 1 < p,r < +o00. Let
T > 0. We note

By = {0 € L00.TE B0, §F €170, 7 o) |

e Ifp < +o0, the injection of E,, .. into LP(]0,T[, By) is compact.
e Ifp=+ooandr > 1, the injection of E, , into C°([0, T); By) is compact.
Proof. See [4] section IL.5.5. [ |

Proposition A.6 (Trace and lifting theorems in a time-dependent domain B(t) = U (t, B)) Let B be an open
set in Q having the uniform C%-regularity property and ¥ € C°([0,T]; C*(Q; R3)) such that for all t € [0, T] ¥(t)
is a C2-diffeomorphism on ). There exists a time-independent constant C' > 0 such that for all t € [0, T) and for
allv € H?(B(t))

lvjom(t ||H3/2(8B(t)) Cllvll 2By

Moreover; there exists a time-independent constant C' > 0 such that for all t € [0,T] and for all g € H3/2(9B(t))
there exists a lifting v of g in H?(B(t)) such that

HUHH?(B ) S < ||g||H3/2(8B(f))

Proof. Thanks to the function ¥ we transport the classical trace and lifting theorem in the time-dependent context.
Since ¥ € C°([0,7];C?(2;R?)) and ¥(¢) is a C2-diffeomorphism for all ¢ € [0, T there exists some constants
(a,b) € (RT*)? such that

V(t,z) €[0,T] x Q a < J(t,z) < b,

where J(t,z) = |detV,¥|(t,z). Moreover there exists some constants (c,c’) € (R**)2 such that V(¢,z) €
[0,T] x Q
[W(t, ) [wee ) < ¢ and [ @72, ) Iz ) < ¢
Letv € H?(B(t)) and for all z € B let wy(z) = v(¥(t, z)). There exists some constant K, . > 0 depending only
on (a, ¢) such that
Vit € [O,T] wy € H2(B) and ||wt||H2(B) < Ka,cH””IHP(B(t))-

In the same way, by writing v(y) = w;(¥~1(¢,y)) for all y € B, there exists some constant K3, ., > 0 such that
vt € [0,T] [[vllm (B < <K, o llwellmz(B)-

Following [37] section 3.8, the space H*(£2), where Q CR™ and s = k + 0 with k € Nand 0 < 0 < 1, is defined
by

i D —_ D« 2
H*(Q2) = {v S Hk(Q),/ / | Ulz(f)_ yn+21;(y)| dz dy <400,V € N" with |a| = k}

with the norm
1/2

|Dv(x) — Dv(y)|”
Hs(Q) — ”’UHI%]Ik(Q) + Z / / |1? — ‘n+29 dx dy

aeN™, |al=k

0]

Using this definition for the space H3/2(9B;) we obtain in the same way the existence of two constants (C, C") €
(R**)2 such that

vt € [0,T] Cllwellgerzam) < vllmzr20m0)) < C'llwillwsr2om)-
We now apply the classical trace and lifting theorem to the function w; and obtain the desired results thanks to the

previous inequalities. B ]
Remark: The lifting theorem can also be generalized in 2 \ B(t) with time-independent constants to the case of

v
periodic boundary conditions,v; = 0 and 6;v) + (1 — 92)6—” =0on [0,7] xI';,i = 1..I and vjpp) = g
v
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A.1 Variable exponent Lebesgue spaces

To deal with the variable g(x)-laplacian type problem we introduce the following spaces (See [20] section 3.1).

Definition A.1 Let ) be an open subset in R3 equipped with B(Q2) and the Lebesgue measure. We let P ()
the set of all measurable functions q : Q — [1,4+00]. We call ¢ € P(Q) a variable exponent on Q. We let

g~ =essinf,cqq(x) and gt = ess sup,coq(x). If T < +00, then we call q a bounded variable exponent.
Ifq € P(Q), we define ¢ € P(Q) the dual variable exponent of q by
1 1
—+—=1, Yz eQ.
q(x)  ¢'(x)

For all f measurable function on Q) we let
P = [ 1) s
and we define the variable exponent Lebesgue space L") (Q) as

L1O(Q) = {f € L(Q), I\ > 0 such that py.y(\f) < +o0}

and equip it with the norm

. /
o0y = Ll = int {20, ey (§) <1

Proposition A.7 Let ¢ € P(Q) with ¢~ < +00. If pgy(f) > 0 0r ¢t < +o0, then

min { (p4) (D" (o) NNV} < Sl < max { (ot (D)7 (o ()M}

Theorem A.8 If q € P(Q), then L) (Q) is a Banach function space. Moreover if ( fi)ren is a Cauchy sequence
in L) (), there exists a subsequence of (fi.)ren which converges almost everywhere to a measurable function.
If1 < q <qt < oo, the space L) (Q) is reflexive, (L1)(Q)) = LT )(Q) and for all g € L(N)

1
3 l9llercy < Mgllzoory < 2llgllgr)-

Lemma A.9 Let (q,1,s) € P()3 be such that for almost all x € )
1 1 1

@ @ @)

Then for all f € Lq(')(Q) and g € LT(‘)(Q)

.
£l < ((q) " (j)+> £l gl

Lemma A.10 If1 < ¢ < 2and (a,b) € R"™ then
< (14 BB — (14 B2la)”*tab—a>> (= 1)|b— a(1+ Ba]* + B[b2) T
Proof. The proof is inspired from [33]. We have
(1+B2b*)72 71 — (1 + 8%|a|*) > a
= /01 % ((1 + B?a +tb—a)>)* a4t - a))) dt
1

= / (1+ B%a+tb—a)>)¥* 1 (b—a)dt
0

+(g— 2)/0 B2(1+ B%la+t(b—a)|?)?/?2 {a+t(b—a),b—a)(a+t(b—a))dt

Then
< (14 B2p|2)2 0 — (14 B|a>)V* tab—a >
1

:|b—a|2/ (1+ Bla+ b — a)2)"> gt
9

+(q—2)/ B2+ Bla+t(b—a)?)* (< a+t(b—a)b—a>)dt
0

1
> (g Dlb - a|2/ (14 B2la+ t(b — a)P)7 2 dt
0
Since ¢ < 2 and |a + t(b — a)|> < |a]? + |b|* for all ¢ € [0, 1] we have
<1+ B2PP72 o= (14 B2lal) e b—a> > (g—1)b—a*(1+ B%a]* + B7b]*)2/> 1,
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A2

Non-linear analysis

We remind some definitions and results (See [47] Section 25.3, 26.1, 27.1 and 27.2)

Definition A.2 Ler V a real reflexive Banach space. An operator A : V. — V' is called

bounded on V' if and only if for all Q bounded subset of V, A(QY) is bounded in V',
monotone if and only if V(u,v) € V2, < A(u) — A(v),u —v >> 0,

strongly monotone if and only if there exists ¢ > 0 such that ¥ (u,v) € V2,

< A(u) — A(v),u —v >= c|ju —vl|?,

< A(v),v >

ol — oo as ||v]| = +oo,
v

coercive if and only if

pseudo-monotone if and only if u,, — u as n — 400 and

lim < Aup,u, —u><0
n——+oo
implies that
< Au,u—w > lim < Aup,uy —w > forallw €V,

n—-+oo

hemi-continuous on V' if and only if for all (u, v, w) € V3, the application
A =< A(u+ Av),w > is continuous from R to R.

Proposition A.11 Let V be a real reflexive Banach space and A : 'V — V' an operator.

If A is monotone and hemi-continuous then A is pseudo-monotone.
If A is pseudo-monotone then A fulfills the properties (P) and (M)
(P) if up, — uasn — 4oo then o
lim < Aup,u, —u>>0.

n—+oo

(M) ifu, — u, Au, — basn — +o0o and lim,,_, oo < Atp, U, ><< b,u >, then Au = b.

The following non-linear version of Lax-Milgram theorem is taken from [34] Section 2.2.

Theorem A.12 (Non-linear Lax-Milgram) Ler V' a reflexive separable Banach space. Let A : V. — V' such
that A is bounded and hemi-continuous on V, monotone and coercive, then A is a map from V onto V', i.e.
VeV JueV, Alu)=f.

B Regularity and L? estimates in the proof of Theorem 2.7

We take the scalar product of (16) with 5 and obtain

1d _ _
Sl BB+l veIs =~ [ (v157198) pay
Q\B )
< Clloll 181511t VB
_ 1/2 — 3/2
< Clols (1812497 VAl + 1813109 8115 )
< O (ol + lolli) 1812 + o311 VAI3.

We differentiate (16) with respect to y and take the scalar product with .J; **.J; ' V3. Thanks to some integrations
by parts, we get

1d

5 T VBIE + ol A )51

= /S\ (v-"J7'VB) A(t,y)ﬂdyﬂt/)\ (0T () VB - (y) VB dy
N\B OQ\B
< Clloll 17 sl At )8l + CI T VB3
_ — 2 3/2 —
< Clolls (17 2l A 812 + 197715 %1 A, 8IS ?) + €I 813
<

— g
C (L4 olld + o) 117 V813 + S IAGE )8l
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We apply the operator A(t, -) to (16) and take the scalar product with A(t, y)3. We get
3 dt L, )83 + /Q L (T@A )8 - cA(t,y)*B + Alt,y) (v- "I (y)VB)) Alty)Bdy =0 31)

Since on v, J; *J;7 V3 - v = 0, we have on T

0 = at(u.J;“ngw)
= v 0 (Jy I VB4 I I VOB
= v 0 (IS VB v TSIV [—o(ty) - VB + o Alt,y) ]

Then by performing an integration by parts of (31) we get

2dtllA( )6\\§+/v- [0, (7 T VB + I TV (= At )8+ (v Ty TV B)) Al ) B do
vy
HolITIVAG B + [ BT VB VA )8 dy
O\B
+/ LIS (0PI B) LI IVA(L, ) Bdy = 0.
Q\B
Thanks to the boundary condition we have

§d—||A< VB3 + o' T VAR )3
<C|'; Wuzn JTVA(E B2+ ClIVoll2 ) T VB el T VA, ) Bl
ol VBl I VA, Bl
< CI' TV Bl T VAL, )5\\2+C||U||H1||tJ{15||H3/2||tJ{1VA(t7')5\\2
+C||v||H1||vt 108z [ VAL B
< T VBl Jt "VA(t, )2

+c||v||Hl(||tJ-1/a||H1||tJ—1VA< DBlla+ 1M Bl 11TV AR, 8IS

+Clollas (197 VBl |17 VA Bl + V497 VB 2197 VA, 811y *)

C (1 + [[ollFn + llolig) 18]lm= + §H JIVA( B
We then have

y -+ o (IWT7 VB3 + AR BI3 + 1197 VA BI3) < € (1+ lolZs + [[ollé) v
where y = ||8]12 + ||'J; ' VB2 + || A(t, -)B||3. Since v € L°°(0, T; H'(Q2 \ B)) we deduce thanks to Gronwall
lemma that there exists C' > 0 such that for all ¢ € [0, T
y <y(0) exp (CT(+ 101 o ey + 10l 0 11 (00 5)) -

Back to the original equation on o we obtain the announced result.

C Analysis tools for penalized problem

C.1 Proof of Proposition 3.1

We take the difference between the two non-linear equations (15) and we get

—div (2 (toe + (0(@) = 1oc) (1 4 28%(@)| D(w) )*)/2~1) D(w))
v (2 (poe + (10(0) = p1o0) (1 +28%(@)| D(w) [2)7)/271) D))
F2O ) = <V (p— pl) in [0, 7] %
div(iu —u') =0in [0,T] x Q,
(u—u')L =0 on[0,T] xT,
8uH %
ov ov

(u — u) has periodic conditions otherwise.

0i(uy — ujp) + (1= 6;) =0 on[0,7] x Ty, i=1.1,

This equation rewrites as

v (2pee Dl — ') ~ div (h{e, D(w) ~ (e, D)) + 20w — o) =~V (p — p)
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with i, D) = (po(@) — poe) (1 +26%()| D) "7 D,
Taking the scalar product in L2(Q2) by (u — u') for a.e. t € [0, 7] we get

1
2/Q/ioo|D(U — )] dx + /Q(¢(1) — ¢(0)) dx + g||u — |2y =0 (32)
where we let ¢ : [0, 1] — R the application defined for all s € [0, 1] by

o(s) = h(d+s(a—a),DW + s(u— u’))q(a:v)D(u —u')
= 2(po(as) = poo) (1 + 28%(a)|Ds ) 72~ Dy : D(u — ),
where Dy, = D(u' + s(u —1u’)) and s = o' + s(a — o).
We have ¢(1) — ¢(0) = / ¢'(s) ds where
0

@' (s) = Ay + Ay + Az + Ay + As,

q(as) _1

A1=2(uo(aé)— ) (1+28%(@n) D) 7 Dl — )P
Ay = 28%(as) (oevs) — o) (a(exs) — )(1(+)252|DS|Z)T‘2<D5:D<ufu'>>2
As = 2pp () (= o) (14+26%(0)IDSP) 571 (Dy s Dlw—u))
As = (po(0vs) — poo) d'( (Dy: D(u—u')) (1+268%(as)[Ds?) = 'In(1+28%| D)

/as)( O/)
As = 4(pto(ave) — proc)(a(ev) — 2) (1 + 2B(a)? D, ) 5772

Consequently, one gets

Blas) B (as) (o = )| Ds[*(Ds = D(u —u'))

q(as)
Ay + Ay = 2 (poas) — o) (14 28%(as)[D2) 2

> 2 (so(as) — pise) (1 4+ 26%(a)| Dof2) "5

thus A; + Ay > 0. Moreover

H Opo

|D(u—u')* + (g(es) — 2)

(q(es) = DID(u —u')?

282 (as)(Ds : D(u — u’))Q)
1+282(as)|Ds|?

|[As| < o = || D[ D(u — u))|

i) < sup ‘(Mo(a) — o) (@) (1 +26%(a) [ D) % " In(1 + 26%(a) | DP?)
’ x|a— o|| Dy|| D(u — )|

sl H(“O )= 22| o~ o/ |ID.ID ).

Bl

Back to equation (32) we get

1

1
2boo D(u—1 2dac+// Ay 4 Ay +As + Ay + As)dsdr + = |lu — || =0
K /Q| ( )‘ o 0( 1>0 2 3 4 5) 6” ”]L%B(t))

SO
1
2400 /Q |D(u—u')[? do + = 22 (p()) < Clla = o[l (IDW)llLz () + [1D(w) 2@) 1D(u — o) L2()-
Then
D — 2 } 12 <K D 2 D N2 _ A2
foo || D(u U)HIL,Q(Q) + E||U u ”]L2(B(t)) =X [ (U)Hnﬂ(n) + 1 (U)H]L?(Q) la—a “]LOO(Q)’

and for all t € [0, T7,

1
fioo || D(u —u')(t, ')||12L2(Q) + g||u - U/||I2L2(B(t))
K <||D(U)||12Loo(o,T;L2(Q)) + HD(U/)H]%N(O,T;IL?(Q))) (e = ") (t, )IF 0

which concludes the proof. n
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C.2 Proof of Proposition 3.2

To perform some estimates we use the diffeomorphism ¥ as in Th.2.7. We let 3(¢,y) = (o — &) (¢, ¥4 (y)) which
fulfills : B
OB +v-tITIVB —cAt,y)B=—(v—2")-tJ VB inQ\ B
JHITIVB v =0 on ([0,T] xT)UY,
5 has periodic conditions otherwise,

8(0,) = 0 in 2\ B(0),

where Ba(t,y) = o/ (t, Ui (y)), v(t,y) = u(t, V¢(y)) — 0V (y) and v'(t,y) = u'(t, Vi(y)) — 0 Ve (y).
IL? estimate: we take the scalar product of (33) with 3 in L2(O \ B) and get

(33)

3 dtllﬁl\z oll' 77 VB3
= —/ (v—0')-tI7IV By Bdy — / IV B Bdx
O\ B B

< 1TV Ballllo = Nl 8l + ool Bl V5

1/2 1/2
< ClBala v = o'l 1Bllws + Cllollsa 177 V5l (||5||2 + 18111177 v Bl15"?)
< Clal o = v/l +C (L4 [0l + ol ) 1813+ S 17 VBIZ: o0 5)-

H! estimate: we take the scalar product of (33) with —A(t, y)3 in L2(2\ B) and get

1 V18 + o114, 913
= [ ) sy + [ (=) BRA By
O\B O\B

<Allsl* 7 VBl At )Bll2 + v — v’HeIItJ{lVﬁszlL‘A(L )82
<C(lollE + ol 1815 + CliBalE= v = o'lF @) + SI1AE )81

2

This implies that

d -
1Bl + o (I'77 VB3 + A )BI3) < OO+ ol + vl 1Bl + CllBallgzlv — v'llF:

We let y = |82 and y1 = ||'J; V|3 + ||A(t,-)B]|3. Thanks to the regularity results on v, there exist
k € L'(0,T) and a constant C' depending only on €, || |[2(q), f, @ such that for all 0 < t < T,

Y + oy <k(y + Cllo =o' |[f

Since y(0) = 0, we obtain thanks to Gronwall’s lemma that for all ¢ € [0, 77,

t t t
y(t) +0/ yi(s)ds < Cli(v = ") (s, )l () exp (/ k(s')ds" | ds
0 0 s
< OeXP(”kH]Ll(O,T))HU - U/||H%2(O,t;H1(Q)) < v - ”/||H%2(0,t;H1(Q))'
Back to the original coordinates we get the announced results. ]

C.3 Proof of Proposition 3.3

This result is the consequence of propositions 3.1 and 3.2: for all ¢ € [0, 7] we have

G = G0 0
c/ (e = a") (5, oy

C/ (e = a)(s: Ml @m0y 95
<c / (= ') (5, M ss o 30y 5

<c / It — ) ->||H;éimg.))u<a— . >||§ﬂé29\3 ds

1/4 3/4
(/ [(a—a) HHl(Q\B( ) (/ (e —a) ||H2 (Q\B(- ))d )

/13/4
(/ 1w = 41220 st B ds) 1w = w1l 2 0 2 (000 B )

< CtY 4w — |20, (2 B())-
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Then there exists a time 0 < T < T such that forall 0 < ¢ < T,

1
||G(u) — G(u/)|‘L2(()7T*;H1(Q)) < *Hu — U/H]LQ(O,T*;HI(Q)).
2
Moreover T depends on T', 2, O,, f, @ and «ay. [ |
C.4 Proof of Proposition 3.4
We have .
plavu)Dla) - (e’ ) D) = 2(1) - 2(0) = [ ¥/
0

where ®(s) = p(as,us)Ds with g = & + s(a — '), us = u' + s(u —u'), Dy = D(u' + s(u — u')) and

¥/(5) = poe D — ') + (poaxs) - umg(gf2/32<as>|Ds\2>“3“*1D<uw’)
() (1 28 ()| Dy —1%; o')D,
+2(p0(0) — proe) (14267 (@) Dsf) 5 (g(axs) — 2% (0)(Ds = D(w — ) D,
Hole) — pe) (1 +282(@)| D) "5 1 L a1 42821, - )

1
2
+2(po(a) — uoo)(1+2ﬁ (s)| D4 ) 5 2 (g(as) — 2)B(as)B'(as)| Ds2(a — /) D,

Following the proof of Prop. 3.1, we obtain

19/($)] < el D~ )]+ (o) — 1) Dot~
(po(as) — oc) (2 — (1)) (1 n

(s
+sup | (zo() — pioo ) (1 4 28%(a)| D) >q(a> 1q(ro)
a,D

< C|D(u— )|+ C'a — &'|| Ds|.

O+ g (es)llor = o || D
[D(u — )]

In(1 + 26%(0)|D?)| o — /|| Ds]

Then
[ (v, w) D(u) — p(a’,u')D(u'))(t, -)|IL2 (o)
< C|D(u—u')(t, )2y + C (ID(w)(t, )2 ) + 1DW)(E, )2 ) (e —a')(t, ) ||Le (-

Estimations in Theorem 2.6 conclude the proof. ]
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