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Abstract

We consider the motion of a rigid body in a viscoplastic material. This material is modeled by the 3D
Bingham equations, and the Newton laws govern the displacement of the rigid body. Our main result is
the existence of a weak solution for the corresponding system. The weak formulation is an inequality (due
to the plasticity of the fluid), and it involves a free boundary (due to the motion of the rigid body). We
approximate it by regularizing the convex terms in the Bingham fluid and by using a penalty method to
take into account the presence of the rigid body.
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1 Introduction and main result

We analyse in this article a fluid-structure interaction system where the fluid is a Bingham viscoplastic liquid
and where the structure is a rigid body. Viscoplastic liquids can model various natural and industrial fluids,
for instance, mudflows, snow avalanche, volcanic lava flows, toothpaste, mayonnaise, etc. They behave as a
liquid for high stresses and as solid for low stresses. The Bingham constitutive equation described below is one
of the simplest models for a viscoplastic fluid. It was proposed by Bingham [3] in 1916. The corresponding
system of partial differential equations has been studied in many works, for instance, in Duvaut and Lions
[16] Chapter VI], where the existence of weak solutions for the Bingham fluid (without structures) is proved.

Let us describe our fluid-solid system: we consider Q@ C R? an open, bounded and connected set containing
a Bingham plastic fluid and a rigid body. We denote respectively by S(¢) and by F(t) the domains of the
structure and the fluid at instant ¢. We assume that the solid is a rigid body and its domain can be described
from its initial configuration So: for a € R® and Q € SO(3) (the rotation group) we set

=

S(a,Q):=a+QSy and F(a,Q):=Q\ S(a,Q). (1.1)

Then, R R
S(t) = S(h(t),R(t)) and F(t) = F(h(t),R(t)).

We assume in what follows that the center of mass of Sy is located at the origin so that h(t) is the position
of the center of mass of the rigid body. We also suppose that Sy (and thus S(t)) is open, bounded and
connected and that Fp := Q\ S (and thus F(¢) as long as the rigid body remains inside 2) is connected.

We write the governing equations for the fluid flow by using the Cauchy momentum equation where the
stress tensor is given by a subdifferential equation which represents the viscoplastic behavior of the Bingham
fluid. The balance equations for linear and angular momentum govern the motion of the rigid body. The
full system of equations modeling the motion of the fluid and the rigid body is:

Pf (%Jr(u-V)u) —divo(u,p) =0, z € F(t),t € (0,T), (1.2)
divu =0, x € F(t),t € (0,T), (1.3)
w=0, zedte(0,T), (1.4)
(1.5)

(1.6)

u(t,z) = £(t) + w(t) x (z — h(t)), x € 0S(t),t € (0,T),

ml = — /BS o(u, p)nds, te (0,7), 1.6

(Jw)' = f/as(x — h) x o(u,p)nds, te (0,7), (1.7)
R = A(W)R, te (0,7), (1.8)

B =, te (0,7), (1.9)

u(0, -) = uo, x € Fy, (1.10)

R(0) =15, h(0)=0, (1.11)

£(0) = o, w(0) = wo (1.12)

In the above system the unknowns are u(t,z) (velocity field of the fluid), p(¢,z) (pressure of the fluid), h(t)
and £(t) (the position and the velocity of the center of mass of the rigid body), R(t) and w(t) (the orientation
and the angular velocity of the rigid body). We have also denoted by n the outward normal to F(t). For
any w € R®, A(w) is the skew-symmetric matrix:

0 —Wws W2
Alw)=[ ws 0 —w1
—w?2 w1 0

We assume that the densities py and ps of the fluid and the solid are positive constants. In that case,
the mass of the solid m is given by
m = ps[Sol ,



where |Sp| is the volume of Sy, and the moment of inertia J is given by:

~

J(t) = J(h(t), R(t)),

where
(|= — ail; — (z—a)® (z — a)) dz.

5(a,Q)
We have denoted by |al, = v/a - a the Euclidean norm in R®.

We can check that

T(a,Q) = p. /

~

J(h, Q) = QJoQ", (1.13)

where we have denoted by M™ the transpose matrix of M and where
Jo = ps/ (|x\§ Is —z®x)da.
So

In particular, J(¢) is symmetric and positive definite.
The Cauchy stress tensor is given by the constitutive equation for a Bingham fluid. To write this relation,
first we decomposed the Cauchy stress tensor as follows:

o(u,p) = —pls + c(D(u)), D(u) = % (Vu+ (Va)), (1.14)

where the function o is given by the following subdifferential inclusion:
o?(D) € af (D) (1.15)
with f : M®*3 — R the convex function defined by:
f(D)=u|D[5+gIDl,. (1.16)

We have denoted by M®*3 the space of square matrices of order 3 and by |D|, = v'D : D the corresponding
Frobenius norm. In the constitutive law given by f, the constant g > 0 is the yield stress and the constant
> 0 is the molecular viscosity.

By standard calculation, equation is equivalent to:

‘ad(D)|2<g < D=0,

|Ud(D)]2>g < D#0 and Od(D):2yD+g%.
2

(1.17)

Indeed, if D # 0, then is equivalent to o%(D) = 2uD + gD/ |D|y. If we multiply o4(D) by D, we
notice that |*(D)|2 > g. If D = 0, (I.15)) is equivalent to |0¢(D)|2 < g. The above representation says that
a Bingham fluid behaves like a viscous fluid if |0d(D(u))|2 > ¢, and as a rigid body otherwise. We note that
if g = 0, we recover the Navier-Stokes equations coupled with the equations of the rigid body.

To write the weak formulation associated with system —, we first introduce some notation. We
denote by L? and HY the classical Lebesgue and Sobolev spaces. We also denote by C? the space of g-times
continuous differential functions. We write C¢ the set of all functions in C? with compact support.

We introduce the standard spaces in the study of the equations of fluid mechanics:

Lg(Q):{veLz(Q);div('U)zo, v-n=0 ondN},

H(Q) = L2 (@) N H} ().

We define the space of rigid velocities:
R={z—=l+wxz; l,weR’} (1.18)
and we introduce the following spaces due to the presence of the rigid body:
LE(Q) ={veLZ(Q) ; D(v)=0 in S},

Hé(Q):{UEH;(Q) ; D(v)=0 in S}.



We recall (see, for instance, [59, Lemma 1.1, p.18]) that
D(v)=0 inS < ygeR.
We extend the fluid velocity u to the whole domain €2 by
u(t,z) =L(t) + w(t) x (x — h(t)) =€ S(t) (1.19)

and similarly,
up(z) =L4o+wo xx x € Sp. (1.20)
In particular, D(u) = 0 in S(¢) and D(uo) = 0 in So.
We also define a “global” density for the fluid-solid mixture as:

{Pf z € F(t),
ps x € S(t).

p(t,x) ==

Then, we show in the next section the following result:

Proposition 1.1. Assume that (u,p,l,w, h, R) is a regular function satisfying (1.2)-(1.12). Then the fol-
lowing inequality holds:

/OT/Qp (% +(u-V)v) -(v—u)da:dt—f—?,u/OT/QD(u) . D(v — w)dzdt
+g/0T/§;(|D(U)|2—|D(u)|2)dﬂcdt>—%/Qp(o,a:)|v(0,a:)—uo|§dx, (1.21)

for any v € C* ([O, T]; Hé(t)(Q)). Moreover, the following energy equality holds:

1 ¢ ¢ 1
f/ p(t, z) |u(t, z)|2 dx+2,u/ / |D(u)3 dxdtJrg/ / |D(w)|, dzdt = 7/ p(0,2) luolsdz,  (1.22)
2 Ja o Jo 0o Jo 2 Ja

for all t € (0,T). On the other hand, if (u,p,,w,h, R) is a regular function satisfying (1.8), (1.9), (1.11),
(1.21) and (1.19), and if |D(u)|, # 0 in F(t), then (u,p,€,w, h, R) satisfies (1.2))-(1.9).

Remark 1.2. Since the potential energy f (defined in (1.16))) is not differentiable, the Bingham constitutive
equation (1.15) leads us to the variational inequality (1.21)). In this weak formulation, we also notice that

the space of the test functions depends on the solution, which comes from the fact that we are working with
a free boundary problem.

The above proposition allows us to introduce the notion of weak solution of the system (1.2))-(1.12):

Definition 1.3 (Weak Solution). A weak solution of the system of equations (1.2))-(1.12)) is a triplet (u, h, R)
with the following properties:

e (h,R) € W">(0,T;R* x SO(3)) and satisfy (L.8), (L9), (L1I).

o uc L™(0,T;L2(Q)NL*(0,T; HX(Q)) and u(t,z) = £(t) + w(t) x (x — h(t)) for z € S(t).
o Inequality holds for any v € C*([0,T7; H}q(t)(Q)).

e The following energy inequality holds true

1 ‘ K 1
7/ p(t, z) |u(t,2)|3 dx + ZM/ / |D(u)|3 dzdt +g/ / |D(u)|, dedt < f/ p(0,2) |uol3 dz, (1.23)
2 Ja 0 Jo 0o Ja 2 Jq
a.e. in (0,T).
The main result of this article is the following result.

Theorem 1.4. Assume So € €2, 92 and 0So are of class C2, ug € LE(Q), with wo(x) = lo + wo X © for
x € So. Then, there exists a weak solution of the system (1.2)—(1.12)) defined on a mazimal time interval
(0,T), and one of the following alternatives holds true:

1. T = +o0;
2. lim dist(S(t),09) = 0.
t—T



Remark 1.5. One can write a bidimensional version of system — and following the proof of the
above theorem, it is possible to obtain the same existence result for the corresponding system. Let us mention
that even in dimension 2 in space, the uniqueness of weak solutions can be a delicate question. For a Bingham
fluid alone (without rigid bodies), it is done in [16, p.301]. However, for the system composed by a rigid body
and a fluid governed by the Navier-Stokes system, this issue has been solved only recently (see [7], [31] and
also [10] for a weak-strong uniqueness property).

Remark 1.6. One of the difficulties to prove Theorem[I.4] comes from the fact that we are working with a
free boundary problem. Such a difficulty is classical in the study of fluid-structure interaction systems and
a standard method consists in using a penalization method. There exist a least two different penalization
approaches: a “L*” penalization (see for instance [11,[29]), and a “H"” penalization (see for instance [57]).
We follow the first method (see ), but it could also be possible to consider a H' penalization. In
that case, we would have to consider a variable viscosity in the approximation problems of Section@ with
a viscosity that goes to infinity in the solid domain. With such an approach, one would need to consider
arguments from [52], whereas here we have used or adapted results both from [29] and [52]. These two
penalization methods can be used in numerical schemes to simulate the motion of rigid bodies in a fluid,
but the drawback of the H' penalization method is that the solid can change its shape (it is approzvimated
by a very viscous fluid). We refer for instance to [|] for the analysis of a numerical scheme base on the
L? penalization method and also [51)], [37], 134, [43], etc. for some other works on the numerical study of
fluid-rigid body systems.

Remark 1.7. Let us note that the pressure of the fluid p does not appear in the weak formulation
due to the property of the test functions. One could also work with a mized formulation where we keep the
pressure and where the test functions do not satisfy the free divergence condition. The corresponding study
is more complicated since we need to obtain estimates of the pressure during the proof of existence. Such an
approach is made for the Bingham system without structures in [8] but the authors need to consider some
slip boundary conditions to obtain their results. A method to obtain the pressure for a non-Newtonian fluid
with Dirichlet boundary conditions is developed by Wolf [60]. This pressure is called by the author “local”
pressure and is the sum of a reqular pressure and of the time derivative of an harmonic function. We refer
the reader to [20] where, the case of a non-Newtonian fluid with a power law and rigid body interaction is
treated. Part of this work is devoted to the study of the “local” pressure where the authors manage to pass to
the limit in the nonlinearity associated with the stress tensor taking advantage of the more regular structure
of the stress tensor.

Remark 1.8. The interesting problem of obtaining some information on the set where the Bingham fluid
behaves as a solid (where D(u) = 0), and also to know how this set interacts with the rigid body, is entirely
open from the theoretical point of view, even without any rigid body. However, tackling these questions in a
numerical study is possible. Lots of works have been done to solve numerically the Bingham fluid. We refer
the reader to the book [53] and the review paper [12].

Remark 1.9. Let us point out that several problems can be addressed on the system —: behavior
as t — oo or as the distance between S(t) and 0Q goes to 0. We refer the reader to [17)], [37], [38] for some
works done in the case of the Navier-Stokes system instead of the Bingham equations. Another problem that
can be considered corresponds to the limits as g — 0 or as g — . The study of g — 0 is done in the case
of a 2D Bingham fluid alone in [16, pp.806-310], and the authors obtain for the limit the Navier-Stokes
equations. One can consider a similar problem in the case of system - (in the 2D case), however
the study would be more complicated since we deal here with a moving domain for the fluid. The case g — oo
is simpler in the case of a fluid alone (and is done in [16, pp.8306-310]) and the proof can be adapted in our
case. We give below the corresponding statement.

Corollary 1.10. Under the hypotheses of Theorem there exists a time T independent of g > 0 such
that the weak solutions (ug, hg, Ry) of the system (1.2)—(1.12)) exzist on (0,T). Moreover,

ug = 0 weak star in L™(0,T; L2(Q)), (1.24)
ug — 0 weakly in L*(0,T; HL(Q)), (1.25)
D(ug) = 0 in L'(0,T; L' (), (1.26)
and
(hg, Ry) — (0,I3) in C([0,T); R® x SO(3)). (1.27)



The proof of this result is done in Section [6}

The mathematical study of fluid-structure interaction systems has been the subject of an intensive re-
search since around 2000. A large part of the articles devoted to this study concern the case of rigid bodies
moving into a viscous incompressible fluid modeled by the Navier-Stokes system. We can quote for instance
[T, [13), 19, 241 26], 35, B6l 521 (5L (6l 57], etc. Some works deal with different fluids [30} 39, 48] (incom-
pressible perfect fluid), [B] [6 14} 18] (viscous compressible fluid), [21I] (viscous multipolar fluid), [20] 27]
(incompressible non-Newtonian fluid). Let us also mention some results for the Navier-Stokes system but
with other types of boundary conditions: [II [9] 29]).

Up to our knowledge, the case of a Bingham fluid has not been treated yet. The first studies on Bingham
fluid were done by Oldroyd [47] and Prager [49]. The works of Mosolov and Miasnikov in [45] 46] present a
variational method and give some well-posedness results. We can also quote [50] where the authors consider
the case of a stationary Bingham fluid around a rigid body. They consider a weak formulation and analyse
the case where the motion of the rigid body is given. In [22], the authors provide a relation between the
yield number and an eigenvalue problem.

A strong motivation to study multiphase problems involving rigid structures and non-Newtonian fluids
is in the pursuit of a better understanding of the granular matter. According to [33], a granular flow is a
collection of solid particles immersed in a fluid that can be water or air. The modeling and understanding of
granular materials represent a significant purpose of human activities since a broad range of materials can
be considered as a granular media. According to [28], measured in tons, the first material manipulated on
earth is water; the second is granular matter. Several examples of granular materials can be found in the
industry such as mine tailings, pharmaceutical tablets and capsules; and in nature such as landslides, debris
avalanches, pyroclastic flows, rice, and sand.

A comprehensive view of the mechanical and thermodynamical properties of materials is needed it to
write constitutive equations. In particular, granular materials reveals various mechanical behaviors, similar
to elastoplastic solids in the case of a quasi-static regime to dense gazes in the cases of strong agitation [44].
Then, the properties of a granular material are somewhere between those of a liquid and those of a real
solid. Even at rest, granular material can sustain some shearing stress but only an amount proportional to
the average stress. This yielding property is dominant in dense regimes and, several authors have proposed
constitutive equations resembling a viscoplastic material. The most remarkable ones are the Drucker-Prager
[15], that is an extension of the Mohr-Coulomb yield criterion, and more recently the p(I)-rheology [41].
Both models are an extension of the Bingham constitutive equation where the yield stress is no more constant
but pressure dependent. However, these models face the lack of good mathematical properties and accurate
numerical methods. For example, [54] proved that the Mohr-Coulomb constitutive equation is ill-posed in
all two-dimensional contexts and all realistic three-dimensional contexts. However, the research of granular
materials using the p(I)-rheology is promising. For example, [2] proved that the u(I)-rheology is well posed
under certain conditions on a parameter called inertial number. In the numerical front, [40] obtained accurate
results using an augmented Lagrangian method to simulate the collapse of a granular wall.

On the other hand, a multiphase approach where the phases have a well-defined constitutive behavior
can also be applied to the modeling of granular matter. A multiphase model uses more simple constitutive
equations but adds the problem of how the different parts of a material interact. In this line, the Bingham
fluid model is the simplest constitutive equation that possesses the yielding property. Then, a Bingham
fluid-rigid body system can be useful to understand and shed some light about granular materials.

Let us describe the outline of the paper. In Section [2] we introduce some additional notation and we
prove Proposition We also give some technical results proved in [29] but that we state differently and
that we prove for the sake of completeness. In Section[3] we introduce some approximations of the variational
inequality (1.21). More precisely, we use a Galerkin method (of dimension M) where the plastic term is
regularized (with a parameter £) and where the free-boundary is replaced by a penalization term (with a
parameter k). Section [4] is devoted to passing to the limit in M and e. Finally, in Section [5, we prove the
main result by passing to the limit in k. The last section corresponds to the proof of Corollary (that is
g — 00).

2 Notation and preliminary results

Assume (a, Q) € R®* x SO(3) and set
S =5(a,Q).



We denote by Ps the orthogonal projection of L?(S) onto R. By standard calculation, if
{+wx (x—a) = Psu,

then ¢ and w are given by:

= 1 psu dz (2.1)
M J8(a,Q)
and
w = J(a, Q)_l/ ps(x —a) X u dz. (2.2)
5(a,Q)
We define the global density by
Pa.q = Prlpa,g) T Pslsa,q): (2.3)

In what follows, we also need the following notation: for any set O C R?,
(Q1)° :={z e R®; dist(z, ) < 6} (2.4)

and
(Ql)é = {1‘ €0 diSt(I,@Q1) > 5}

Given (a,Q) € R® x SO(3) we define two operators of L7, .(R?) as follows: assume v € L%, .(R?), then

Duo()(y) =Qv(a+Qy), yeR’ (2.5)
and -
Do) (z) :=Qu(Q"(x—a)), =€ R®. (2.6)
Let us notice the relation B
Pa,@ 0 Psy © Pa,q = Pg(,,0)- (2.7)

We will need the following result.
Lemma 2.1. Assume (hn, Rn) — (h, R) in R® x SO(3). Then,

18(hn.Rn) = Lsn,r) in LP(2) Vp € [1,00). (2.8)

Similarly, if (hn, Rn) — (h, R) strongly in C([0,T];R?® x SO(3)), then
1S(hn,Ry) — Lsn,r) strongly in C([0,T]; L (Q)) Vp € [1,00). (2.9)
The proof of this lemma is standard and is based on the approximation of 1s, by a smooth function with

compact support.

2.1 Weak form and energy inequality

In this section, we first prove Proposition [1.1

Proof of Proposition[I.4} Let v € C' ([O,T];Hé(t)(Q)). Using the results in Section [1} there exist two C*
functions, ¢, and wy, such that v(t,x) = €, (t) + wu(t) X (x — h(t)) for x € S(¢t).
We multiply equation (1.2)) by (v — ) and we integrate in F'(¢) and in [0, 7]

T T
/ / ps (@ +(u- V)u) (v — ) ddt = / div(o(u,p)) - (v —u) dedt.  (2.10)
o Jr@e ot o Jr@e
By the divergence theorem,

div(o(u, (v —u) dr=— o(u,p): V(v —u) dx o(u,p)n- (v—u) ds. 2.11
BRLCERCEY /F(t)w) (v—u) +/m)<p>< ) (2.11)

Using that div(v —u) = 0, the boundary conditions of v — u (see (T.4) and (1.5))) and the fact that o(D(u))
is a symmetric matrix, we deduce from ([2.11])

divo(u,p) - (v —u)dz = —/ o (D)) : D(v —w)dz —ml' - (Ly — 0) — (Jw) - (wy —w).  (2.12)
F(t) F(t)



Since D € M**® i |D|3 is differentiable, 0%(D(u)) € 8f(D(u)) implies that

gID()l, — gID(w)l, > (+" (D) — 26D(w)) : (D(v) — D(w)).

Combining the above relation with (2.12)) yields

/ divo(u,p) - (v —u) dz 4+ 2u D(u) : D(v—u) dz
F(t) F(t)

+ H/F(t) |ID()|, — |D(w)|, dz+mé - (l, —£) + (Jw) - (wo —w) > 0. (2.13)

On the other hand, using the Reynolds transport theorem and standard calculation we deduce that:
/ / (——i—(u V))~(v—u)da:dt—|—m€/~(KU—Z)—I—(Jw)/-(wU—w)
F(t)

// <—+uV)>.(v—u)dxdt

+§/QP( ) [u(0,-) = v(0,)[5 = p(T, ) [u(T, ) —o(T, )3 dz.  (2.14)

Then, using that D(u) = D(v) = 0 in S(t), and |u(T,-) — v(T,-)|5 is non negative, gathering (2-10), (2-13)
and ([2.14) we arrive to (1.21)).

To obtain the energy equality, we multiply equation (1.2)) by u and we integrate in F'(s) and in [0,¢].
Following the above calculations, this yields

t
/ / (3 +(u-Vu )-udm—i—/ 2l D)2 + g|D(w)], dz+ml £+ (Jw) -w) ds=D0.
0 F(s) ot F(s)

Using again the Reynolds transport theorem and standard calculation we deduce ((1.22)).

We end the proof by showing that if (u, h, R) is a regular function satisfying (L.8), (1.9), (1.11) and
(1.21), and if |[D(u)|, # 0 in F(¢), then (u, h, R) satisfies (1.2)—(1.9). To do this we follow the arguments in
[16, pp. 287-288]. We start with (1.21]) and using that D(u) # 0 with the arguments in [16, pp. 287-28§],
we obtain

// (74”“‘ V)> Udl‘d“r?u/ /D ) dadt

D D(u) : D(v) 1 e
+g/ rey D@, dwdt = 2/Qp(0’“)|“(07$) o()|3 dz, (2.15)

for any v € C*([0, T7; Hé(t)(Q)) such that v(T,-) = v(0,-) = 0. Taking v = 0 we recover the initial conditions
and taking v such that £, = 0 and w, = 0 we obtain

T
/ / (pf%+pf(u~V)u—divad(D(u))> ~v dxdt =0
0o JrE

Then, we recover the pressure p using Lemma I11.1.1 in [25] and we obtain equation (1.2). Finally, combining
(1.2) with (2.15)), integrating by parts and using that divv = 0, we obtain:

/OT (me’ +/as o(u, p)n ds) b, dt + /OT ((Jw)’ +/as(x_ h) x o(u, p)n ds) “wy dt = 0.

Since the above equation holds for all £, and w, in C*([0, T]; R®) with £,(T) = w,(T) = 0, we recover the

equations (1.6 and (1.7). O



2.2 Junction of solenoidal fields

Here we state some technical results obtained and proved in [29]. The statements used in this article are
slightly different and we thus recall the main steps of the proofs.

Theorem 2.2. Assume that 61 > 62 > 0. Then, there ezists a family of bounded operators
A% 1Y (RY) x R — H(R®)
such that, for all (u1,uz) € HX(R?) x R we have that:

A61’62 (ul, UQ) = Uz in So (2.16)
A2 (g o) =uy in R®\ SO, (2.17)

where Sgl s defined by (2.4), and the following inequality holds:

1 1
51,0 P 6
4772 (w1, 2) — < Cosg (88 % s = wall s v g+ 101 = 42) -1l o, ) (218)

N
LP(S31\50)

for p € [2,6].
Proof. We consider an orthogonal curvilinear coordinate system (si1, s2,z) defined around 9So such that
98y = {z = 0}. For & small enough we have 9S5' = {z = &;}. We consider ¢ € C° ([0,1); [0,1]) such that
©(0) = 1 and we define the function ¢s(2) := (%). Notice that:
1
sl Loy = 0% lll Lo - (2.19)
We define A%1%2 (u1,u2) in Sgl \ So as follows:
Aél’éz(ul,uz) =Vi+ Vo4 Vs

where
Vi= (1= ps;)ur + @5, (u2 — ((uz —u1) - ez)ez),

Va = {(uz —ur) ez} oses

and V3 solution of the system

{div Vs = —div(Vi + V2) in S\ So (2.20)

Vs = 0. on 4SS U ASo.

From [25, Theorem II1.3.1, p.171], the above system admits a solution since the compatibility condition
holds. We can also check that

61,6 51,6
A’2%2 (uy ug) = us  on 8So, AT (ui,u9) = w1 on ASJ.

Moreover we have the following properties:

Vi —uily < s, Juz —uly, [Val, < ’(uz —u1) ~n|z:0‘ , (2.21)
div Vi = —ps, div([(u1 — u2) - ezlez), (2.22)
divVa = ((u1 — u2) - ez)|z:0 (ps, dive, + e, - Vs, ). (2.23)

Combining (2.21)), (2.19) and a Sobolev embedding we deduce for any p € [1, 6]

11
||V1 - ul”LP(Sgl \So) g 052}7 ¢ ||’LL2 - ul”Hl(Sgl\So) (224)
and
||V2||Lp(531\50) < Csy.50 || (u2 — ua) 'n”Lp(asO) : (2.25)
Assume ¢ < 2. From (2.22)) and (2.23]) we deduce that:
11
[[div Va ] < Csp5005 7 |lua — s (2.26)

La(531\50) 1 (551\80)



||diV‘/§||Lq(551\S ) S < Csy.50 [[(u2 —ua) - n”er(asO) : (2:27)

Using [25, Theorem I11.3.1, p.171] and a Sobolev embedding, we conclude that if % = % %,

Vsl < Csys, (V]|

(S9™\S0) WLa(S51\So)

1_1
< Coyyso (88 % llur = uall s gonrsy) + 1 = u2) 0l o, ) (2:28)

Gathering (2.26)), (2.25) and (2:28) yields (2.18). O

Definition 2.3. Assume (a,Q) € R® x SO(3) and assume &1 > d2 > 0. We define the operator Qi}’éz c
L(H}(Q), HL(R?)) as follows:

QU (u) = Bag (A7 (@ag (1) Psy Pao (w))  (u € HI(S), (2.29)
where ® and ® are defined in and . If dist( (a, Q),00) > b1, then Qifﬁ? € L(HL(Q)).
Using (2 , we can check that

851,02 u in Q\§ a, Q)él,
u) = . a 2.30
Qa,Q ( ) { P§(Q,Q)u in S’(a, Q) ( )

Moreover, if (h, R) € L=(0,T;R* x SO(3)) and dist(5(h, R),d) > 61 a.e in (0,T), then we deduce from
(2:29) that Q51 22 is a linear bounded operator in L*(0,T; H}(Q)) into itself.
Lemma 2.4. Assume 61 > 62 > 0 and
(har, Rar) = (h, R)  weak star in W (0, T;R® x SO(3)),
(hat, Rar) = (B, R)  strongly in C([0,T]; R x SO(3)).

~

We define Sy = S(ha, Ryv) and S := §(h, R). We also assume

upy — u  weakly in L2(0,T; H;(Q))7
un — u strongly in L*(0,T; L*()).

Then we have that

QU (unr) — QY™ (u) weakly in L*(0,T; H'(22)) (2.31)
and
?}\’452 (unr) — Q‘;“SQ (u) strongly in L*(0,T; L*(2)). (2.32)

Proof. The proof of (2.31) and (2.32)) are similar, so we only proof (2.31). We set
UM = q)hM,RM (UM) U = @h,R(u).
Using Lemma A.2 of [29] we deduce that

Uy — U weakly in L?(0,T; Hi(R?)),

and thus
A°2%2(Upy, PsyUnr) — A°0%2(U, Ps,U) weakly in L*(0,T; Hy(R)).
Then, using again Lemma A.2 of [29] we conclude (2.31)). O

The second type of junction we consider here is given by the following result. It corresponds to Lemma

5.3 of [29].
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Theorem 2.5. Assume §; > 202 > 0 and s < % Then, there exists a family of bounded operators
A% 1 (R®) x R — H3(R)
such that, for all (u1,uz2) € HE(R®) x R we have that:
N202 (yy ) = up in S92 (2.33)
A% (uy up) =uy in R®\ SO, (2.34)

where Sgl and ng are defined in (2.4), and the following inequality holds:

K51752 7 _ H
H (u1,u2) — w1 e

1_
< oo (037"l + ol + 01 =)l ) - (239

Proof. The proof of this theorem is similar to the proof of Theorem 2:2] We use the same notation for the
orthogonal curvilinear coordinate system (s1, s2,2) and for the functions @s. We define A%1:02 (u1,u2) in
501\ 852 as follows:
A61’62(u1,1&2) =Vi+Va+4+V3
where
Vi = (1= @s, (2 — 02))ur + ¢, (2 — 62) (uz — ((uz —w1) - ex)ez),
V4 is solution of the equation

divVa = —div Vi in SJ*\ 32, (2.36)
Vo =0 in 95" UASS?, (2.37)
and V3 = VY3 where

AY; =0in So* \ S§2, (2.38)

dY: .
8—; =0in dS]*, (2.39)

aY: .
87713 = (uz —u1) - e, in HSL2. (2.40)

One can check that the compatibility conditions are satisfied so that (2.36)-(2.37) and (2.38)-(2.40) are
well-posed with the estimates

1Vall s sz < Conosnllan sy + sl ), (2.41)
1/3
||V2||L2(Sgl\sg2) < 051»90||V2||W1,6/5(Sgl\sgz) < 051,5062/ (HulnHl(Q) + ||“2HH1(Q))7 (2.42)
and
IVall g1z s szy < Conso ll(uz —wa) -l o500 -
Using Lemma 5.10 of [23], the above estimate yields
1/2
HV3||H1/2(531\532) < Cs,.50 (52/ lluz — ulHHl(Q) + [(uz — ua) - nHLZ(asO)) : (2.43)

We also remark that
(Vi+Vo+Va)-n=us-n on 982,
Vi+Va+V3) - n=ui-n on 6531.
Using the definition of Vi and we deduce that:

1
Vi =l 2 o1\ 502y < Car.5003 llur = uzll g o) »

2

< Cs1,5003 ° flur — w2l g1 gy

IV(Vi — 1)

HL2(531\532))
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so that

l—S
Vi~ il g2y < Conisods " s = w2l - (2.44)
Then combining ([2.41)), (2.42)), (2.43) and the above estimate, we deduce (2.35]). O
We define the space
H5(Q):={ve H;(Q); D(v)=0in S} (2.45)
and we denote by
Ps: H;(Q) — Hs(Q) (2.46)

the orthogonal projection.
As consequence of the above theorem, we obtain the following result on the orthogonal projection defined
above

Corollary 2.6. Let u € H'(Q) and (h, R) € R* x SO(3) such that dist(S(h, R),dQ) > 6, > 0. Then for all
d< % and s € (0,1/3), we have that

u—Ps UH
H (Shm) | grs () L2(5(h,R))

v ) (2.47)

1, 1/2
< Csy,50 <d3 Hu”Hl(Q) + ||u||;{1(9) Hu - P§(h,R)u
Proof. We set
vi=Bn (R (@0 (u), Psg®in () )

where @ and ® are defined in (2.5) and (2.6). Then, by Theorem we have v = Pg, pyu in S(h, R)?
v=uin Q\ S(h, R)*, and

1
1o =l gre (050, myy < C (ds a1y + || = Paguryw) - 7| L2(8§(h,m)) . (2.48)
We deduce that
15
= wle oy < C(d3 Pl + 5= P ]
+Hu—PA uH R R +Hu7PA uH . (249
SRR e (3 (h, R)1\S (1, R)) SO T S
Now we have the following relations
A ) 1/2 o 1/2
H(u = PsorW) n‘ L2(88(h,R)) S Cllellzrr ) Hu Psinm L2(8(h,R))
u — Ps uH < CdY30=9) ||y
H SR T gs (3(h, R)INE (R, R)) el )
and
. s p. 1-s
H" - PS(h,R)u‘ He(3(hR)) <C ||“||H1(Q) Hu - S(h,R)u‘ L2(8(h,R))
Combining these relations with (2.49)), we deduce the result. O

3 Approximated Problems

To prove the existence of weak solutions of the system (1.2)-(1.12)), we consider some approximations of
(1.2)-(1.12)). More precisely, we introduce 3 parameters:

e ¢ corresponds to the approximation of the plastic term,
e M corresponds to the dimension in the Galerkin method,

e k corresponds to the penalization term used to deal with the free boundary problem.

12



More precisely, we replace j : M3*3 - R, D — |D|, by the C' convex functions

1
o :M**® 5 R, Dw— ——|D|2"°. 3.1
Jo MY SR, Dy DI (31)
The gradient of j. is given by
Vje(D) = |DI5™" D (3.2)
and satisfies
[Vj=(D)l, = ID|5 <1+ [Dl, (3.3)

if e <1.
Since H}(Q) is a separable Hilbert space and C§°(2) N Hx () is dense in Hx (), there exists an orthonor-
mal basis {vg}gen+ of Ha () such that vy € C§°(Q) for all ¢ > 1. We define

Vi = span{vi, ..., v}

and we look for an approximated velocity in Vis.
This subspace does not impose that the velocity is rigid in the solid domain. That is why we add in the
weak formulation a penalization term of the form

k/(u ~ Ps(u)) - (v — Ps(v))da,
s
with & — oo.
Notation 3.1. To simplify the notation, in this section we write
n = (67 k’ M)7

for instance un, means ue k.

Then, the approximated problem is defined as follows: to find
hn € C'([0,T];R?), R. €C'([0,T];50(3)) am € C'([0,T];R™) (3.4)

satisfying the following properties:

Sn(t) = S(hn(t), Ra(t)),  Fn(t) := F(hn(t), Ra(1)), (3.5)
where S and F are defined in ;
M
U 1= Zamjvj, (3.6)
Jj=1
Ln 4+ wn X (x — hp) == Ps, (un), (3.7)
where Ps,, is the projection defined in Section
Ry (t) = A (wn) Ru(t), Rn(0) =1Is,, (3.9)

/ pnaaltn -vjde +/ pn(Qs, (un) - V)un - vjdz +2p | D(un) : D(vj)dx
Q Q Q

+g/QVjs (D(un)) : D(vj)dz + k/s (un = Ps, (un)) - (vj = Ps, (v;))dz =0 (5 €{1,---, M}), (3.10)

n

and

M
un(0,°) = Py, (0) = tn,0,50;. (3.11)
j=1

&L L . - . o
The operator Qs,, 1= @, pa is given in Definition , where 4 is a (small) positive constant so that

dist(So, Q) > 36. (3.12)

13



We also consider the following condition in our definition of approximated solutions
Sp(t) € Q, dist(Sn(t),00) > 26. (3.13)
We recall that, with the above condition, Qs,, (u») satisfies the following relation (see (2.30)):

. 5
Qs (tn) :{ P un in gn\ (57 and  divQs, (u) = 0. (3.14)

The operator Py,, is the L? orthogonal projection of L?(2) onto Vas. The global density is defined by

Pn = Dh,,,R,, Where p is defined by (2.3)).
Using the above properties of Qs,, (un), we can show that (3.10) implies

_ /OT/Qpn (% + (@s,, (un) .V)v) - updzdt + /OT/Q(QMD(un) + gVije(D(un))) : D(v)dedt
+k : / (un — Ps,, (un)) - (v = Ps, (v))dzdt

= [pn (07 ')u"((): ) : 11(0, ) - pn(T, ')u'ﬂ (T7 ) : U(Tv )} dwv (315)
Q
for any v € C*([0, T); V).

In the following proposition, we prove the existence of a solution of the approximated problems.
Proposition 3.2. There exists a time T, depending on ||luoll 2oy and on dist(So,d) — & such that for
any M € N*, k,e > 0, we have the following property: there exists a solution (hn, Rn,an) of the system
(3-4)—-(3.11), (3.13) on a time interval [0,T). Moreover, we have the energy equality for all t € [0,T]:

1 t t
3 [ ot dosou [ [ D@L deatg [ [ 94.(D() s D) dadt
Q 0 Q
1
+k/ / n — Ps, (un)|> dxdt = /po [Py, uols dz. (3.16)
Q
Proof. We write (3.5)—(3.11)) as a Cauchy problem
g [P B B 0
G\ B =F | Ba) ] [Be])©@=] Is (3.17)
(6 7% (679 Qp Qn,0

where F' = (F1, F», F3) depends on n and can be expressed by using (3.5)—(3.11)), (2.1)—(2.2) and (1.13):
Fi(a,Q.8) =2 Zﬂl / Syt Ao,

M
Fy(a,Q,B) = ps Z&A (QJ(;lQ* /Q 15, 0)(x —a) x vi(z) dac) Q,
i=1

and
F3(a,Q,8) = C(a,Q)”'G(a,Q, B),
where
Cla,Q)i,; = /Qﬁa,sz‘ v dz (4,5 € {1,...,M})
and

G(a,Q,B); *Z/LZ/& D (vi) : D(vj)dz

Zm/ﬂm( W’“(Zﬂm) )dw /m(Z@ ) D(v;)dz

- ’“Zﬂz/ 5(a,0) (Vi = Ps(a,qyvi) - (Vi — Py(u qyvi)dz  (3.18)
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for j € {1,..., M}
By Lemma [2.1{and (1.1)) we have that

R® x SO(3) — L'(R%), (a,Q) 15(a,0)

is continuous and thus Fi, F> and C are continuous functions. For the continuity of G, we gather the
following arguments:

e Since j. is Cl, then

M
(a,Q,B) = / Vje (Z @D(Uz‘)) : D(v;) dx
2 i=1
is continuous.
e Using (2.1)), (2.2) and (1.13]), we have that
(CL Q) S(a Q)vz 6 R

is continuous.

e Using the definition (2.29) and the continuity of

(a,Q) e R?* x SO(3) = ®ug € LIH'(R?), (a,Q) € R?®x SO(3) — Bu.q € LIH'(R?)),

(a,Q, B) = / Pa,Q < 56/k (ZBM) : >vi v dx

Consequently, in , we have that F' is continuous. As a consequence, we can apply the Peano theorem
and deduce the existence of a solution (hyn, Rn, an) of f on some time interval. By continuity of
(hn, Rn) and from , there exists a time T, > 0 such that (hn, R., o) satisfies also on [0,7%]. It
remains to prove that we can choose a time interval independent of n with the same properties.

As long as the solution (hn, Ry, an) of f exists and satisfies , we can show, by a standard
calculation, the relation . Using the definition of Ps, (un), such a relation yields the existence of a
constant C' independent of n such that

we deduce

is continuous.

| + lwn| < Clluol|L2(q)-

In particular, from and (3.9), there exists T' > 0 depending only on [|uol|12(n) and on dist(Sop, 9Q) — &
such that for all ¢ € [0, 7], (3.13)) holds true. Using a proof by contradiction, we deduce that as long as the
solution, if t < T, then (3.13]) holds true.

Moreover, we note that relation yields also a bound of the form

|(hns Ry an)| < k. (3.19)

Let us consider a bound ¢ > 0 of |F| on the closed ball B(0,2k). Since

B((hn, Rn,an)(0),x) C B(0,2k),

the Peano theorem gives the existence of a solution of (3.5| - for atime 7 = k/¢ > 0. If 7 > T, then
we obtain the result. Else, using (3.13)), we deduce (3.16) and thus in [0, 7]. In particular,

B((hn, Rn,an)(7), k) C B(0,2k),

we can use again Peano theorem with initial condition (h., Rn, @, )(7) and on the time interval |7, 27]. This
solution satisfies in [, 27] and we can use it to extend our solution on [0, 7] on the time interval [0, 27].
Then, by (3.17), we conclude that (hn, Rn,an) € C*([0,27]).

By induction, we deduce the existence of a solution of the system (3.4 and (3.13)) on the interval
[0,7]. O
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4 Passing to the limit M — co and ¢ — 0

This section aims to pass to the limit for the parameters M and e:
M — o0, &—0.
We take

EZM

so that n = (1/M,k, M). Again to simplify the notation, we write in this section the index (k, M) instead

of (1/M,k, M). For instance ux,n means wi /M-

4.1 Weak convergences
Using (3.16)) and that

1
5 [ o Pvaguoly do < Cllusl e,
Q

we deduce that
{ug, i is bounded in - L™(0,T; L2(Q)) N L*(0, T; HL ().

Therefore, there exists a subsequence of {ug,ar}x,ar (still denoted {uw,ar}r,a), and a function

uk € L(0,T; Lg(€)) N L*(0, T H,y (2))
such that:
ugar = uy weak star in L™ (0, T; L2(€2))

and
up, M — ug weakly in LQ(O,T; H},(Q))

We also deduce from (4.2)):

(hk7]y{7Rk7]\/[) A (hk7Rk) weak star in Wl’m(O,T;RS X SO(S)),

and
(hiar, Riar) — (hi, Ri)  strongly in C([0, T]; R® x SO(3)).
We write R
Sk := S(hk, Rk)
and

~

Js,, == J(hi, Ri).
From and , we deduce
Sk(t) € 2, dist(Sk(t),00) =25 (¢t €[0,T)).
By Lemma [2.I] we have that
Is;.a — Ls, strongly in C([0,T); LP(Q2)) Vp € [1,00)

and thus
Pk, M —> Pk i= Phy, R, Strongly in C([0,T7; LP(2)) Vp € [1,00).

Using (2.1) and (2.2)), we deduce

Ps,, py Uk, 0 N Ps, u, weakly star in L™(0,T,R).
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4.2 Strong convergence of the velocity

As usual in the Navier Stokes equations, we require the strong convergence of the velocity to pass to the limit
the convective term. In the case of a Bingham fluid we also have to deal with the plastic term Vj1 1 (D(uk,m))
which does not converge directly to V]%( (ux)) since the convergence of {D(uk,ar)}te,nm is only weak. We

start by proving the strong convergence of {uw, s}, .

By (4.3) and (4.9) we have that
Ph.MUE M — pruk weak star in L°(0,T; L*(Q)). (4.11)

Let us fix 4 > 1 and take M > i. We recall that Py, : L*(Q2) — V; the orthogonal projection onto V;. We
can write (3.15)) as follows:

0
&Pw (pre,prture,nr) + Py, Ag.a = 0,

in (C5°([0,T); H(2))), where Ay, ar is defined by

T
(Agar,v . up prdadt — 2 D(upar) : D(v)dad
kM //pkMQS (uk, ) - V) - ug, prdadt M/o/g (uk,m) @ D(v)dzdt
T
. Via (D : D(v)dxdt — k — P, -(v—P dxd 4.12
g / | Vi (D)) D)ot~k | /sk,M(“’“’M 5o (tia0)) - (v = P,y (0))dadt (4.12)

for all v € L°(0,T; H()). The next step is to prove that {Ay a}ar is bounded in L*/3(0,T; (H:(Q))").
Using (3.3)), we deduce

T
/0 o v]ﬁ (D(uk,nm)) : D(v) dxdt‘ <(T ‘QDUZ + ||uk,Ml|L2(0,T;Hé(Q))) HU”L2(0,T;H;(Q)) )

and, by using the property of the operator Q51’52 (see Definition , we have that:
Qs ar (wk,a) | L2 0,112 (2)) < C Huk,MHL2(0,T;Hé(Q))

with a constant C' = C'(k) > 0 and thus

pre,m (Qsy, gy (U, ar) - V)o - ug vrdadt

3/2 1/2
<C H“k»M”m(o,T;H;(Q)) HukvM”Loo(o,T;Lg(Q)) H””L‘k(o,T;H;(sz)) .

The other terms in can be estimated in a standard Way and by using , this implies that
DPv, (pr,artuk,ar) is bounded in L*3(0,T; (H(Q))'). Using (@ (4.11), we can apply the Aubin-Lions com-
pactness result and we deduce that

Py, (pr,vruk,nr) = P (prus) strongly L*(0,T; (Ho(92))'). (4.13)
Let us denote by P : L?(Q) — L2(Q) the orthogonal projection (the Leray projection). For any z € L*(Q),

IP(z) — Py, (Z)”(Hg(n))/ < HZHL2(Q) sup lle — ]P)Vi(SO)HH(Q) :
‘PEH;(Q):“‘PHH},(Q)Zl

Using the compactness of the embedding H2(Q) C L2(2) and that {v,} is an orthonormal basis of Hz (),

sup ||@_PV1(90)HL2<Q) — 0 as 1 — oo.
‘PeHé(Q)a”%HHé(n):l

Combining this with ([ 13)) and with the fact that {px amrur ar} is bounded in L (0, T; L*(R2)) we deduce

P(pk, sk, ar) — P(pruy) strongly in L2(0,T; (HA(2))'). (4.14)
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Now we follow an argument given in [42, p.47]: using (4.14]) and (4.4)), we first have

T T
/ /Pk,M|uk,M|§ dwdt:/ (P(pr,paun, m), kM) (1 o)y i) Ot
0 Q 0

—>/ (prur) Uk)(Hl(Q))/ Hi A= / /pk lu|z dxdt. (4.15)

This yields

Pl MUk M — A/pruk strongly in L2(O7 T; L2(Q)). (4.16)
From (4.9) we have that
1 1 . 3
— strongly in C([0,T]; L7(2)).
—— o strongly in C((0,7]: ()

The above convergence and (4.16) imply
g, v — ug strongly in L?(0,T; L%(Q)) (4.17)
From (4.2)), we have that {us as} is bounded in L*(0,7; L°(Q)) and thus

ug, v — ug strongly in L2(0,T; LP(Q)  (p < 6). (4.18)

4.3 A monotonicity argument

In this section, we pass to the limit as M — oo (and thus as € — 0), by using a monotonicity argument.
This type of technique is used to prove the existence of a weak solution of a Bingham fluid without the solid
part, see [16] pp.296-297].

Let ¢ € C*([0,T]; H3(£2)). We denote by Py, : Hy(Q) — Vas the orthogonal projection and we define

oM = P‘l/M ®. (4.19)

Then,
o — @ strongly in C' ([0, T]; Ha (). (4.20)

We set:
T o 1 2
AVES P o7 (onr — uknr) - (o — uknr)dzdt + o | p(0, ) [ue, 0 (0, 2) — o (0, )5 da.
0o Ja ot 2 Jo
T
+/ / P, (Qsye (Wi, ) - V) (oar — ui,mr) - (0 — ug,nr)dadl

+g/ / ) =33 (D(uian)) = Vi (D(upar)) : Dl —wpne) dadt. (4.21)
By the Reynolds transport theorem and the convexity of j 1, we have that:
Zym = 0.

Then, using equation (3.10]) with the test function ¢ — uk, v, Zar can be written as follows:

VAYi —/ /Pk M (oM —up,m dxdt+/ / P M (Qsy (Wi, nr) - V)our - (omr — wi, v )dadt

+2M/ /D(uk,M) s D(pm —Uk,M)dIdtJrg/ /jL(D(SOM)) —J1 (D(uk,m))dzdt
0 Q 0 Q M M

T
—k/ / ‘uk,M _PSk,M(“k,M)dedt
0 Sk, M

r 1
[0 [ s = Py ) (on = Py (omdade + 5 [ p(0,0) s (0,2) = o (0,2) 3 d
0 JSk Q
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Since Zy > 0 and, by (3.16)),
C

0< ||Uk,M - PS"‘JVIuk‘MHL2(O,T;L2(S,€’M)) < ﬁ7

we deduce the following inequality:

/ / Pk, M (M (Qs,nr (Uk,nr) - V)@M) “(pm — uk,ar)dzdt

ou [ [ D) Dloutrde vy [ [ iy (Dodsa

1
+ C\/% HSDM - PskvM((‘O)HLZ(O,T;LZ(S;CYM)) > 75 /Q p(07 :L’) |uk,M(07x) - SDM(OMI)@ dx

T T
o [ [ ay Otandedtr2u [ [ Dot (1.22)
0 Q 0 Q

To conclude, we need to pass to the limit the terms in the above inequality as M — co:

e Combining (4.9), (4.18)) and (4.20), we deduce

/ / Pk, M LpM — Uk, M dxdt — / / Pk Q=T — uk) dxdt. (423)

e By Lemma[2.4 and (4.18), we deduce that:
Qspu (ur,pr) = Qs (ur) strongly in L2(0,T; I (). (4.24)

Combining this with (4.9]), (4.18) and (4.20]) yields
T
/ / P, (Qsy n (un,ar) - V)onr - (o — uk,nr) dadt

o Jo

T
— / / Pr(Qsy (uk) - V) - (¢ —ug) dedt.  (4.25)
o Ja
e From (4.20) and (4.8), we obtain

Lsy arprm = Lsi o in L2(07T§ L2(Q))
and thus (with (2.I) and (2:2))
]lsk,MPSk,M‘Pk,M — 15, Ps, ¢ in LQ(OaT§ L2(Q))-

Consequently,
||90M - PSk,MgOMHLQ(O’T;LQ(S)C’M)) = [l — Psk‘pHLQ(O,T;LQ(Sk)) : (4.26)

Similarly, since ug ar — ug strongly in L2(0,T; L2(Q)) and {ug,a} is bounded in L2(0,T;L6(Q)), we
deduce that

HuhM — Psk’I\/ju’C7M||L2<O,T;L2<SkYM)) — ||uk — Pskuk”Lz(O,T;L?(Sk)) . (427)
e From (4.20) and (4.4), we have that:
T
/ / D(ug,m) : D(pa)dxdt —)/ / D(ug) (¢) dxdt. (4.28)
o Ja
e From (4.4]), we also have that
T T
liminf/ /\D(uk7A4)|§ dxdt}/ /|D(uk)\§ dzdt. (4.29)
M=oo Jo Ja o Ja
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e From the definition (3.1) of jﬁ’

T
; +1
3y (D(onr)) dodt = / Do) dedt.
/0 /sz M M+1 Q
Using (4.20]) and the dominated convergence theorem, we deduce
T T
/ /ji (D(pm)) dzdt %/ / |D(p)|, dadt. (4.30)
o Jo M 0o Ja
e Following the argument of [16, p.298], we are going now to prove
T T
lim inf J1 (D(uk,m))dzdt > | D(u)|, dzdt. (4.31)
M=o Jo Jo M o Ja

First, by Holder’s inequality we have that:

M

T T 1+L 1+M 1
[ [t dea < ( [ [ 1P dxdt) (T|Q))y T
(0] Q 0 Q
ek
/ /] 1 uk M )dmd (/ / |D Uk, M |2d$dt) .
(1 + M)(T|Q) ™ T|Q\

Since D(ug,ar) is bounded in L'(0,T; L' (2)), we have

liminf/ /] 1 (D(ug,n))dadt > hmlnf/ / | D(uk,nr)|, dedt
M —o0 Q

and since the application v — fOT Jo, ID(v)|, ddt is continuous and convex on L*(0,T; Hy(R)), it is
lower semi-continuous for the weak topology. Using this with (4.4) yields (4.31).

e Using (3.11) and (4.20)), we deduce that
[ ool 0 = ox 0903 do = [ poluo— (0. d. (432)
Q Q

and thus

Gathering (4.22)), (4.23), (4.25), (4.26), (4.28), (4.29), (4.30]), (4.31), (4.32), we deduce the following
inequality:

/ / ( Qs () - V) ) (o —ur dxdt"'QN/ /Duk : D(p)dxdt

1
+ g/ / |D(¢)|, dzdt + CVk ||¢ — Ps, Ol p2g0,m:02(5,)) = —5 / p(0,2) |uo — (0, 2)|; da
o Ja Q

T T
+g/ /|D(uk)|2dacdt+2,u/ /|D(uk)\§ ddt  (4.33)
0 Q 0 Q

for any ¢ € C'([0,T); H+(2)). Using standard techniques, see for example [58, pp. 290-291], by (4.3)), [{-27),
(4.31) and (4.29) we deduce the following energy estimate for a.e. t € (0,7):

1 t t
5 [ ot lut oo [ [ 1DwRddi+g [ [ D@, dodt
Q 0 Q 0 Q
t 1
+k/ / |uk — Ps,ur|3 dedt < 7/;)0 luol3 d.  (4.34)
o Js, 2 Jg
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5 Passing to the limit £ — oo
The aim of this section is to finish the proof of Theorem H From (4.34]), we deduce that there exist

u e L®0,T; L2(Q) N L*(0,T; Hy(Q)  (h, R) € W" (0, T;R® x SO(3))

such that:
up — u weak star in L>°(0,T; L2(Q)), (5.1)
ur — u weakly in L*(0,T; Ha (), (5.2)
(hi, Ry) = (h, R) weak star in W">(0,T;R® x SO(3)) (5.3)
and
(hg, Rx) — (h, R) strongly in C([0,T];R® x SO(3)). (5.4)
We write N
S :=S(h,R)
and R
J :=J(h,R)
From (4.7)) and (5.4), we deduce
S(t) € Q, dist(S(¥),00) =25 (te]0,T]). (5.5)
By Lemma |2.1| we have that
1s, — 1g strongly in C([0,T]; LP(2)) Vp € [1,00) (5.6)
and thus
pr — p = pn,r strongly in C([0,T]; LP(2)) Vp € [1,0). (5.7)
Using (2.1) and (2.2)), we deduce
Ps, ur, = Psu weakly star in L°(0, T, R). (5.8)
We write
Psu=:L+wx (x—h) in (0,T). (5.9)

By the energy estimate (4.34) we deduce that:

C
llux — Pskuk”L?(o,T;L?(Sk)) S ﬁ (5.10)
Then, taking k — oo, we deduce that w = Psu in S. Therefore, we conclude that u(t,-) € Hé(t)(ﬂ) a.e. in
(0, 7).

5.1 Strong Convergence of the velocity field

As in the limit in M, we require the strong convergence of the velocity as k — oo to show the convergence
of the convective term. To do this we follow the main steps of Section 7 of [52] (see also Section 5.5 of [29]).
We recall that HE(Q) is defined by (2.45) and that Pg is defined by (2.46).
First of all, we need another relation than (4.33) and (4.34). Let us take @ar given by with
© €C5((0,T); Hy () as a test function in (3.15).

T
_/ / Pk, M (85’;2\4 + (QSkJu (uk,M) . V)SDM) Uk, M dxdt
0 Q
T
[ [ @uDlusn) + 9934 (D)) Dlors) dad
0 Q

T
+k / / (uint — Py, (unar)) - (911 — Py (o)) ddt = 0. (5.11)
0 Sk,M
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Using (3.3), (3.16) and (4.1), we deduce that

V3 3, (Duk0))|

)

<
L2(0,T;L2(Q)
with a constant C' independent of the solution and of k. Therefore, for any k, there exists an element
Xt € L?(0,T; L*(Q)) such that:
Vi (D(uk,r)) = xx weakly in L?(0,T; L*(Q)) (5.12)
and
”XkHi%o,T;[ﬂ(Q) <C (5.13)

Then taking M — oo in equation (5.11)) and using (4.23)), [@.25)), [@.26), (#.27), @.28)), (5.12), we obtain
the following equation:

*/OT/ka (aa—fHst(uk).v)@) .ukd:vdtJr/OT/Q@MD(uk)Jrgxk)  D(p)dadt

+ k/o /Sk (ur — Ps, (ur)) - (¢ — Ps, (p))dxdt = 0. (5.14)

We use this new relation to obtain some compactness that will imply the strong convergence of the
velocity (as k — 00). Using (5.4), we deduce that for all d > 0, there exists ko such that for all k& > ko,

d
2

Sk(t) C (S(t)) vt € [0,T]. (5.15)
Moreover, using the Heine theorem, there exists N(d) > 0 such that if
7:=T/N and I; :=[jr,(5+ 1)7]

then
(S(1)F  (SGm)? C (SE)* (te ).

Then, we consider a test function ¢ € C§°((0,T), HL()) such that D(p(t,-)) = 0 in (S(j7))¢ and
p(t,r) = 0if t ¢ I;. With such a test function in (5.14), the integral related to the penalization term
vanishes, and we obtain the following estimate:

//pkuk-a—wdacdt
1 Ja ot

From ([2.18)) and (2.29), we have

1/4 3/4
< C( 195, (i)l 22 0,714 ”“’“HL{”(o,T;Lg(n)) ”“’“”L/%o,T;Hé(ﬂ))

 llwell 2o, rsmrs @) + Lo, ) 190usmz oy - (5:16)

1 1
1\» &
1@, (1) = wnll oy, < C ((k) el gy + (e — P e) nan(as,c)) . G

for p € [2,6]. Moreover, using a Sobolev embedding, a trace theorem and an interpolation result, we can
check that for p € [2,4],

2/p—1/2 3/2—-2
I(ur = Psun) - ll 1o o5, ) < Clluk = Psyuel| 75751 lluk = Psyue]| 325600 -

Combining this with (5.10]), we deduce

1\t 3/2—-2/p
= o)l <€ () Nl .19

In particular,
{Qs, (ug)} is bounded in L*(0,T; L*(Q)).
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Using the above estimate, (4.34]) and (5.13) in (5.16]), we deduce that

0 . .
{ap(osw_r))d(pkuk)} is bounded in L% 7(I}; (H(ls<jT))d(Q))').
k
Using the Aubin-Lions lemma we deduce
’P?S(ﬁ))d (prur) — P?S(jT>)d(pu) strongly in L°(I}; (Hfs(jT))d(Q))/) (s € (0,1]).

Then using the relation
0 s s .
P(S(jf))dp(s(t))Qd - P(S(t))2d vVt € IJ7

we deduce for any s € (0,1],

T T
lim / / Pt - Plgepyy2a (ur) dedt = / / pu - Plsyyza(u) dadt.
k=ooJo Ja 0o Ja

Then, using Corollary and (5.10), we have for s € (0,1/3)

2

T
/ H“’C(t’ ) = Pls, ekt ) dt < C(@P7) 4 k712)
0

H# ()
and
r 2 2(1/3—s)
t,) =P tH dt < Cd>/3=9),
/0 Hu( ) (spault) Hs(Q)
so that

T T
lim/ /pk\uk|2 dmdt:/ /p|u|2 dxdt
k=00 Jo Ja 0o Ja

and, by the same arguments than the ones of the end of Section [£.2] this allows us to deduce that

ug — u strongly in L*(0,T; LF(Q)) (p < 6).

5.2 Passing to the limit in the velocity inequality
Assume v € C'([0, T]; Hg,y (Q)) with suppv C €2,, n > 0. We set
vk = Pny R, © Pr,r(V),
where ® and ® are defined in and . Then, for k large enough we have
vi € C([0, T]; H, (42)).-

Moreover,
D(vk) =0 in Sk

Using Lemma A.2 in [29] and (5.4)), we deduce
vr — v strongly in C([0,T); Hi(Q)).
Similarly, deriving (5.23)), we obtain

9
ot ot

On the other hand, from (5.22)) and (2.1)), (2.2)), we have
Ps, ux — Psu strongly in L*(0,T; L*()).
Finally, combining (5.27)) with (5.26]) and with (5.28)), we conclude

8'Uk 8’[) . 2 .72
o — 5t strongly in L“(0,T; L ().
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+ (Psyuk - V) vp — wi X v — 9 + (Psu - V) v —w x v strongly in L™ (0, T; L*(Q)).

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

(5.29)



Taking ¢ = vy in (4.33), we obtain

L (% 4 @autwn) - o) - (o = dndictou [ [ D) D)

T
1
+g/ /ID(vk)lg dwdt?—*/p(O,w) |uo — v (0, )5 de
o Ja 2 Jq

T T
—|—g/ /|D(Uk)|2dxdt+2u/ /|D(’Uzk)|§d$dt. (5.30)
o Jeo o Ja

We can pass to the limit as in Section [d] the only term that needs more details is the first term:

/ / < + (@sy s - V)W) (Uk:_’uk)dl’dtfpf/ / Py 8t - (vp — ug)dadt

+ pf/ / II.Fk (stuk . V) Vg - (’Uk — uk)dxdt
0
8vk
+ ps ]lsk —_— (Pskuk . V) [ (’Uk - uk)dacdt. (5.31)
Combining , (5.22), (5.26]) and (5.29) we deduce that
T T
pf/ /]lpk%-(vk—uk) dwdt—>pf/ /HF%'(’U—U) dzdt.
0o Jo o Jo

Relation (5.18]), (5.17) and (4.34) imply

1r, (Qs, (ur) —ug) — 0 strongly in LQ(O,T; L*(Q))

for p < 4. Gathering the above limit with (5.22)) and (5.6), we deduce
15, Qs, (ur) = 1pu strongly in L*(0,T; LP(Q))
for p < 4. Combining this with (5.22) and (5.26]), we obtain

T T
pf/ (Qsy, (uk) - V)vg - (v — ug) dedt — pf/ / (u-V)v- (v—u) dedt.
o Jr, o JF
Finally, from (5.6), (5.22)), (5.26) and (5.27)),

/ /ISk <8Uk (Ps, ur - V)Uk) (6 — ux) dacdt—>/ /ﬂs(at (Psu - V) >.(U—u) dadt.

We thus conclude that u satisfies inequality . We can also pass to the limit in we deduce (|1.23)).
We deduce the existence of a weak solution of the system 7 in the sense of Definition and on
the interval (0,7"). To finish the proof of Theorem it remains to obtain that one of the alternatives
stated there holds true. This is standard and the proof can be found for instance in [I1I] or in [19, Lemma
2.2].

6 Limit as g - o
Here we prove Corollary

Proof of Corollary[I.10, We write the energy estimate (1.23) for all g > 0:

1 K K 1
f/ po(t, ) ug(t,z)|3 da:—l—?,u/ / |D(ug)3 dmdt—i—g/ / |D(ug)l|y dadt < f/ p(0,2) |uo|3 dz, (6.1)
2 Ja 0 Jo 0o Jo 2 Ja

a.e. in (0,7Ty) where T, is the time of existence of the weak solution for all g. This shows that ({4,wg) is
bounded uniformly with respect to g, and using ., , , we deduce that there exists a uniform
time T > 0 for all g such that the solution (ug, hg, Rg) exlsts in (0 T).
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Using (6.1) and following the proof of the above sections (M — co or k — o0), we deduce the existence
of
w€ L=(0,T; Lg(Q) N L0, T3 Hy (), (b, R) € WH™(0,T; R x SO(3))

such that (up to a subsequence)

ug = u weak star in L°(0,T; L2(Q)), (6.2)
ug — u weakly in L*(0,T; Hx(Q)), (6.3)
D(ug) = 0 in L'(0,T; L' (Q)),
and
(hg, Ry) — (h, R) strongly in C([0, T); R* x SO(3)). (6.5)
In particular, D(u) = 0 and using Korn’s inequality, we obtain « = 0. We deduce that (h, R) satisfies ([1.8)),
(1.9), (1.11) with (¢,w) = 0 and this concludes the proof of the corollary. O
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