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Abstract

The aim of this paper is to study the existence of weak solutions and of a finite stopping time for a
large class of generalized newtonian fluids with thixotropic and shear-thinning flows. In a first time, the
existence of the weak solutions is established using variational inequalities. In order to prove the existence
of solutions we regularize the non-linear term and then we apply a Galerkin method for finally passing to
the limit with respect to both regularization and Galerkin discretization parameters. In a second time,
we prove the existence of a finite stopping time for a class of fluids with threshold flows in dimension
N € {2,3}. More exactly, we show that if the extra non-linear term is of the form F(s) = s~ with
a € (0, NLH] when s is large, then there exists a finite stopping time. This result extends the existing
results concerning the existence of a finite stopping time for Bingham fluids in dimension two.

1 Introduction

The aim of this paper is to study the existence and some properties of solutions of the system

Ou~+u-Vu+ Vp—Au—div(F (|D(u)]) D(u)) = f in (0,T) x Q

div(u) =0 in (0,7) x 11
u=0 on [0,T) x 0N2 (1.1)
u = ug on {0} x Q

in the form of nonlinear parabolic variational inequalities, where © is an open bounded subset of RV, for
N € {2,3} with a regular enough boundary 9. Such nonlinear systems describe the flow of so-called
generalized newtonian fluids and give rise to several relevant models. Some possible choices of F' giving
different models are listed below:

o if F(t) = C, the system (1.1) is nothing else than the Navier-Stokes equations for a viscous incom-
pressible fluid;

o if F(t) = %, we get the Bingham equations for a viscoplastic fluid;

_ o

e by choosing F(t) = (1 4 t?)" 2, or more generally when the tensor M + F (|MSY™|) MSY™ 4 Ms™
M e R¥3, M»™ = L(M + MT), has an (o + 2, p)-structure (see definition below) for y > 0, system
(1.1) describes a Carreau-type fluid flow.

Since the 1960s, the study of such systems has been the subject of numerous articles (see, for instance, [16]
and references therein). On one hand, the existence of weak solutions of (1.1) is a difficult problem which
has been studied in many particular cases. Roughly speaking, a fluid flow is said to be shear-thinning if its
dynamic viscosity decreases in proportion to the increase in stresses applied to it. This behavior is to be
distinguished from thixotropy: a fluid is said to be thixotropic when its viscosity decreases as a function of
the increase in the velocity field. In the first case, the fluid behaves like a solid as soon as the stresses applied



to it are null (or too low), while in the second case, we observe that the external forces applied to the fluid
must be zero for a sufficiently long time for it to return to a state comparable to a solid. It is clear that the
system (1.1) accounts for both behaviors depending on the choice of the function F. We mainly refer to [7]
and [18] to the physical motivations of such models. When the shear tensor S has an (« + 2, u)-structure,
the existence of weak solutions has been established in special cases (see, for instance, [22], [12], or [26]).

We recall that a tensor S is said to have an (a + 2, p)-structure a > —1, u > 0, when S : R33 — Rg’yﬁ’
satisfies S(M) = S (M®™), S(0) = 0, and:
( ) S e O (R3><3 R3><3) Nnel (R3X3\{O},R3X3)

Sym sym

(P2) 3C; > 0, ¥(M, P) € R3*3, Z O1Si j(M)P;jPyy > C1® (|M™™]) | PY™ 2
i,7,k,l=1

(P3) 3Cy > 0, VM € R3*3, |0k,1Si.;(M)| < Co® (|MH™),
where @ is given by ®(¢) = (1 + ) (p + (1 4+ a)t).

The existence of solutions when the shear tensor have such a structure can be proved under certain hypothe-
ses for a < NLH (see [13]). The study of the existence of solutions under other assumptions has been done
in [16] in the case o < %, in [21] for the case N =3 and a < —%, and in [26] for a < NLH’ and in [5] for
the three-dimensional periodic case in space with a < % The existence in the particular case of a Bingham
type flow, which corresponds to the case where o = 1, has been established in the two-dimensional setting
in [12] by a variational inequality method, and in [3].

We recall that in the three-dimensional setting, it is known that we can prove the existence of a unique weak
solution to the incompressible Navier-Stokes equations, as long as the norm of the initial velocity field is
small enough and the force term is sufficiently regular. This theorem has been generalized for a large class
of non-singular stress tensors in [2], as long as the initial velocity field uy and the force term f are regular
enough. The study of the regularity of solutions in a more general framework is a difficult problem, the
case of the flow of an incompressible Newtonian fluid governed by the Navier-Stokes equations remaining
open in the three dimensional case. However, the existence of regular solutions sometimes giving rise to
the uniqueness of solutions or even to the existence of strong solutions has been established in the case of
shear tensors having an (o + 2, p)-structure in [11] and in [5] in a three-dimensional periodic in space case.
In the steady case, somes results have been obtained as in [15] (existence for a < NLH), in [27] (regular-
ity), in [6] (regularity), or in [8] (existence and regularity). Note that a point that can be tricky in the case
of a non-newtonian fluid is to establish an energy equality, we quote as example the work of [4] on the subject.

Finally, a property of some non-newtonian shear-thinning flows is the existence of a finite stopping time,
that is, roughly speaking, a time from which the fluid is at the rest. This particularly surprising property
has been established only in a very limited number of cases. Thus, it has been established in the case of a
two-dimensional Bingham flow in [10], and in the case of some electrorheological fluids in [1]. In this last
case, the ill-posedness of the problem studying the uniqueness of solutions backward in time is discussed.

In this paper, we firstly establish the existence of weak solutions by a parabolic variational inequality for
shear tensors 7 of the form 7(D(u)) = F(|D(u)|)D(u) + D(u), by setting conditions directly on the viscosity
coeflicient F', restricting ourselves to the case of shear-thinning or thixotropic flows. More precisely, we will
make the following assumptions:

(C1) F': (0, 400) = (0, +00);
(C2) F € Wy ((0,+00));

(C3) t— tF(t) is non-decreasing on (0, +00);
(C4)

C4) there exist « € [0,1], tp > 0 and K > 0 such that for every t > to, F'(t) < Kt~

Study of generalized newtonian fluid flows 2



Some examples of functions verifying the above assumptions are given in Appendix A. We emphasize in par-
ticular that this takes into account many physical models, such as the Carreau, Bingham, Herschel-Bulkley,
Cross, or power law flows.

Remark 1. Assumption (C3) is equivalent to the fact that for all € > 0, the function t — tF <\/€ + t2) 1S
non-decreasing. Indeed, we can write:

Vt € (0,400), tF <\/e+—t2) _ <

\/st—i—t2> SHERE <\/6+—t2) '

Hence, t — tF (\/8 + t2) is the product of two non-negative and non-decreasing functions, so it is a non-
decreasing function. The opposite implication being obvious by setting € = 0.

In the second part of the paper we establish the existence of a finite stopping time for solutions of (1.1) in
the case of a function F' satisfying verifying (C1)-(C4) and such that

F(t) >t (1.2)

This shows in particular the existence of a finite time from which the fluid is at rest, when the flow is com-
parable to that of a threshold fluid, thus for a shear-thinning flow.

We will note in a generic way the constants by the letter C' throughout this article, and will omit their
dependence in the parameters in the notations.

2 Weak characterization by a parabolic variational inequality

In this section we consider a weak formulation of system (1.1) using a parabolic variational inequality.
Firstly, we point out that in the system (1.1), we do not consider any frictional force on 92 (for all time).
Recalling that Hg () is the closure of C§°(£2) into H' (), it is thus natural to assume that the initial velocity
field g is of null trace on 012, that is uy belongs to H&,J(Q), the space of functions v € HE(€2) such that
div(v) = 0, where H}(2) is endowed with the norm u — ||Vu||z2. We denote H,(Q) its dual and (-,-)_1;
is the duality product between H () and H&,J(Q). Following the ideas employed for showing the existence
of solution to Bingham equations in [12, 19|, we define a functional j making appear the viscous non-linear
term in (1.1) in its derivative.

We fix for the moment 0 < ¢ < § and we define a function G¢ : (0,400) — (0,400) and a functional
Je H&,J(Q) — R by

Ge(t) = /Ot sF(Ve+s?)ds  forevery t € (0,+00) (2.1)

and

M@=A&WMWM7@€%AWL (2.2)

respectively. We also denote j = jo and G = Gq. It is easy to check that G, is a convex functional for e
small enough. Indeed,

GL(t) =tF (Ve +12), for every t € (0, +00),
and applying the hypothesis (C3) the convexity of G follows immediately.

Lemma 2.1. For every € > 0 the functional j. defined by (2.2) is conver and verifies

G wha = [ F(VEFIDWP) (D) D(w)) de (o, € Hy, () (23)

Study of generalized newtonian fluid flows 3



Proof. The convexity of j. is immediately obtained from the hypothesis (C3) and (2.2). For every ¢t € R we
have

7 ¢

Ge (ID(v + tw)])) = GL(|D(v + tw)]) % (ID(v + tw)])
=F (\/8 +|D(v+ tw)\z) |D(v + tw)| (D(Tli_(zlj-) twl;(w))

= F (Ve ID(v+ tw)?) D(v+ tw) : D(w).

Hence

(it + tu),w)10 = il +tw) = [ 2 (GL(Dw+tw)) do

= / F <\/e +|D(v + tw)|2) D(v + tw) : D(w) dzx.
Q

Making ¢ go to 0 we obtain (2.3). O

Remark 2. We point out that j' makes sense. Firstly, by our assumptions (C2) and (C3), we can deduce
that for all B € (O, %), there exists dg such that:

F(t) <t~ 8 for every t € (0, dp).
Indeed, assume that this last inequality does not hold, then for every &g > 0, there exists to € (0,0¢) such
that:
F(t) > tg ).

We can consider without loss of generality that d9 < min <1, (\/§F (ﬁ))_ﬁ), which implies, using our

assumption (C3):
558 < t5P < toF(ty) < <\/1 +t3> F (,/1 +t3> <V2F (V3),

This contradiction shows the result. We recall Korn’s L? equality for divergence free vector fields:
1
2 2 1
[P do =Sl (o € H (@),
Using these last results and applying Cauchy Schwarz’s and Hdélder’s inequalities, we get:

|5 (w), >11!—  FUD@)D(w) : Dlg) du

( PID(u)P dm)i el

( F(D@))PID()P do+ [ F<1D<u>\>2m<u>12dm> el
{ID(u)|<do} {ID(w)|>d0}

( ()| da + / F(ID ()2 D () 2 dx) .
{\D |<5o} {ID(uw)|>6d0}

|D(w)]
= 51_26dsd:v—|—/ F(|D(w)|)?|D(w)|? dx ol g1 -
v (1_25 o ) ooy FIP@IIDEPE ) ol

And so j' can be well-defined.

N

NI

N[
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Definition 2.1 (Weak solution of (1.1)). We say that a function u € L* ((0,T), Hj ,(22))NL>®((0,T), L2 (%))
such that u' € LV ((0,T), H; () is a weak solution of (1.1) if and only if u verifies uj—o = ug € H&U(Q),
for all p € L* ((O,T),H&O(Q)) and for almost allt € (0,T"):

/T (U (t), (t) — u(t)) dt+/ /D (o(t) —u(t)) dz

/ / ) dx dt +/ / G (|D(p — G (|D(u(t))]) dz dt
> [ 060w, a (2.4
Let’s quickly motivate this definition. If we consider that the Lebesgue measure of the set
{(t,z) € (0,T) xQ | [D(u)(t, z)| <}

is equal to zero for a small § > 0, we have, from an argument similar to the one in Lemma 2.1 that:

/0 (), )11 dt = /0 /Q F(ID@))) (D(u) : D(g)) dedt.

Now, if we replace ¢ by u—+ sy, s > 0, in the variational inequality of Definition 2.1, we obtain after dividing

by s:
//D dde// DG+ 20)) = GADOD 4,

z/o /Q<f—u’,so>H-1xH5dt—/0 /Q<u-w>-sod:cdt-

Since j admits a Fréchet-derivative, it also admits a Gateaux-derivative and both are the same. Hence,
taking the limit as s — O:

/ /D d:cdt+/ /F ID()]) (D(w) : D()) da dt
z/o /Q<f—u’,so>H-1xggdt—/0 A(u-Vu>-wdmdt.

Repeating once again the previous reasoning but writing u — sy instead of u + sy, we get the following

equality:
/ /D dxdt+/ /F |D(w)]) (D(u) : D(¢)) dxdt
:/0 /Q(f—u’,90>—1,1dt—/0 /Q(u-Vu)-godxdt.

Therefore, assuming that u is regular enough, we obtain

—%/OT/QAu-god:cdt—/OT/Qdiv(F(|D(u)|)D(u))god:cdt
:/OT/Q(f—u'—u-Vu)-gpd:cdt.

Furthermore De Rham’s theorem for a domain with Lipschitz boundary (see [25] chapter 1) states that for
any function f € H~1(Q) which satisfy for all ¢ € H&,J(Q):

<f7 (p>—1,1 = 0.

Study of generalized newtonian fluid flows 5



Then there exists a unique function (up to an additive constant) p € L?(Q) such that f = Vp. Considering
such a function and also the two previous observations, we can write:

T
/ / (u/ +u.Vu— %Au + Vp —div (F (|D(u)]) D(u)) — f) pdrdt =0, (p € H&,J(Q)),
0 Q

which is almost everywhere equivalent to the equation (1.1) up to the multiplicative dynamic viscosity con-
stant % We have omitted this constant in definition 2.1 for convenience, and note that it is enough to add

the constant 2 in front of the term fOT Jo D(u) : D(u — ) dadt in order to find exactly (1.1).

Finding a solution to the parabolic variational inequality thus amounts to giving meaning to the integral of
the nonlinear viscosity coefficient term inherent in the problem, which can be a singular integral in the case
of a threshold fluid flow, as a power law or a Bingham model.

3 Main results

We present in this section the main results of this article. The study of the existence of solutions by
variational inequality has been developed following the classical Stampacchia’s theorem and was further
developed in [19]. Then, this method was successfully applied for some nonlinear parabolic problems, as the
two dimensional Bingham equations in [12], or some power law systems in [20]. Following the same approach,
we get the following existence theorem.

Theorem 3.1. Assume that the function F satisfies the hypotheses (C1)-(C4) and that @ C RN, N € {2,3},
is a bounded domain with a Lipschitz boundary, T > 0 and consider an initial datum ug € H&’J(Q) and a force
term f € L2((0,T), H;1(Q)). Then, there exists a weak solution u of (1.1) having the following reqularity

we L®((0,T), L2(Q) N L2 ((0,T), Hy ,(Q))  and o' € L¥((0,T), H; ' (%)).

This theorem thus ensures the existence of suitable solutions in the two-dimensional and three-dimensional
cases. It follows from classical arguments that the solutions are Holder continuous in time, for a well-chosen
Holder coefficient. Also, we show in the appendix, in Corollary B.1 of Proposition B.1 that in some interest-
ing cases as for threshold flows, that the solutions satisfy an energy equality.

Unlike the Navier-Stokes case, the nonlinear term in the Bingham equations allows us to obtain the rest of
the fluid in finite time in the two-dimensional case. This has been demonstrated in [10], using the following
approach: it is assumed that the force term will compensate the initial kinetic energy of the fluid, which
amounts to establishing a relation between the norm |lugl/z2 and an integral of || f(¢)||z2. This argument is
based on the use of the following Nirenberg-Strauss inequality:

v >0, Vu € HOI(Q), lullre < 7/ |D(u)| de.
Q

We note that such an inequality cannot be true in dimension greater than two, because it would contradict
the optimality of Sobolev embbeddings. We therefore propose a different approach to show the existence of
a stopping finite time. Firstly, let us formalize the definition.

Definition 3.1 (Finite stopping time). Let u be a weak solution in the sense of Definition 2.1 of the system
(1.1). We say that Ty € (0,T) is a finite stopping time for u if:

[u(To)ll 2 = 0.

Or, which is the same, if:
u(Ty,z) =0  for almost every x € .

We do not make any assumption on the initial velocity field, but we assume that after a certain time the
fluid is no longer subjected to any external force. More exactly we make some more assumption on F' as
stated by the following theorem.

Study of generalized newtonian fluid flows 6



Theorem 3.2 (Existence of a finite stopping time). Assume that the hypotheses of Theorem 3.1 are verified,

that T > 0 is choosen large enough, and let o € (0, Niﬁ . We suppose, moreover, that there exists two
positive constants k and Ty < T such that
F(t) > kt™ for every t € (0,+00) and f=0 almost everywhere on (T1,T). (3.1)

Then, there exists a finite stopping time Ty € (0,T) for u in the sense of Definition 3.1.

4 Proof of Theorem 3.1

In this section, we establish the proof of the existence theorem in the bi-dimensional and three-dimensional
settings. In order to prove this result, we begin by establishing an energy estimate for solutions obtained by
the Galerkin method in order to obtain uniform bounds with respect to the parameters. We note here that
we will have two parameters: a first parameter due to Galerkin’s approximation, and a second one due to
the regularization proper to the viscosity coefficient F'.

4.1 Existence of a Galerkin weak solution

We apply here the usual Galerkin method using the laplacian operator in homogeneous Dirichlet setting,
and we use its eigenfunctions (w;);en as an orthogonal basis of H}(£2) and orthonormal basis of L?() (see
[14] for details about this property).

We also denote by P, the projection of H}(£2) onto Span ((w;)1<i<m). We would like to formally define our
Galerkin system as follows.

Optm + U » Vg, + VP (p)  —Auy, — P (div (F (|D(um)]) D(um))) = P f

div(um) =0 on (0,7) x Q (41)
Um =0 on [0,T) x 09 '
U, = P (ug) on {0} x Q.

In order to avoid the issue posed by the nonlinear term in domains for which the fluid is not deformed we
consider the following regularized Galerkin system:

Orttm,e + e Vitme VP (p) = Attc = P (div (F (VE+ D)) Dlttm,e) ) ) = P

div(um,e) =0 on (0,7) x Q (4.2)
Um,e =0 on [0,7) x 02
Um,e = P (uo) on {0} x Q,

with 0 < e < 1. Applying a Galerkin method, we can see that, writing wm, -(t) = > iv, di, (t)w;, we obtain
the ordinary differential system for all 1 < i < m:

B0 ={fow)-11— [ Slwslfyydnt) do— | Dluo) : Dws) da

1 1 : : 1 ;
- /Q §sz‘H?{3F e+ 5 1wl (@ (£))? + 2(D(w;) : D(uo))din(t) + 5lluoll, | din(t) do
j=1

= [P e+ 3 g (002 + 2D(w,) : D)) + 5ol | (Do) : Dw) da
j=1

—i /Q wj - Vwidh, () (t) dz, (4.3)
j=1

Study of generalized newtonian fluid flows 7



completed with initial condition d?,(0) = (ug, w;) Hl- This system is described by a locally Lipschitz contin-

uous function with respect to d,,. Indeed, applying the hypothesis (C2), the function v : R™ — R defined
by

1
Y(r)=F £2 4 Z —ijH lx + 2(D(wj) : D(ug))x; + 5”210“?{3 Ve € R™
is locally Lipschitz. The Picard-Lindel6f theorem shows the existence of a weak solution for system (4.2).

4.2 Energy estimate and consequences

We recall that u, . of (4.2) belongs to Span ((w;)1<i<m), for (w;)ien the basis of H}(2) which are the
eigenfunctions of (—A) in the homogeneous Dirichlet setting.
We consider the following notion of weak solution.

Definition 4.1 (Weak solution of (4.2)). We say that up, . € LZ((O,T),H&O(Q)), Uy, o € L2((0,7), H1(2))
is a weak solution of (4.2) if for every ¢ € L? ((O,T),H&O,(Q)) and for a.e. t € (0,T) satisfies

<%@@m+ADmmwmmm+wwmm»M—Awmv%@wmzm@LL (4.4)

We will also say that (4.4) is the weak formulation in space of the weak solution of (4.2) when the time is
fixed. We point out that this definition makes sense since we are studying smooth Galerkin weak solutions.
Then, in order to obtain weak limits into the Galerkin formulation, we establish some estimates.

Proposition 4.1. Assume that u, . is a weak solution of (4.2) in the sense of definition 4.1. Then, there
exists a positive constant C depending on o, Q, N, T, ||luol[z2 and || f|[z2(0r),m-1) such that the following
estimates hold:

1. N e 002y + Sl 2oy gy < € (17 aq0izy,-1) + ol

. 11—«
2. |7 (e )| <C(1+ I £1l 20,0y, 51 + lluollr2)™ "5

LN ((0,7),H-1)

2
3 Wil 4 oy sy < € (1 Bagaizy iy + 0132 + € (11aqom0) + ol )

+C (14 1 fl 2o,y -1 + HUOHL2)17Q

Before the proof of Proposition 4.1, we state some useful results. Let’s start by recalling a well known
Gagliardo-Nirenberg inequality (for the proof, see, for instance, [23] or [17]).

Theorem 4.1 (Gagliardo-Nirenberg inequality on bounded Lipschitz domain). Assume that Q is a bounded
domain in RN with Lipschitz boundary. Moreover, assume that there exists a couple (q,r) € [1,400], 8 € [0,1]
and (1, k) € N? such that:

Then, there exists C := C(k,l,N,r,q,0,Q) > 0 such that the following inequality holds:

IV ull o) < CIV ullgr @) llull oo

The following result formalizes some other properties.

Lemma 4.1. Let X be a Banach space, and ~v > % Then, the following inequality holds:
V(w,0) € X, fJut ok <2072 (Jully + [olk)

Study of generalized newtonian fluid flows 8



Proof. Using the convexity of ¢ — 2* and triangle’s inequality of the norm, we get:

2y

u+v _ 2 2
<227 (Y + 0)¥) -
X

lu+vl¥ = 2%

Applying now the well-known inequality: ¥(a,b) € [0, 4+00)?, va+ b < /a + Vb, we get the result. O
Proof of Proposition 4.1.

1. Setting ¢ = . in the weak formulation, we get:

1d .
5@””1%,5”%2 + /Q|D(um,€)|2 dx + <];(um,€)aum,€>1,11_/Q(Um,5 : Vum,s) *Um,e dx = <f, um,5>71,1-
>0 5 g

Using the following the well-known Korn’s L? equality for divergence free vectors fields we get

d
Tlwm e @72 + tm e )l < 2 (), tme () -

Moreover, we have:
1
20 (), ume(t)) 11 < 2 FONF1 + 5 lume Ol -
Then, using the above inequality and integrating on (0,t) we get

1 t t
Jim e+ 5 [ el de <2 [ 151+ ol (4.5

Indeed, we recall that (P, (ug),w;)r2 = (ug, Prw;)r2 = (ug,w;)r2, and the conclusion follows easily.
From now on, we will omit to detail this last part which is usual.

2. We have, using Cauchy-Schwarz’s inequality and Korn’s equality in the divergence free L? setting:

(e ) 1y = [ F (V4 1D ) D) D) d

1
1 2 2
il 2 2
<7 </QF ( &+ [D(um.e)| > | D(tm,e)] dw) eIl 7z3 - (4.6)
From hypothesis (C4), setting A = QN {|D(um )| < to} and B its complement in Q, we obtain
2 2
| ¥ ( e+ \D(um@)]?) Dl do = [ F ( e+ \D(umﬁ)]?) 1Dt )2
Q A
2
+/ F( 5+\D(um75)\2> | D(tm,c )| dav.
B

Let’s estimate these two integrals independently. By assumption (C3), we have that the application

2
t— t2F <\/€ + t2> is non-decreasing, and we obtain directly:

2 2
/F( e+ |D(um,€)|2> [D(um)? dz < F (Ve +10?) to?[4]
A
2
(\/€+t02> toQ‘Q’

F
2

F (\/1 n t02) V1 + 2|0

C.

IN

IN

IN
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Then we have, using (C4):

/p( e+ |D(u )!2> 1Dt ) ? x<K/ Dlml®
B e ma (e +[D( um€)| )a

< K/ D (tm)|>2* da
B

< K/ ]Vum@\z_zo‘ dx

< Clltm ell77

where we used Jensen’s inequality in the concave setting with ¢ — ¢!~ in the last line. So, we obtain:

2 : 1
(/QF< 6+|D(um,e)|2> 1D ()| d:c> <C’+C\|um€\2 20)2. (4.7)

Thus, combining the inequality (4.6)-(4.7) and using Lemma 4.1 with v = %, we get:

4—4a

4 4—4a
||j;(um,€)”g4 <C+ CHum,EHHéV .

Therefore, integrating in time over (0,7):
4a

4
e (ume)|| Y SO+ Cllumell faa
172 (w ,e)HL;{](( T).H-1) + Cllu s|| e o), my’

Then, since 0 < 4 40‘ < 2, we get, usmg the embbedding L? — L*F* and 4.1 with X := H&, q= _40‘

and p =2 on | (OT)Hl)
, 4 —4a
; N
”]E(umﬁ)HL%((O,T),H_l) < c + CH’LLm EHL2 ((0,T), Hl)
Using the first point of the proposition for t = T', and since 4}?‘” > 0, we get:
i um ) < O+ Oz + Ioll )+
SN (e ETY T o
Then, we using the exponent 7 N on both sides and applying once again Lemma 4.1 with v = N on the
right-hand side leads us to:
-/ 1—
152N, 4 o1y < €+ CUTaqirymmn + )=
This is the wished result.
. From the weak formulation (4.4) we easily get
(e )10 = = [ Dltme) s D) do=Gtlumeh b1+ [ (e Vime) o do+( )1 (48)
Q
Lets point out that
1 1
D(ume) : D(p) do = 5 | Ve Ve do < o lumell gy llell - (4.9)
Q 2 Q 2 0 0

Also, setting p =4,k =0,1=1,r = q¢= 2, and s = 2 into Theorem 4.1, we get the existence of a
positive constant C' which only depends of N and €) such that:

Study of generalized newtonian fluid flows 10



N o 4-N
[ulls < CIVul 2 [ull 2
and, renoting C, we get:
2 Tl =
[ullzs < ClIVull Zllulls (4.10)

Then, we have:

1
/(um,g.Vum,a).cp dr| < —/\um,g\z.\Vgo\ dx
Q 2 Ja

< e 741Vl 2

4-N N
< Ollumellgs Mwm.ell gallell g - (4.11)

So, putting (4.9)—(4.11) and the second estimation of the Proposition 4.1 in (4.8), we obtain

4—N

1 . N
(Umer @) 11 < 5 llumelmllollag + 15 (wm )l llellmg + Cllwmel 2 lumell g el

+ A -l ll g

and, therefore,

1 , 4-N N
([t e W) |1 < §Ilum,sHH3+HJé(um,e)IIH—1+C||um,s||L§ el g+ 1 F Lz

Now, using the following convexity inequality:

4

k N k
VE € N, Y(2)1<i<k € (0,400)F, 3C >0, (Z m) <Cy ¥
=1 =1

we get:

2

4 4 4 8—2N 4
I DI, < C (Humveu B 1) 3 + el ey + 11 H) .

Since N € {2,3}, we have % < 2. Hence, integrating in time over (0,7") and using the embedding
L2(Q) — L~ (Q):

4

4 4
Ik < ~ Y ~
el Py oy <€ (Tmeloomyy + Wiy )

8—2N 4 4
+ CHum7E|’L£((O7T)7L2)Hum75HIIIVQ((O7T)7H6) + CHfH[I,\E((O,T),H*l)'
Using the previously given convexity inequality and the first and second points of the proposition we
obtain the desired result.
O
4.3 Weak convergence

We are now interested in the weak convergence of the estimates proven in Section 4.2. Here, we prove such
a convergence by passing to the limit with respect to the parameter € in a first time, then by passing to the
limit with respect to the Galerkin parameter m.

Before proving Theorem 3.1, we establish several useful lemmas.
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Lemma 4.2. Consider that ¢ € L*((0,T), H}), then there exists a constant C(g,p) > 0 which goes to zero
as € does, such that the following inequality holds:

Je(p) + Cle, ) = i), (4.12)
Je and j are defined by (2.2).

Proof. Recalling that the assumption (C3) states that t — ¢F'(t) is increasing, we get:

//|D(¢ ) dsdx
// dsda:+//\[+D F(s) dsdx

< eVeF(e)|Q] +/ /\/QD PP sF(ve+ s?) dsdx

231 D(p)| 2 +[D (o)
< eVeF(e)|Q] +// sF(Ve+ s?) dsdx +j-(p),

—C(5 ®)

which is the wished result. O

Lemma 4.3. Consider Q an open bounded subset of RN with Lipschitz boundary, and a sequence (wp)nen
such that wy, R in L2((0,T), HE (Q)). Then, for almost all (t,x) € (0,T) x Q, the following inequality
n—-+00 )

holds:
|D(wn)(t, x)| = |D(w)(¢, )]

Proof. Firstly, let us recall that since w, — w in L*((0,T), H}) then, for all Lebesgue points tg € (0,7) and
zg € Q, for all § > and R > 0 small enough, we have w,, — w in L?((tg — J,to + 9), H'(B(xo, R)). Indeed,
we have for all test function ¢ :

T T
/ / Vw, Ve dtde — / / Vw -V dtde.
0o Jo n=teo Jo o Jo

Hence, we can take ¢, which belongs to C5°((to — 0, to + 6) x B(zo, R)) (up to arguing by density thereafter),
satisfying:

Vo — Vi on (tg — 0,tp + ) X B(zo, R)
YTV 0 on(0,T) x Q\(to — 8, to + 8) x B(zo, R)

and so this leads to:

to+4 to+4d
/ / Vuw, VY dtde — / / Vuw - Vi dt dx.
to—0 B(:BQ,R) n—++00 to—0 B(:BQ,R)

That is w, — w in L?((tg — 6,t0 + 6), H' (B(z0, R))). Now, applying Korn’s L? equality and using that fact
we get for all Lebesgue point ¢y of (0,7") and zy € € that:

to+4d to+0
/ / D(wy)|? dwdt>/ / w)|? dz dt.
to— B(l‘mR) to— B(l‘mR)

Dividing each side by 26|B(zg, R)|, we get:

to+4d to+4d
][ ][ D(wy)|* dz dt > ][ w)|? da dt
to (zo,R to—4 (zo,R

then making (J, R) — (0,0) leads to the result, applying Lebesgue’s differentiation theorem. O
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The following lemma gives the convergence of u,, . when € goes to zero.

Lemma 4.4. With the hypotheses of Proposition 4.1 there exists vy, € L* ((0,T), HOI’U(Q))HLOO ((0,T),L2(%))
with v}, € L~ ((0,T),H; () such that, up to subsequences:

1wl =l in LV ((0,T), Hy 1(Q));
2. Ume — Uy N L? ((O,T),H&O,(Q));
3. Ume = Uy N L2((0,T),L2(2));
4. Ume = Up in L ((0,T), LA()).
Moreover, vy, satisfies, for all ¢ € L*((0,T), Holﬁ(Q)):

/oT<v;n,vm — ) adt+ /OT /Q D(vm) : D(om =) du dt + /oTj(Um) B

T T
- /O /Q (v - Vo) - derdt < /O (F, o — )11 dt. (4.13)

Proof. The first and second points follow from the reflexivity of Lw ((0,T),H; () and L*((0,T), H&U(Q))
respectively, the third one from Aubin-Lions’ Lemma, and the last one by Banach-Alaoglu-Bourbaki’s theo-
rem.

Then, since u, . is a weak solution of (4.2), it satisfies (4.4). Testing against ¢ = u, . — 1 in (4.4) for a test
function v, we have:

<ulm e -1,1 +/ D ums : D um,z—: - ¢) dx + <jé(um,e)aum,e - T;Z)>71,1
— / (Ume - Vume) - de = (f,ume — ) —11. (4.14)
Q
Applying Lemma 2.1 leads to the well-known convexity inequality:

ja(um,a) - ]6(1/}) < <jé(um,e)aum,e - ¢>—1,1- (4-15)

Using now Lemma 4.2 for 4y, . in (4.15), we get:

j(umﬁ) - 0(87 um,e?) - ]6(1/}) < <jé(um,e)a Um,e — ¢>—1,1

and then, by (C3) and Lemma 4.3 applied to w, . for the convergence toward v, we get:

j(vm) - C(Eaum,e) - ja(w) < <jé(um,a)7um,6 - 1/}>—1,1-
Then, we can write (see [14] part 5.9. for details):

T
Vi € Hp (), /Qum,e(T)SD dz = (ume(T), p)-1,1 =/ (Unne (1), ) —1,1 dt + (uo, ) ;- (4.16)
0

Now, we also have, using Proposition 4.1:

2

T
| 0o @+ 00.0) 1y < Wl 4 ) (/ ||@||4th) + Clluolzellell
<c(r5+ uuouLz) el

In the above inequality we considered ¢ as a function in L*°((0, T'), H(9)), so it belongs to LTw ((0,7), H} (Q))
and its left-hand side defines a linear form over L%((O, T), H1(Q)).
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Also, the weak convergence leads to:

T T
A<%gw@11w—+ (W (0), )11 . (4.17)

e—0 0
Finally, (4.16) and (4.17) imply, up to apply to a dominated convergence theorem, to:

Ume(T) — vp(T) in L*Q). (4.18)

e—0

Then, (4.18) implies:

.1 1
lim o (ltm e (D)2 = 1P (uo)ll72) > 3 (lom ()12 = 1P (u0)lI72)
e—0
T T
< lim (U;n@,um,eﬁl,l dt > / (V) Um)—1,1 dt. (4.19)
e—0 JO 0

Also, from usual estimates (see [24][Chapter 4]), since w, . — vy, in L2((0,T), HL ,(Q)), we have:
£ )

T T
/ /yD(um,a)yQ dmdt—>/ /\D(vm)\z dz dt (4.20)
0 Jo =0 Jo Ja
/ /um€ Vtme) - dedt — / /vm Vop) - dz dt. (4.21)
e—0

Integratlng in time (4.14), and passing to the limit over ¢, combining with (4.20), (4.21), and (4.19) leads
to (4.13). 0

and

Arguing in the same way, we obtain the following result.

Lemma 4.5. Under the assumptions of Proposition 4.1, there exists u € L* ((0,T), H&,J(Q))HLOO ((0,T),L2(Q))
with w' € L~ ((0,7), H;1(Q)) such that the function vy, given by Lemma 4.4 verifies.

1. o, = in L¥ ((0,T), H; 1(2));
2. vy = win L* ((0,T), L2(Q));

3. vy — u in L?((0,7), HOI’U(Q));
4. Um = in L ((0,T), L2(R)).

Proof of Theorem 3.1. We point out that the coefficients of vy, given by Lemma 4.4 satisfy an ODE as (4.3)
with € = 0, then v,, is still smooth in space and time. Moreover, we can take up again the method previously
used, that is we can write :

T
Vo € Hp,(9), /va(T)so dx = (vm(T), )11 = /0 (vm (8), 01,1 dt + (Prn(u0), ) 1 - (4.22)

Using Proposition 4.1 then leads to:

N

T
A<%ﬂ»@1Jw+wm@AJsMW|ﬁmnH (/um4Nw) + Clluoll 2l g
< C (T + luollz2) Il (4.23)
Then, the weak convergence leads to:
T T
/ (U (t), 0) 11 dt — [ (v}, (t), 0) 1,1 dt. (4.24)
0 e—0 0
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Finally, (4.22) and (4.24) imply:

vm(T) — w(T) in L*Q). (4.25)
e—0
Then, (4.18) implies:
.1 1
lim = ([om(D)72 = [1Pn(uo)72) = 5 ([u(T)]I72 — lluolf2)
m—-+00 2 2
T T
& lim (V) Um)—11 dt 2/ (W' uy_q dt. (4.26)
m—+oo JO 0
Using once again usual estimates for Navier-Stokes equation, since vy, A in L2((0,T), Hg ,(2)), we
m—+0o0 ’
have:
T T
/ /|D(vm)|2 dedt — / /|D(u)|2 dx dt. (4.27)
0o Ja m=too Jo  Jo
and
T T
/ /(vm V) - dedt — / /(u -Vu) - ¢ dx dt. (4.28)
0o Ja m=teo Jo Jo
Applying lemma 4.3 with our assumption (C3) and passing to the limit over m, we get:
T
lim [ (o) dt > j(u) (4.20)

m—+o0 J(O

Passing to the limit over m in (4.23), combining with (4.27), (4.28), (4.29) and (4.26) leads to:

‘Azdw—¢>LUM+ATA¥XW2DW-¢0M@#+ATﬂW—jWQﬁ
—/()T/Q(U-Vu)-wd:cdtg/OT(f,u—TM1,1 dt (4.30)

which is the desired result, that is u is a weak solution of (1.1). O

5 Existence of a finite stopping time for shear-thinning flows

In this part, we assume that hypotheses of the Theorem 3.2 are fulfilled. We are interested to show the
existence of a finite stopping time of weak solutions of (1.1) for a viscosity coefficient F' which behaves at
least as a power-law model. In fact, one can observe that the nonlinearity proper to threshold flows can
in some special cases implies the existence of such a finite stopping time, as it has already been proved for
the two-dimensional Bingham equation under some assumptions in [10]. In this section, we will moreover
assume for convenience that the force term belongs to L2((0,T), L?(£2)) or, if necessary, we will identify the
duality bracket (-,-)_11 with the L? inner product. Note that this assumption is not necessary, the results
remain valid for f € L2((0,7), H;1(f)).

Before proving the Theorem 3.2, we need to prove the following useful lemma.

Lemma 5.1. The solution v, provided by Lemma 4.4 verifies, for every function ¢ € H&’J(Q) and for almost
allt € (0,7):

<%mww—%@Lu+4m%wwmewwmM—Ammwwwmwwm
+ [ GUDEO)D = GUD (@) do = (F(B),6(0) = vm (D)1 (5.1)
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Proof. Assume that ty € (0,7) is a Lebesgue point of (0,7). Let § > 0 and consider a test function w
in (4.13) having the following form:

_f e(t)  in (to —d,to +9)
o= 3 i 0mG b+0)

where ¢ is such that w € H&U(Q). Multiplying the inequality obtained in this way by % and applying
Lebesgue’s differentiation theorem, leads to:

<%(to),80(to)—vm(to)>1,1+/ D(vm(to)) : D((to) — vm(to)) dw—/(vm(to)'va(fo))'SD(to) dx
Q Q
+/QG(\D(<P(t0))D — G(|D(vm(to))]) dz > (f(to), p(to) — vm(to))-1,1-

Since almost every point in (0,7") is a Lebesgue point, the inequality (5.1) follows directly from the above
estimate. U

We are a now able to prove Theorem 3.2.

Proof of Theorem 3.2. Let vy, be the function provided by Lemma 4.4. From Lemma 5.1 this function verifies
estimate (5.1). Choosing ¢ = 0 in this estimate we get:

st + [ D@ do -+ i(0m) < {f.0m) 10 (2
Combining (2.2) and (3.1), we easily obtain
J(Wm) = Cl[D(vm)l[72%-
From Korn’s inequality and Sobolev’s embedding Wol’Q_a(Q) — L%(Q), there exists ' = I'(IV, Q) such that:
(0m) > CT||om| %52, (5.3)

Using Poincaré’s inequality on the second term and (5.3) for the third term in the left hand side of the
inequality (5.2), we obtain:

1d _
537 (om@72) + Cllom @72 +Cllom @Iz < 1 @)l 22 [om ®)] 2- (5.4)
—_—————
>0
By assumption (3.1), f = 0 for almost every ¢t € (T},T). Moreover, assume that there does not exist any

finite stopping time, that is for almost all ¢ € (0,7"), we have:
[[om ()]l 22 > 0.

Then dividing by ||vs,(t)]| 72 the both sides of (5.4), we obtain for almost all t € (T1,T):

d —Q
7 (lom®lz2) + Cllom @) 2% < 0,

which is equivalent to:
d [e%
= (lom(0)lg2) < ~C.

Integrating over (77,t), we have for almost all ¢t € (T1,T):
[om ()72 < llom(T1)||72 + C(T1 — 1),

which leads to [|vn,(t)||z2 < 0 for ¢ large enough, up to take T" large enough. This is a contradiction, so,
there exists a time Ty € (0,7) such that ||v,(t)||z2 = 0 for all ¢t € [Ty, T). Indeed, assume that ¢s is the
time for which we have ||vy,(ts)||z2 = 0. Then one can easily verify that ¢ — [Jvy, (£)||%, is non-increasing on
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[max(ts,71),T), and we get the result setting Ty = max(ts, 17).

So we get that there exists ¢ € [T, T') such that ||u(?)||;2 = 0. Indeed, if it was not the case, we would have:
Vi € [To,T), [lom(®)]|z2 < [Ju(®)] L2,

which implies:

T T

lom(®I3 de < | ue) 2 dr

To To

This would be a contradiction with the uniform bound of (vy,)men in L2((Ty, T), L2(£2)) and the convergence
vm — u in L*((Ty,T), L2(Q)). Also, there exists ¢ in [Ty, T) such that ||u(f)||;2 = 0, and, arguing as
we have already done for (vm)men, we have that ¢ — |ju(t)||2, is non-increasing on [t,T). Finally, since
u € C((0,T),L2(2)) (it is even Holder continuous in time), we get:

Ve[t T), |lu(t)lz2 =0,

which is the desired result. U

6 Conclusions and problems remaining open

In this paper, we have been able to establish the existence of solutions for a large class of generalized
newtonian flows in both two- and three-dimensional settings, including threshold fluid flows. The question
of global existence of such solutions in the three-dimensional framework was still open. We note that we
have focused our attention on the viscosity coefficient and not on the stress tensor, contrary to what is done
in the existing literature on the subject. The existence of such solutions in the non-diffuse case remains
open, since we cannot apply a vanishing viscosity method with estimates done in this paper. The issue of
global regularity in the three-dimensional setting remains open, the question being still widely open for the
Leray-Hopf (and Leray) solutions of the incompressible Navier-Stokes equations. Moreover, we note that the
addition of a nonlinear term considerably complicates the study of regularity in the framework of generalized
newtonian flows, particularly in the case of threshold flows.

An important question would be to show the existence (or nonexistence) of a time from which the fluid is
at rest for the case a € ( %, 1]. This naturally raises the question of the null-controllability of the fluid, that
is to say the control of the extinction according to the parameters considered which are the initial data and
the force term.

A Some examples of functions F

In this section, we give some examples of functions F' satisfying the conditions (C1)-(C4), most of which
correspond to models of non-Newtonian coherent flows in the physical sense. This is the case for quasi-
newtonian fluids such as blood, threshold fluids such as mayonnaise, or more generally in the case of polymeric
liquids.

1. Firstly, in order to describe power-law fluids, we can consider functions (Fy)o<a<1 given by:

(0, +00) — (0, 400)
Fu(t) :
t—t

2. Considering functions (F), a),>0,ae(0,1) of the form

(0, +-00) = (0, +00)
Flua(t): .
t— (u+1%)72
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leads to Carreau flows.

3. Cross fluids are obtained by choosing function (F, «)y0,ae(0,1] given by:
(0, +00) — (0, +00)
t— y

4. Another possible choice is to take functions (Fy g-) given

(0, +00) — (0, +0c0)
Fapa(t) :
t~log(1 + 1)~ Ift € (0,7]
t—>
log(1+ )Pt Ift € (v, +00)

for 0 < @ < 1 and some 3,v > 0 with v small enough.

B An energy equality

This appendix is aimed to prove a useful estimate, interesting by itself, stating that the weak solutions
of (1.1) are continuous in time. More exactly, we have the following results.

Proposition B.1. Assume that u is a weak solution to (1.1) satisfying assumptions of Theorem 3.1. More-
over, assume that there exists 0 > 0 such that for allt € (0,T), we have:

G(t) = 0t*F(6t). (B.1)
Then we have for almost all t € (0,T') that there exists n(t) € (0,1] such that:

1 1 t
P /0 S ()1 ds = ol + /O (f,u) 11 ds.

Proof. As previously mentioned, we can apply an analogue of the Lemma 5.1 to u, that is we have for almost
all time ¢ € (0,7):

<u’7<p—u>—1,1+/QD(u):D(tp—u) dw—/ﬂ(u-Vu)-wderj(w)—j(U) > (fio—u)-11. (B.2)

Testing against ¢ = 0 in (B.2), we get:

a1y + /Q D(w)P? da + /Q G(ID(w)]) dz < (f,u)_1.1. (B.3)

Now, we write:

¢ 1
Vt € (0,400), G(t) = /0 sF(s)ds = t2/0 yF(ty) dy.

We point out that the result still holds for ¢ = 0. Combining the above equality and (B.1), we deduce that:

[ 6D ds = [ 61DEF @DW)) do = 56, 60)1..
Q Q
So, (B.3) leads to:
!/ 2 1 ./
i) ora [ D@ do + 560, 00) 11 < (fru) 0, (B.4)

Using now ¢ = (1 + d)u (for every 6 > 0) as a test function in B.2 leads to:
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Sl u)1a 46 [ D@ do+ | G+ D@~ GIDW) de 2 8(feu)rs. (B

Dividing each side of (B.5) by § > 0 and passing to the limit with respect to the parameter 6 — 0 we obtain,
recalling that G admits a Gateaux-derivative, that:

()11 + /Q D) dar + (' (), u) 1.0 > (o) 1. (B.6)

Finally, using once again the assumption (C2), we obtain from the inequalities (B.4) and (B.6), that there
exists 7 € [, 1] such that:

()1 + /Q\D(u)yQ di + %(j'(nu),nm_l,l () y =0,

The result of the proposition follows integrating over (0, ).

O

Remark 3. Clearly, the case of threshold flows is contained into the previous proposition, since we can write,
fort>0:

¢
1
/ s ds = —— 127 = 02 (6t)
0 2—«
with 0 = (2 — 04)7ﬁ f0<a<l,0=1ifa=1. Also, Proposition B.1 directly leads to the next result,
which is important by itself.

Corollary B.1. Assume that u is a weak solution of (1.1) satisfying assumptions of Proposition B.1, then
u belongs to C((0,T), L2()). Moreover, the function t — ||u(t)||z2 is differentiable.

Proof. Applying Proposition B.1 for s and ¢ such that s < ¢, up to redefine u on a set of null measure, we
can get:

t t
1 .
)2 — )+ [ =0t dr = [ (F)aa dr
s n(r) s
Making s — t leads to the result. Up to fix an s € [0,¢), it directly follows from the previous equality that
¢t |lu(t)||?, admits a derivative, using the fundamental theorem of calculus. O
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