ANALYSIS OF THE FLOWS OF INCOMPRESSIBLE FLUIDS
WITH PRESSURE DEPENDENT VISCOSITY FULFILLING
v(p,:) = +oo AS p — +oc.

M. BULICEK! AND J. MALEK?2 AND K. R. RAJAGOPAL3

ABSTRACT. Over a large range for the pressure, one cannot ignore the fact that
the viscosity grows significantly (even exponentially) with increasing pressure.
This paper concerns long-time and large-data existence results for a general-
ization of the Navier-Stokes fluid whose viscosity depends on the shear rate
and the pressure. The novelty of this result stems from the fact that we allow
the viscosity to be an unbounded function of pressure at infinity. In order to
include a large class of viscosities and in order to explain the main idea in as a
simple manner as possible, we restrict ourselves to a discussion of the spatially
periodic problem.

1. INTRODUCTION

It is well documented in the case of several liquids that, over a sufficiently large
range for the pressure, the viscosity grows significantly with varying values of the
pressure. Since the variation in the density, in comparison to the variations in
the viscosity are neglegible, we can model these liquids as being incompressible,
their viscosity however depending on the pressure (which in this case becomes the
mean normal stress for those fluids that are a generalization of the Navier-Stokes
model). Contrary to the mathematical theory for the incompressible Navier-Stokes
equations (NSEs), for which results for large data are well known since the work
of Leray [10], there is no mathematical result concerning large data or long-time
existence of solution to a model that generalizes the NSEs allowing the viscosity
to depend on the pressure. We refer the interested reader to the survey article by
Mélek and Rajagopal [13] for more details.

Recently, there have been several mathematical studies (see [11] and [9] for three-
and two-dimensional evolutionary spatially periodic problem respectively, [8] for
three-dimensional stationary Dirichlet problem, [6] for three-dimensional unsteady
flows fulfilling Navier’s slip on the boundary, and [7] for three-dimensional un-
steady flows that take into consideration thermal effects and that are subject to
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the Navier’s slip boundary conditions) establishing long-time and large-data ex-
istence results for a class of incompressible fluids with the viscosities depending
specifically on the pressure, (the temperature) and the shear rate. It is worth of
emphasizing that a suitable dependence of the viscosity on the shear rate is crucial
for all these investigations, and in fact in all of them the viscosity decreases with in-
creasing shear-rate (i.e., the fluid shear thins). While such fluid models capture the
pressure thickening phenomenon observed for most liquids (the viscosity increas-
ing with increasing pressure), the fact that the viscosity remains bounded as the
pressure tends to infinity can be considered as a drawback of the above mentioned
studies as in several liquids the viscosity grows with increasing pressure, even ex-
ponentially (see the Barus’ [4] or Andrade’s [1] formulas in the book by Bridgman
[5] or in the survey paper by Mélek and Rajagopal [13]). In fact, recent articles by
Bair and Kottke [3] and by Bair [2] report on even drastically faster dependence of
the viscosity on the pressure.

Of course, in reality we cannot apply infinite pressure. However, the experiments
suggest an exponential increase of the viscosity with pressure for the range of pres-
sure for which the experiments were carried out, which in its mathematical ideal-
ization would lead to viscosities which become unbounded with pressure. Idealized
mathematical problems in unbounded domains wherein the pressure or velocity can
become unbounded serve a very useful purpose. For instance, the classical solution
for the Poiseuille flow problem is obtained under the assumption that the pressure
at both ends is infinite (this follows from the fact that the pipe is assumed to be
infinitely long and the pressure gradient along the axis of the pipe is a constant).
However, the result obtained under such an assumption agrees remarkably well
with experimental results for laminar flow in a sufficiently long pipe. Similarly, the
solution obtained using Karman’s assumption due to an infinite rotating plate im-
plies infinite velocities and the results stemming from Karman’s assumptions lead
to excellent estimates for the development of the boundary layer due to a rotating
plate of sufficient diameter. Thus, studies such as the one carried here have to be
viewed within the context of whether the idealized mathematical problem serves
some useful purpose. It is definitely worth knowing if flows of fluids with pressure
dependent viscosity that grow unboundedly with the pressure admit solutions, as
they could, and possibly do, have relevance to viscosities that do increase in such
a manner within the realm of experimentation.

The aim of this paper is to relax the assumption on the boundedness of the
viscosity, and to identify the class of fluid models (as large as possible) with the
viscosity converging to infinity as pressure tends to infinity. Of course, the question
of the rate of such convergence is important. In this paper, we are able to incorpo-
rate almost linear growth in the pressure. The task of how to include higher order,
i.e., polynomial or exponential growths, is left completely open. In addition, we are
able to treat fluids that can shear thicken (the viscosity increases with increasing
shear rate). In order to look for a sufficiently robust class of models we start with
very general, nevertheless natural conditions on the structure of the admissible vis-
cosities, and look for restrictions required within the course of the existence proof.
In order to avoid the additional restrictions caused by the choice of boundary con-
ditions and in order to keep the presentation as simple as possible we deal with the
spatially periodic problem. This permits us to have a relatively simple equation
for the pressure, and to incorporate with ease the regularity method to obtain the
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compactness for the velocity gradient and consequently for the pressure. Of course,
one could be interested in knowing whether the same (or slightly modified) assump-
tions on the viscosity are applicable to other boundary value problems as well. We
feel that the answer will be affirmative. From this perspective, we wish to mention
that we do not intend to flood the mathematical community with, according to
us, minor modifications based on a combination of the results in this paper with
already established results. We feel that it is sufficient to address the main point
just once; the establishment of long-time and large data mathematical theory for a
class of fluids with the viscosity being a suitable function of the pressure and the
shear rate, wherein the viscosity can grow almost linearly with the pressure and
can be either an increasing or decreasing function of the shear rate. A more pre-
cise formulation of this statement and its proof form the content of the remaining
sections of the paper.

We complete this introductory section by formulating the problem.

Let Q := (0, L) x (0,Ls) x (0, L3) denote a cube in R?, and let T' € (0, 00) be
the length of the time interval of interest. We say that a function v : R? — R is
Q-periodic if u is L;-periodic in the variable z;. Any vectorial or tensorial function
is Q-periodic if each of its components is 2-periodic.

For a given vy = (vo1, Vo2, vo3) being Q-periodic and satisfying divwvg = 0, we
look for a couple of functions (v,p) = (v1,v2,v3,p) : [0,7] x R? — R?* being Q-
periodic, with zero mean value, and solving the system

dive =0,
v+ div(v ® v) — div (v(p, |D(v)|*)D(v)) = —Vp.

The first equation expresses the fact that the fluid is incompressible and homoge-
neous (leading to the conclusion that the density is everywhere the same, equal to
a positive constant ¢*), the other set of equations is a consequence of the balance
of linear momentum

(1) 0" (v,t—i—div(v@v)) =divT + 0" f,

)

by neglecting the specific body force f, dividing by ¢* and incorporating the consti-
tutive equation for the Cauchy stress T of the form (v is the generalized (kinematic)
viscosity):

(2) T=g"(—pl+v(p. D)D)

D(v) being the symmetric part of the velocity gradient.

We also formulate the problem governing steady flows. For a given f = (f1, f2, f3)
being Q-periodic we look for a couple of functions (v, p) = (vy,v2,v3,p) : R® — R*
being Q-periodic with zero mean value solving the system

dive =0,

(5) div(v ® v) — div (v(p, [D(v)[*)D(v)) = —Vp + f.

Most, if not all, textbooks on continuum fluid mechanics do not consider the pos-
sibility that the viscosity can depend on the pressure. This stems from the fact that
in these textbooks an apriori assumption is made concerning internal constraints,
namely they require that the internal constraints do no work. This naturally leads
one to ask the question whether the constitutive equation (2) is consistent with ba-
sic principles of continuum physics. The answer is an unequivocal yes. Currently,
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there are three ways in which we can go about developing such models within a ther-
momechanically consistent framework: (i) to reject the assertion (principle) that
internal constraints do no work (this is addressed in the work by Rajagopal and
Srinivasa [16]), (ii) the model can be easily incorporated into the thermomechanical
framework developed by Rajagopal and his co-workers (here in particular) based on
the maximization of the rate of dissipation with respect to the symmetric part of
the velocity gradient taking into account the incompressibility conditions and the
reduced thermomechanical identity as the constraints (see Malek and Rajagopal
[13] for details), and (iii) the model can be easily implemented into the framework
of implicit constitutive equations developed by Rajagopal, see [14, 15].

The structure of the paper is as follows. In Section 2 we start delineating the
assumptions concerning the structure of the viscosities, followed by two examples
that satisfy them for some range of parameters. Then we introduce the function
spaces needed to define what we mean by a solution to problems (S) and (U).
Finally, we formulate two main existence theorems. Section 3 is devoted to their
proofs. In the last section, we show that the viscosities given in Section 2 satisfy
the assumptions needed for establishing the proof.

2. ASSUMPTIONS ON VISCOSITY. EXAMPLES. FUNCTION SPACES. MAIN
THEOREMS.

Our aim in this section is to characterize admissible viscosities and to show that
this class contains several interesting examples. Calculations illustrating under
what range of model parameters the examples fulfil the required assumptions are
postponed to Section 4. Here, after introducing various function spaces, we define
what we mean by a weak solution to Problem (S) and Problem (&) and formulate
main theorems.

2.1. Assumptions on the viscosity. We assume that there are Lipschitz contin-
uous functions v1 := v1(p, [D|?), 72 := 72(p, ID|*) and 73 := y3(p, [D|?) such that
the viscosity v(p, |D|?) satisfies for all B, D € R3X3

Sym

d(v(p,|D|*)Dyy)
0Dy

(4) |0pv(p, [DI*)D| < 73(p, IDI?) <

(3) 71 (p, ID?)[B|? < Bi;Bri < 12(p,|D|*)[BJ?,

)

[N

and in addition there are real parameters r > 1, ¢ € (1,7 — 1) and o € (0, 1) such
that for arbitrarily small a > 0

) e1+IDP)F < n(IDP) < [DP) < oL+ C(1-+ DY),

Next, we define two auxiliary quantities:
3 (p, Dlz))
m(p, IDP?) )’

7 (ps IDIQ))
7(p,|D?) )’

(©) (. IDP) = pd, (

(7) 7p(p, D) = pOlpy: (
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and introduce several auxiliary numbers (p € R, d € R™):

(8) ag == sup3(p, d*),

p,d

73(273 d2)72<p3 d2)

9 Qap = su ,
( ) ! p,(Ii) '71(pa d2)
(10) Q9 1= sup [Py (p. &%)

pd 1(p,d2)(1+d2)z’

2 2
. 75 (p, d°)

11 Qg 1= sup ———==,
( ) 2 p,d 'Yl(pa d2)

(12) Qs 1= sup ‘Wp(pa d2)|71 (pv dQ)

p,d 3 (pv d2)

42 d?)d
(13) S v (p, d*)[12(p, d%) ’

p,d a! (p, d2)
(0, d°)|72(p, d°)

14 Qs = sup ,
(14) ’ p,d ¥3(p, d?)
(15) Qg 1= SUp o (p, d*)|d,

P,

f ’Yp(pv dZ)FYl(pv d2)

16 ay :=in ,

( ) ! p,d 7?3(197 d2)
[vp(p. d?)|d

17 Qg = sup ————.

(17 T d 10, d?)

2.2. Examples. In this subsection we give two classes of viscosities that satisfy the
assumptions (3)-(5) wherein auxiliary quantities ay, ..., ag are finite. The proofs
of these properties for and some further related inequalities are given in Section 4.

Example 2.1. Fora € [0,1], 5 >0 andr € (14 af,1+ 3], viscosities of the form

r—

(18) v(p.IDP) = (14 DP) 7 (1+ 7)1+ PP)E)

where f(p) has the following structure:

a(l+0p*)° if p>0
19 = bye>0
(19) 1) { L, (a0
with ¢ € [%, %], satisfy our requirements.
Example 2.2. For r € (1,00), viscosities of the form
20 v(p,IDP2) = (1 + D)7 + 1P
where the function f(p) is given either by (19) with ¢ < %:j& < %, or by
aln®(1+bp)+c if p>0
(21) fp) = ) (a,b,c>0),
c if p<0

satisfy our requirements.
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The structure of (20) has relevance to the viscosity used by Schaeffer [17] in
modeling and analyzing flows of sand in silos.

2.3. Definition of a weak solution to Problem (S) and Problem (i/). We

start by introducing function spaces necessary to provide a proper definition of

what we mean by a solution. The standard Lebesgue and Sobolev spaces (of Q-

periodic functions) are denoted by L™ and W' respectively. We do not distinguish

between function spaces whose elements are scalars, vectors or tensors. A subspace

of any space X consisting of functions belonging to X and having mean value zero is
o

denoted by X. A subspace of X consisting of vector-valued functions belonging to
X and being divergenceless is denoted by Xy;,,. Moreover, in order to simplify the
notation, we introduce for a, b being scalar- , vector- or tensor-valued function and
fulfilling a - b € L' the notation (a,b)s := Joa-bdz. Similarly, for a € X*,b € X,
X* being the dual space to X, we simply write (a,b) := (a,b) x x~.

We also recall the standard result that is a consequence of the theory of multi-
pliers.

Lemma 2.1. Let ¢; € (1,00) and g2 € (1,00).
There exists a constant Cy, > 0 such that for any G € LT there exists a unique

m™E IO/q solving in the sense of distributions

—Arm =divdivG
and satisfying
(22) 17llgy < Coy [IGllg, -

In addition, there exists a constant Cy, req such that for any G € Wha2 the following
inequality holds:

(23) IV7llgy < CoregVGllg, -
Next, we define what we mean by a solution to (S) and ().

Definition 2.1. Let f € (W")*. Let the viscosity satisfy (3)-(5) withr > &. We
say that a couple (v,p) is a weak solution to (S) if

min (37‘ 7‘) ifr<3
(24) we Wiic’ pE Io/S with s := , 2B3-7)"g+1 -
) >
7+ 1 if r >3,
and
(25) —(v®v, V)2 + (v(p,D(v)[*)D(v),D(p))2 = (p,div @)z + (f, ®)2

holds for all p € W12,

Definition 2.2. Let vy € L?4;,. Let the viscosity satisfy (3)-(5) with r > g We
say that a couple (v,p) is a weak solution to (U) if

o br T
26 €L jth s :=min ( —, —— |,
) peit wins=min (. 5)
(27) v e L*(0,T; L2) NL"(0,T; Wdli{)»

(28) vy e L°(0,T; (WH)"),
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T
/ (01, @) — (® v, V)a + (v(p, ID(®)[2)D(v),D()),
(29) -

= / (p,divep)s + (f, ) holds for all @ € L>°(0,T; Wh>°),
0

and the velocity v attains the initial condition vy in the following sense

(30) lim [[(t) — woll> = 0.

Note that the assumptions (3)-(5) imply that

T 5 T
/0 (v(p. ID()P)D().D(¢))| < C / /Q Vel (1 + |p] + [D()[+)

(31)
(q+1<r) T .
e / (1+ ol + ID@)I)

and using (24) or (27) we find that the integral estimated in (31) is finite.

Theorem 2.1 (Existence result for Problem (S)). Let f € L" N L2. For s
defined in (26), let Cy denote the constant that appears in (22). Assume that the
viscosity v satisfies (3)-(5) with o < Ci and r > 2. Moreover, let g, o1, o defined
in (8)-(9) and (11) be finite and fulfil

(32) aOCreg,Q < la
o

33 <1.

(33) ——

Then there exists a weak solution to (S).

Theorem 2.2 (Existence result for Problem (U)). Let vo € L?%;,. For s
defined in (26), let Cs denote the constant that appears in (22). Assume that the
viscosity v satisfy (3)-(5) with o < Ci and r > 2. Moreover, let o, ..., as defined
in (8)-(17) be finite and fulfil (32) and

(34) 0< a1 +vV2a4+as+206+2a08 <1—ap—as+ ar.
Then there exists a weak solution to (U).

In Section 4 we will show, among others, that Example 2.1 fulfills the assumptions
(32) and (34) for certain range of parameters that appear in the model.

3. PROOF OF THE THEOREM 2.2

We prove only Theorem 2.2, since the proof of Theorem 2.1 can be established
in a similar manner we do not provide it.

We split the proof of Theorem 2.2 into three parts. First, we summarize those
properties of p that follows from certain properties of v. Then we introduce suitable
g-approximations to Problem (i) and establish existence and regularity results for
them. Finally, we develop the uniform estimates that are sufficient to prove the
compactness of the velocity gradient, and to complete the proof.
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3.1. Properties of pressure. Before we start with the proof of the main theorem,
we prove an important lemma about the behavior of the pressure.

Lemma 3.}. Let the viscosity satisfy (3)-(5) with o < C% for s := min(3L, 1)

and ay < o for some B € (1,s), Cs and Cs being introduced in (22). Assume
that v € L>=(0,T; L*) N L"(0,T; W(}II) Then there exists a pressure P(v) =:p €
L#(0,T; L®) solving in the sense of distributions

(35) Ap = divdiv (v(p, [D(v)[*)D(v) — v @ v)

and fulfilling the following estimate

T
(36) /0 Iplls < C([vl])- (C(llv]l) defined in (39))
Moreover, let ag < 1. Then for almost all time t € (0,T) we have

(37) IVpll2 < € (I2(p, ID@)*)D(Vo)|l2 + [|Jv]|Vol|l2) ,

provided that the right hand side is finite.
Moreover, if p1, pa are two solutions to (35) corresponding to vy, v2, then

(38)

T T
/0 lr -2l < © / o1 = wall2s 1 + w12,

T
0

provided that right hand side is finite.

1 B
/0 22 — 5(p2 — p1), ID(v2 — (w2 — v1))?)|D (w1 — va)] ds

B

Proof. We prove Lemma 3.1 only for smooth v. For general v one can argue by
using density arguments and the estimate (38). First, for a smooth velocity v it
is proved! in [11] that there exist a pressure p solving (35). Thus, it remains to
show that the relations (36)-(38) hold. First, using Lemma 2.1 we see that for a.a.
t € (0,T) we have?

Iplls < Csllv(p, ID(®)*)D ()]s + Csllv @ vl

(5)
< Coollplls + C(1+ [ol3, + D@12 1))-

Since Cso < 1 and 1 < s = min(5F, —r1) we finally conclude (by virtue of assump-

tions concerning v and standard interpolation argument) that

T T
(39) /0 Ipll$ < C+C/O ]33 + ID(v) I} == C([l]),

which is exactly (36).

1T, prove the existence of p it is enough to use Lemma 2.1 and Banach fixed point theorem.
2We use the fact that v(p, |D|2) < va(p, |D|?).
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To prove (37) it is enough to multiply (35) by p and after integration by parts
we obtain

19915 < V]l div v(p, [D(®) P)D(w) + div(v © )]
< 192|112, (p, ID(v) )D(2) ¥p + b (v(p. D@)*)D(v)) - D(v) & D(Vo)]|
+ 1 9pa] div(o © )]

(3),(4)
< aollVpl3 + 1Vpl2(llv2(p, IDI*)D(V) |12 + [l|v][Volll2).

Using the fact that ag < 1 and Young inequality we establish (37).
The last step is to prove (38). Since p1, pa solves (35), it follows that

—A(p1 — p2) = divdiv(v; ® v1 — V2 ® v3)
—div (v(p1, ID(v1)[*)D(w1) — v(p2, [D(v2)|*)D(v2))
and due to Lemma 2.1 we derive
[p1 — p2llp < Csllvr ® v1 —v2 @ Valls

+Cs [[v(p1, ID(v1)*)D(v1) = v(p2, [D(v2)|*)D(v2) ||, = 1 + L.
The integral I; can be simply estimated as
I < Cgllvr — vall2p(lv1 + v228

To estimate Iz, we use the notation ps := pa — s(p2 — p1), Vs := v3 — s(v2 — V1),
and obtain that

n. D0 )D(w1) = vipa: [D(@2))D(w2) = [ LoD, P)D(w,) ds

1
= /0 Oy (ps, ID(vs)[*)D(vs) (p1 = p2) + dpv(ps, [D(vs)|*)D(v:)D (v — v2) ds.

Hence, using the assumptions (3)-(5) we find that

1
(40) hscgaonplpgnﬂwﬂH [ 2200 PP IDw: ~ v d
0

B

Finally, using the fact that ayCg < 1 and combining all the estimates given above
we deduce (38). O

Corollary 3.1. Let all the assumptions of Lemma 2.1 be fulfilled. Let the sequence
{v"} be bounded in the space L>(0,T;L?) N L"(0,T; W&i’f) and let {v"} converge
to some v strongly in L'(0,T; W11). Then there exists a corresponding sequence
{p"} solving (35) and satisfying (36) and there is a p such that

5or T
41 o kly in L® with s := min | —, —— |,
(41) P p weakly in L° with s mln<6 q+1>
(42) p" — p strongly in L',
and the couple (v,p) again solves (35).

Proof. The existence of a sequence p™ is a direct consequence of Lemma 2.1. Also
the property (41) directly follows from (36) (modulo a subsequence). It remains to
prove the validity of (35) for the limit couple (v, p) and also the validity of (42).
Assuming for a moment that (42) is valid, then there are subsequences that we do
not relabel such that Vo™ and p™ converge to Vv and p almost everywhere. With
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the help of Vitali’s theorem, we can easily prove the relation (35). Thus, it remains

to show (42). To prove it, we show that the sequence p" is Cauchy in L'. Let
p", p"™ be the pressures coresponding to v™,v™. Using (38) we find that

T
(43) | 1= < e+ .
0
where

T
L= / o — w2 0" + o™ s,

T
L= [
0

Due to the choice of 5 we see (after using standard interpolation inequalities) that

1 B
/0 (" — s(p" — p™), ID(v" — s(v" — ™)[2)D(w" — ™) ds

B

Il < f(n’ m)a

where f(n,m) has Cauchy property>. In order to estimate I we use (5) to obtain

T
I < C/O (1 + D(e™)|* + [D(v™)|)[D(v" — v™)|3

T
+/
0

First, by applying Holder’s inequality, we obtain

B
= Ig —|—I4
B

[D(v" —v™)|

(o — s — o)) ©

1
C(|lp" |+ 1
(1 + 0"+ [

r—qB
=

T _rB_
13§C</ ||D<v“v7">||z;§) < fln,m),
0 T=aq

where the last inequality follows from the fact that rii 5

of # <s < 7). To estimate I, we observe first that

< r (which is a consequence

/1 ds < /1 ds

o a+[D(" —s(v" —v™)[ T Jy a+|D(w")]—s[D(v" —v™)|

In(1+ |D(v")| + [D(v™)])
ID(v™ —v™)] '

(44)

< C(a)

Using this estimate and the assumption on v™ we easily show that

T 1
D(v™ — v™
o IlJo a+|D(v" —s(v" —ovm))|
for all b € (1, 00). Finally since 3 < s and the pressures p™ are uniformly bounded in
L*(0,T; L*) we can apply Holder’s inequality to I, and after using (45) we conclude

the proof with the observation Iy < f(n,m). Taking all the above estimates into
account, it follows from (43) that p” — p strongly in L?. Thus, (42) is proved. [

b

dt < f(n,m)

b

31t means that for all € there is an ng such that for all n,m > ng: f(n,m) <e.
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3.2. Existence of an e-approximation. For the sake of completness we introduce
an e-approximation to Problem (U) and discuss its solvability, and regularity.
First we mollify the initial condition through v§ := vo*1., where 7, is a standard

mollification kernel. Then we look for a solution of the following system
dive =0,

46

(46) vy +diviv @ v) + e APy — div (v(p,|ID(v)[*)D(v)) = —Vp,

where z € N, z > 4(r+1). We construct the solution by using the standard Galerkin
approximation (for details see [11]). Let {wy}72, be a basis of Wdli’:; consisting of
eigenfunctions of the Stokes operator. Note that such functions are smooth. Next,
we look for vV of the form v (t,2) := Zf[ e (t)wy(z) where the coefficients
N = (clV(t),...,cN(t)) solve the system of ordinary differential equations and

(vfy,wi)g — ('UN @ v, Vw;)s + E(V(QZ)’UN, V(Zz)wi)g

47
7 + (v(PM), IDEM)HD(@Y),D(w;)); =0 fori=1,...N.

By using Caratheodory theory, we find that for arbitrary N the solution to (47)
exists at least for some small time interval. However, it can be extended onto the
whole time interval (0,7) by using the uniform estimates proved below.

3.2.1. First uniform estimate. Multiplying the i-th equation in (47) by ¢ (¢) and
taking the sum over i = 1,..., N we obtain with help of (3) the following estimate

T
(48) sup o (0 + [ IVEIN 4 [ 1 D) PIDEY) do dr < C.
t 0 Q
that directly implies (after using (5)) that
T
| e <c.
Next, using Lemma 3.1, (36), we conclude that

T
(49) | iz <c.
0

Consequently, having (48) and (49) we can deduce that

(50) / Y

Finally, using Aubin-Lions lemma and Lemma 3.1 we see that we can easily let
N — o0 in (47) and to find that (v, p) is a weak solution of (46).

v 4 @;,2)* dt < C.

3.2.2. Further estimates. Because in the next subsection we need to test the equa-
tion by Awv we need to have some regularity result for the couple (v,p). This
subsection is devoted to deriving the relevant estimates. To get them, we first test
(46) by v¥ (i.e., we multiply (47) for i by ¢(¢) and sum over i = 1,...,N) to get
(after using (3)-(5))

d z
I3+ e IVERNE < CIVo™ |5 + VRIS + [l ID(Vo™)I13
+[ID™)[D(VoM)[II3).

(51)
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Next, it is a simple consequence of standard interpolation inequalities that:

_4 4 224
IVoN|I3 < CIV2N [} < Cllofly” = [VEIN 5 < O+ [VERN,
2q+2— 3(q+1) 3(g+1)
IID(™) 2 D(Vo™)|[5 < O VN5 < Cflo™|)5" Ve,

2>3(q+1)
< O+ |VEN3,

P ID(Vo™M)Il5 < Cllp™ 311V o™ 13

Lemma3.1

4q+8
z

2q+4 2q+4— 2948
OV [ < o™l IVEDN,

z>4(r+1)
< CH (VeI

Combining all these estimates and using Lemma 3.1 we also get that
Ve 3 < C +[IVEN 3.
Thus, inserting these estimates into (51) and using Gronwall lemma we obtain that

(52) sup [ VEoN| < C(e).
¢
Consequently, we also easily establish that
T
(53) /O I'1dive(e™, [D(u™)[*)D(v™)|+ ] div o™ @ o™ |+ [VpY |+ o] |3 < C(e).

Using weak lower semicontinuity of norms and pointwise convergence of pressure
and velocity gradients we find that (53) also remains valid when we replace (v, pV)

by (v,p).

3.3. Limit ¢ — 0. In this subsection, we denote by (v¢, p®) the solution of (46). To
obtain uniform estimates we can multiply (46); by v° and after using assumptions
(3)-(5) we get

T
54) sl OIF+ [ 1D+ [ 20067, ID()B)IDE ) do it < .

Next, having an estimate for v we can use Lemma 3.1 to deduce that

T
(55) / Illz < €,

and consequently we can again derive the following uniform estimate
T T
56 05| T,.,  dt < C
(56) |l <
Thus, using Aubin-Lions lemma again and Lemma 3.1 we can easily pass to
the limit with respect to € to get the weak solution to (i) provided that D(v®)
converges almost everywhere in (0,7) x €. The rest of this section is devoted to

the proof of this property.
In order to simplify the notation we denote

7= / 1 (0, ID()[2)ID(Vo)? da,

2 2

(5, D)) o 1o

7 ::/ B0 LVt ? da
2= | 50 D) VP
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Next, we multiply (46), by* —Aw®, integrate over €, integrate by parts and obtain

5 IV + € VD0 4 7,
(57)

< O+ |[Vo©f3 +/ 73(p%, [D(v7)|})|VpT| ID(VF)| dar =: C + [ + L.
Q

Thus, by using Holder inequality we get that

(58) I < (1)* (T2)* .

To estimate Z5 we take the L2-scalar product of (46)s with 1 := %&’:;HV €

and observe that

T, = (v5 + eAv® + div(v" © v%). %)~ (divv(pF, ID(v°))D(v7), %),
=Y +Y,.

(59)

Hence, using the assumptions (3)-(5) and (8) we get that

Y2(p%, ID(v%)[*)73 (p°, D(v°)[*)
Y§a1+/ D(V9)||Vp©| dz
2= 71(p%, [D(ve)[?) Bvesiivel
9)

< apZs +O¢11222.

Next, we estimate Y7. To do this, we first integrate by parts and then substitute

the resulting relation into (46)s. Denoting b° := pav%m we arrive at

Y, = — (vft + e APp® 4 div(v® @ v°), E E’ ||I; T ) )
2

divvc=0 22 & a|D('v6 2))
= v5, + eA%v° + div(v® @ v°),p V

(v & PO,

2 (€ €112

e ey =305, ID(v°)] ))

+ ( divdiv(v® @ v°),p° 22—~ —— L

(avavios @000 2 DT

|

oot o ae 2 BERDEORY .
(aivaiv(or i v).p LTI ) - (divnlae, D) D). ),
—(Vp*,b6%)y = Z1 + Zy + Z3

Thus, we can obtain the estimates (after using (3)-(4))

vy 3 PR .
[ v BB 40 < aa(c + 7o),

Z3 S/Q(WS(Pele(vE)\Q)IVPE\+’yz(p5aID(UE)IQ)ID(VTJE)I)
(e, ID*))IVP| + 21y (07, [D(v°)[*)[ID(v%)[ID(VY7)|) dx
(12)-(15)

S agz'g + 20441'1 + (0[5 + 2046)1?1'25,

ZsS/QfIfo\zvp(pE,ID(UE)IQ)+2IVPEIIVD(p,ID('vE)\z)IID('UE)I\D(Vvs)ldff

(16)—(17) 11
S —a7IQ + 2ang 122 .

4Note that thanks to the estimates (52) and (53), —Aw® is an admissible multiplier.
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Next, putting all the inequalities together, we see that if 1 — ap — a3+ a7 > 0 and

a1+V12f;+f5+2a6+2a8 < 1, i.e., (34) holds, then we can conclude that
o—aztar

(60) Ty < 6Ty + C(6)(1 4 || Vo°[[3)

for some §, 0 < § < 1. Finally, substituting this estimate into (57), and using (3)
we come to the following essential estimate

d 5 € r—2 IS5 £
(61) i ||§+/Q(1+|D('v )I*) = ID(Voo)[? < C(1 + || Vol|[3).

Thus, for r > 3 we can easily finish the proof because the right hand side of (61) is
uniformly integrable over time, therefore® fOT Jo ID(Vo#)|? < C and Aubin-Lions
lemma then completes the proof.

For r € (%, 3), we use approach described in [12, Section 5.3.2]. By just using
interpolation and Young inequalities we can deduce from (61) that

d €12 €y|2 %2 ve 2
(62) Z 1+ IVY |\2)+/Q(1+\D(v )[2) = ID(Vo©)|

< O+ [IVo D)+ [[Vot[3)*

with X := 2:5?:;). Then dividing (62) by (1+||Vv¢||3)* and integrating the resulting

equation over ¢ € (0,7") we obtain that
T
/ (14 o ]2) / (1 + D)) = [D(Voe)[2de di < C
0 Q

and following the procedure explained in [12, pages 233-237], we can deduce that
there exists 17 > 0 such that (because r > %)

T 1
+
/0 el < c

Aubin-Lions lemma then completes the proof of compactness of velocity gradients.
To get compactness of pressure, we simply use Lemma 3.1 and the proof is finished.
To show that the initial condition is met we can appeal to standard procedures.

4. EXAMPLES OF ADMISSIBLE VISCOSITIES

Lemma 4.1. For any 3 >0, r € (1,1+ ), a € [0,(r — 1)/beta) and a,b,c > 0,
the numbers g, . . ., ag defined for the viscosity v(p, |D|?) given by Example 2.1 are
finite. Moreover, for any 3 >0, r € (1,14 ) there are ,a,b,c > 0 such that (32),
(34), and the assumptions (3)—(5) are satisfied.

Proof. Since,
b, (v(p, ID|*)Dy;)BriBi; = v(p, ID|*)|B[?
+(r=2+(r—2-aB)f()(1+ D)
(L4 f()(1+DP) "2 1+ D) T
it is easy to observe that that we can define
(63) 7(p, |D?) := Crv(p, D), ~2(p, ID|?) == Cov(p, D),

_8
2

))(D-B)?

5This is valid only if vg € W12, However, one can use the same arguments as in [12, proof
of Theorem 3.79] to extend whole theory also to the case when the initial velocity satisfies only
v € L2,
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where C, Cs are given by the following relations

r—1—af 1 if r <2,
Cy:=r—1—ap Cy:=<{r—1 if r € (2,24 ap),
1 r—1 ifr>2+ap.

Note, that by simple algebraic manipulation one can easily find that (5) is valid

with arbitrary o > 0. Similarly, we easily obtain the following relation for ~s:
r—1-3 _Bia—

(64) 73(p: [DI?) := af'(p)(1 + D) 7= (1 + f(p)(1 + D[*)~%)*" 1.

Before we start deriving the explicit estimates for the numbers ayg, .. ., ag we give a

simple algebraic inequality that is valid for all ¢, b, 5 > 0 and all continuous function

f(p) >0:

L vy ire> .
(65)  sup @ (14 f(p)aF) T < . B
rE(1,o0) Cu(B,eb)(f(p) ™7 ife< o

where

Cr(B,c,b) :==

Using the estimate (65) we find that for all r in the range of interest

r—1-4

v3(p, [D?) < aCsf' (p)(f(p)) 7 .

O e B4+1—r e 1-—a)B\* " (r—aB—1
() () ()

Since f'(p) = 2abep(1+bp?)¢~1, we can finally find that (after using the assumption
<

where

r—aB—1

r—

73 < 2aCsa’ 7 bep(1 +bp?) T < 20030 T Voe(1 + bp?) 2T
< 2a03a%1 Vbe
Thus, we can simply conclude with the following observation
r—1
ap < 2aC3a 7 Ve

Also by using the definition (9), we simply deduce with help of the previous estimate
that
o = ao% < ZQ%?a%\/l;c.
Next, for ay we can find that for positive p the following holds
p“Y?% 2 ~—1 g1 2 2y =t 2\ &
————— < apC; (f'(p))"(1+|D[") > 7(1+ f(p)(1 + [D|7)">
71 (1+[D[?)2

Thus, using the estimate (65) once again, we are led to

r—1
gy <4C4a%CTYa 7 AV

)a72.
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with the constant Cy defined as

28—r+1 r—1—af
B

o (352) (055 7 (22

In order to estimate a3, a5 and a7 we need the following relation for ,:

73(197 IDI )

~a 01— (1+ D)5 ~p 3, (' (0)*(L+ f(p)(1 + ID[*)~5)°7?)
= a0 1+ IDP)E s () (14 )+ D) £)T
(2) + "))+ (F 0P —2) (1 + D) F) .

Once we have the above expression, we can continue by obtaining the following
estimates

r—1-8 _B\a2
”,’;'f<a<1+|02> o (14 )1+ D))

(27(0) + 2 0V + (F () —2)) (1 + D))
< 20(1+ D) o (14 f@) 1 +DP)F)

1+ (70 + LR ) oy ).

Since f"(p) = 2abe(1 + bp?)=2(1 + bp?(2c — 1)) we can easily estimate that

-1

"o (1+ fma+ PP~

2alac — 1] g\ r=1-8
- _—(1+1|D
ety ppy=

using (65) we can continue as

2a]ac —
- 2c-—
Consequently, we have

o1 - 2lac — 1
|C’3f”( )pf 7 ﬁ(p) <doa'? C\/I;Cz),% max{1,2¢c—1}.

p— r—1
as < Csa’ 7 Vb,

where O3 := 4@03% max{1,2c — 1}. By using the relation v = %71 we
obtain that

Co Cy r—1
as < ClOtg < 603& g \/l;

Repeating the same scheme again, we can also deduce that

W o _ 2alac—1] f(p)p

v 2c—1  f'(p)’
and then using the 1nequahty 7 ((p ))p < max{1,2c — 1} leads to the following con-
clusion
2 —1
(67) ar > Mmax{l,%— 1}.

= 2c-1
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It remains to estimate all the a’s in which the function vp appears. Thus, we
can derive

73 (p,|D|?)
71(p, |D[?)

= PGB ) O (14 PP)E (14 () (1 + D))" 2)
= O )20+ PP (14 )+ D))
' (; —p+ T 72045 fp)(1+ |D|2)‘§>

and after simple calculation we obtain that

o (p, IDI?)] < CsaCT ' p(f'())*(1 + D)

where

vo(p, IDI*) = p Op)2

r—

“0 (1t f)+ PPy E)T

Cs :max{v_aﬁ |T_26|}.

2 7 2
Thus,

a—2
7pD| < C5a”Cr'p(f(p))*(1 + |DJ?)

r—1

_ _s
7 (14 £()(1+ D) F)
Next, using (65), the assumption on ¢ and the relation for f’(p) we find that

Qg < 405060(201_1a%62\/{7,

where
r—1—ag

Coo= (-5 (“12—0‘5>

Consequently

C r—
oy < 072046 < 4C5C'6a2C1_1aTlcz\/l;
1

and by using similar arguments we finally find that

ag < 2005@01_1.

Thus, it is easy to observe that for fixed 8 > 0, r € (1,1 + ) we can always find
constants «,a, b, c such that all numbers agp,...,as < 1 and consequently they
satisfy assumption (34).

a

Remark 4.1. In order to make the statements of Lemma 4.1 even more transpar-

ent, we take, in Example 2.2, r € [2,3] and set a = T—QQ and B = 2. Consequently,
the wviscosity v(p, |D|?) then has the form

v(p,ID]*) = (1+ f(p) + D)

Note that then the parameter ¢ fulfills ¢ € [%, ﬁ] With this special choice of o
and [ it is then easy to estimate constants appearing in the proof of Lemma 4.1.

Thus, we have

r—2
2

de(r —2)

Ci=1,Co=r—1,C3<e, Cy<e, O3 <
2c—1

705§17 06§6~
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Nezxt denoting U = AT bic we get

4 -2
ag < (r—2)el, a12(r —2)el, az < 762(5_ : )U, ay < 2(r — 2)%U,
8e(r —2) 9 r—2
_ < — > — <r-—2.
ag < Y U, ag < (r —2)°U, ay > 20_1,048_7’ 2

Therefore, we observe that the assumption (34) is satisfied provided that the follow-
ing inequality holds:

r—2

2c—1"

(r—2) (2121+27‘—1)6U+2(r—2)\/ﬁ<5—27’—
o

This is however the condition on smallness of a and (3.

Lemma 4.2. The viscosity given in Example 2.2 satisfies (3)-(4). Let the function
f be given by (19) or by (21), then ao,...,as are finite. Moreover, if a,b,c are
small enough then the assumptions (33)—(32) required by Theorems 2.1 are fulfilled.

Moreover, if [ is given by (21) and r > 3 then as, ..., as are finite and if a,b,c
are sufficiently small then the assumption (34) required by 2.2 is also fulfiled.

Proof. First, we see that the function 3 can be simply defined as

V3 = f/(P)'

Next, we can compute

61/(p7\D|2)Dij 2\ |R|2 ( P f(p) ) 2
—— = B,;By = , ID|*)|B|*+ -2)1+|D|*) 7 — ———— ] (D-B)?,
Do BuBur = v(p DB (1 —2)1+ PP~ HE ) 08)

and it easily follows that we can define
68 DI2) = Ba(1 + DI2)F 4 —LB)
69 .ID|*) :=B 1+D2T2;2+7€f(p)3,
(69) 71(p,[DI7) 1(1+[D[7) 1 DP)?
where
By :=11,B; := 1/1(7"—1)7 if r < 2,
By :=uv(r—1),By := v, if r > 2.

First, it is easy to show (because f is sublinear) that ~1, y2 satisfy (5) with param-
eters q := r — 2 and arbitrary ¢ > 0.
We also derive the following estimate for %:

(70)
f(p)
Y2 _ Bo \/+D|2
wSE T =2 W)
Y1 B1 Bl(l + |D|2) T + _&j\p)

(e+ID[2) %
B e+ |DJ? B -2 1-r
=5t Te+ PO < T+ ByB, e f(p) 7
1 Bi(1+ D)= (e + D)z +ef(p)  H1
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2 % r—2 2 1%71 .
where B3 := (T_l) for r > 2 and B3 := e71 (r_l) if r < 2. We see that

the number a7 can then be estimated as

B 2 1,
o1 = sup <f’(p) <31 BB, T“ehrf(p)v«il)) .

P

Thus, if f is defined by the relation (19) then we can derive the following estimates

ap < 2°acV/b(1 — 2¢)7 ¢,

32 ——2_ 1-r 34r
ar; < 5, 0 + B3B, "ttetFra~1Vbe
1

and we conclude the proof for such f. The rest of the proof is devoted to f given
by (21).

First, note that f'(p) = %ﬂ;bﬁ and f"(p) = W for all p > 0.

In what follows we also frequently use the inequality
(71) In®(y) < by, valid for all b,y > 1.
Having this we can simply estimate the numbers g, a1 as (assuming ¢ > 1)

ag < 2ab,

5417

B . - 5 1
a; < 2abB—2 + BgBlgiTr (Qabcril + 2075 b ( + T) > .
1

r+1

Moreover, we can obtain the estimate
1 _
Qg < sup §|P|7§(P, d*) < 16a°bB; "
p,d? 21

Next, we derive an explicit formula for ~,,.

2w 2/ ) () en(f'(p)?
O 73+ D)}

Thus, we can deduce that

as < sup(2lpf" ()| + Brle 2 |p(f'(p))?]) < dab + 4eBy 'a?,

v2(p, &)
m(p, d?)

(70) B -2 i-r 2 1 -
< sup (524 BBy T ) ) (2 0) + bl )

@lplf" (p) + <~ 2p(f'(p))* B )

as < sup

P 1
B2 2 —% —2r —T21 1—7 3+r 547\t
< (&+CT+1B3B1 +1€1+T) 043+2BgBl TleTFrqr+l <T+1> s
" ’ ’
a7 > inf (pf/(p)) ~sup epf'(p) s psup PP pf'(p)
p \f'(P) ) pa i(p d?)(e+d?)2 p Bi+fp)
S 2a

\/Bl +C.
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The last step is to derive the formula for vp and to prove the desired remaining
estimates. Since

(72)

pf'(p)* rt -3
VDZAQ%GHQQ(Bur—ma+wm%2 ~32f(p)(e+ D) F),

we obtain the estimate

(73)

Pl @) _, p P (0)*

£+ |D|?) < max(|r — 2,3
fol(e + D) < mas(r 21,3 2L -

Using this estimate and taking into account (70) we get

2

B _ .
mgwwm(2+&&f%@ﬂm$)m%2wwﬁ
'

ag < sup By

By
B> — il 1-r 1 1 442 2
< B, B——f—Bg,B1 "HeT ) 30B] e 2b(a T + 7T,
1
(72) pf'(p)?

< sup B4B1715_%pf'(p)2 < 16a2bB4Bf15_%.

pd  n(p,d2)(e+d2)z ~ p

Finally, we deduce the estimate on ag that is valid if » > 3

!
a5 < sup pfip)
pd M(p,d?)(e +d?)2
1 -2 1-r 3_r (r23) | -2 1-r
<supe 24aB; e (14+In(l+bp)) T < e 24aB; "TeTEr

p

We see, that in all a’s there appear numbers a,b and we can chose them in such
a way that all numbers «y,...ag are small enough to validate the assumptions
(33)—(34). 0

1]
2]
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