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ABSTRACT. In this paper we obtain the existence of global attractors for the
dynamical systems generated by weak solution of the three-dimensional Navier-
Stokes equations with damping. We consider two cases, depending on the
values of the parameter S controlling the damping term. First, we prove that
for B8 > 4 weak solutions are unique and establish the existence of the global
attractor for the corresponding semigroup. Second, for 3 < 8 < 4 we define a
multivalued dynamical systems and prove the existence of the global attractor
as well. Finally, some numerical simulations are performed.

1. Introduction. The three-dimensional Navier-Stokes equations with damping
have been studied intensively over the last years. They describe the situation where
there exists resistance to the motion of a flow. One outstanding model in which a
damping term appears comes from the flow of cerebrospinal fluid inside the porous
brain tissues [12]. Such dissipative damping is also common in many different
models. For example, compressible Euler equations with damping describe the flow
of a compressible gas through a porous medium [8], whereas Saint-Venant equations
are used in oceanography to describe the flow of viscous shallow water with friction
[1].

In this paper we study the asymptotic behaviour of weak solutions of the following
equation

up — pAu+ (wV)u+alul’ tu+Vp=f, (z,t) € Qx(0,T), (1)

where Q C R3, 8 > 1, p,a > 0, p > 0 is the kinematic viscosity and u is the
velocity vector of an incompressible fluid satisfying Dirichlet boundary conditions.
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We would like to point out that the damping term is very helpful from the
mathematical point of view, as it allows us to obtain solutions more regular than in
the standard Navier-Stokes equations without damping (that is, when a = 0). For
this reason it is possible to prove the existence of global attractors for (1), at least
in a given range of the parameter 3, whereas to date this problem remains open for
the standard three-dimensional Navier-Stokes equations.

Existence of weak solutions for problem (1) with initial condition in the space of
free-divergence square integrable functions was established at first in [2, Theorem
1] for > 1 and Q = R? and in [15, Theorem 2.1] for bounded domains €. Also,
in [2] and [15] existence of global strong solutions of (1) with more regular initial
conditions for 8 > 7/2 and uniqueness for 7/2 < 8 < 5 were proved. Existence and
uniqueness of global strong solutions were extended for 3 < 8 < 7/2 in [23] and
[17], for =3, a=p =1, @ =R3in [25] and for 8 = 3, ap > %, Q bounded in
[9]. On top of that, in [25] uniqueness of strong solutions was proved to be true for
all 8 > 1 when Q = R3. If either the initial condition ug is small enough or the
viscosity p is large, existence of global strong solutions was established in [24] for
1< B <3, Q=R3 Also, existence of T-periodic solutions was studied in [9], and
regularity of weak solutions in [25], [22].

Therefore, when 3 < 8 < 5 strong solutions of (1) generate a dynamical system.
When the domain 2 is bounded in the autonomous case the existence of a global
attractor for 7/2 < 8 < 5 was proved in [15, Theorem 2.1], and this result was
extended to the nonautonomous case in [16], where the existence of a uniform
attractor was established. In addition, in [17] existence of pullback attractors in
the nonautonomous case was studied in the more general situation where 3 < § < 5.

It is worth noting that so far there are no results in the literature either on
uniqueness or existence of attractors for weak solutions. In Section 2 we prove first
that weak solutions are unique if 8 > 4. In this way, in Section 3 we are able to
define a semigroup of operators and prove that a global attractor exists. Moreover,
if 8 > 3 we obtain that every weak solution is continuous, and using this property
we are able to prove for 3 < 8 < 4 that the multivalued semiflow generated by the
weak solutions possesses a global attractor.

In the case of strong solutions it would be desirable to get rid of the restriction
B < 5, which was assumed in all the previous papers. In Section 4 we obtain a
conditional result stating that if every strong solution is continuous with values in
the space L1, then the global attractor exists for 3 > 5 as well.

In Section 5 we present some numerical simulations to illustrate some aspects
about the asymptotic behaviour of model (1) for a particular flow domain and
initial conditions. Specifically, we analyze how the input parameters o and g affect
the behaviour of the fluid flow evolution over a sufficiently long term.

2. Uniqueness and regularity of weak solutions. Consider a bounded open set
Q) C R? with smooth boundary 9. We study the three-dimensional Navier-Stokes
equations with damping
up — pAu A+ (wV)u+alul’ tu+Vp=f, (z,t) € Qx(0,T),
divu =0, (x,t) € Q2 x (0,T),
uloa=0, t 2)
o=U, t € (07 T) )
U |i=0= uo, T € Q,

where p > 0 is the kinematic viscosity and f is an external force. Also, g > 1
and « > 0 are given constants. The functions u(z,t) = (u1(z,t), ua(z,t), us(x,t)),
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p(z,t) stand for the velocity field and the pressure, respectively. Here and further,
|-| denotes in general the norm in R? for any d > 1.
We define the usual function spaces

V= {uc (Cr)?*: divu=0},
H = Cl(Lz(Q))sv,
V= Vs

where clxy denotes the closure in the space X. It is well known that H, V are
separable Hilbert spaces and identifying H and its dual we have V. C H C V' with
dense and continuous injections. We denote by (-,-), ||-||5 and ((-,-)), || - ||v the
inner product and norm in H and V, respectively, and by (-, -) duality between V'
and V. Let H, be the space H endowed with the weak topology. As usual, we
define the continuous trilinear form b: V x V x V — R by

3
b(u, v, w) = Z /u,%wjdx

=19

It is well-known that b(u,v,v) =0, if u € Vv € (Hé (Q))3 For u,v € V we denote
by B (u,v) the element of V' defined by (B (u,v),w) = b(u,v,w), for all w € V.
The norm in the spaces LP (), (LP (Q))37 p > 1, will be denoted indistinctly by
I,
Let P be the orthogonal projection from (L?(€2))3 onto H and Au = —PAu be
the Stokes operator, defined by (Au,v) = ((u,v)) for u,v € V. Since the boundary

09 is smooth, D(A) = (HZ(Q))3 NV and ||Aul|, defines a norm in D(A) which is
equivalent to the norm in (Hz(Q))3
For ug € H, f € H the function
we L®(0,T; H)N L2 (0,T; V) N LA+ (0, T; (L (Q))S)

is said to be a weak solution to problem (2) on (0,7 if u (0) = ug and

d

pn (u,v) + p((u,v)) + b (u, u,v) + « (|u|ﬁ_1 u,v) = (f,v), (3)

for any v € V N (LAH! (Q))3, in the sense of scalar distributions.
We recall the following well-known result on existence of weak solutions.

Theorem 2.1. ([2, Theorem 1] and [15, Theorem 2.1]) For any uo € H, f € H,
B > 1 there exists at least one weak solution u to problem (2).

3
Let Y =V'+ (L% (Q)) , the dual space of V' N (LA} (Q))3 We note that by

standard estimates on B for any weak solution we have that
Au € L*(0,T; V'),
B(u,u) € L3(0,T; V'),

ol e L5 (0,1 (154 ()",
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which implies in particular that

3
“pdu = Buw ~alul’ et f e 1.V 42 (01 (1 @)

c L'(0,T;Y).
It follows from equality (3) and a standard result [18, p.250, Lemma 1.1] that
d _
diZ:—MAu—B(u,u)—a\uW Yu+ f (4)
du

in the sense of Y-valued distributions. Hence, the derivate belongs to the space

dt
) 3
Y = L3 (0,T5V) + L5 (o,T; (L% (Q)) )

and equality (4) is satisfied in the space Y for a.a. t € (0,T).
U
In order to obtain good estimates of weak solutions we need — to be more

dt
regular. We can obtain such a result for 5 > 3.

Lemma 2.2. Let u be a weak solution to (2) such that u € L% (O,T; (L9 (Q))3)
with ¢ > 4. Then

3
w20, v 4 15 (O,T; (L% (Q)) ) : (5)
dt
uwe C([0,T],H), (6)
the map t — |lu (t)H?{ is absolutely continuous and
d du
dt|u(t)||§[:2<u,dt> for a.a. t € (0,T). (7)

Proof. Using the well-known inequality (see [18, p.297])
b (u,w,v)| < Cllul} [olly , Vu,v €V,
and u € L9 (O,T; (L (Q))3) c Lt (o,T; (Lt (Q))?’), we have
B (u,u) € L*(0,T; V"),

so (5) follows.
Properties (6)-(7) follow from [3, Chapter II, Theorem 1.8]. O

Corollary 1. If 8 > 3, then any weak solution to (2) satisfies (5)-(7).

Proof. Since u € L1 (O,T; (LA (Q))3) and 3 > 3, we obtain that u belongs to

Ld (O,T; (L (Q))3) with ¢ > 4. 0
Lemma 2.3. If 8 > 3, then any weak solution satisfies the estimates
_ fll7
Ju(®) 1y < e ol + 1N 0
p2AY

t t 2
5 B4 o Iflly | 1 5
dr+2 dr < — t—s), (9
u/s [[ully, dr + a/s [ullgi1 dm < [luolly + 22 T 1l (E=s),  (9)

foranyt>s>0.
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Proof. Multiplying equality (4) by u and using (7) and b (u,u,u) = 0 we have

1d 2 2 B+1 pAL 2 1 2
3 g 1uller + pllully +ellullsy, = (Fw) < == ully + i 1l (10)
As u Hu||%, > uM ||u||§{, we deduce that
d 2 2 1 2
— A < — 11
el vl < == 111 )
and Gronwall’s lemma yields
2
2 _ 2 I/l
a7 < e M Jluoll7, + 2,\I§[~
H=AY

By p ||u\|$/ > £ Hu||%,+ 22 |[ul|%,, integrating over the interval (s, ¢) in (10) it follows
that

t t
2 1 2 1 2
i [ el ar 20 [l ar < e+ 171 =)

A L e
R t—

so the lemma is proved. O

< eTHNS |y +

Further, when 8 > 4 we can prove that the weak solution is unique.

Theorem 2.4. Let § > 4. Then for any ug € H there exists a unique weak solution
u(-) to problem (2), which is continuous with respect to the initial datum ug.

Proof. Let uy,us be two weak solutions such that u; (0) = wus (0) = ug. Denote
W= U] — Us.
We multiply equality (4) by w for each solution uq,us. Hence,

() o)+ b + (jl ) = ().

<d;;2,w> + p((ug, w)) + b (ug, up, w) + o <|u2|ﬁ*1 uz,w) = (f,w).

Taking the difference of these expressions and using (7) we get

2 2
3 1wl + sllwlly + b (ur, ur, w) = b (uz, uz, w)

+a |U1|ﬂ71 th) - (|U2|571 U27w) =0.
For the nonlinear terms we have

b (u1,ur, w) —b(ug,ug,w) =b(w,uy,w) + b (uz, w,w) = =b(w,w,uy),

« (\ul\ﬁflul,w) —a (|uz|ﬁfluQ,w>
= a/ (|u1\ﬁ—1 up — |u2|,8—1 u2) (ug —ug)dx >0,
Q

where we have used the properties of the operator b and the fact that the function
f(x) = |z|”~" & is increasing.
Thus,

d 2 2
i lwlz + 2p |lw]]y, < 2b(w,w,uy).
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By Holder’s inequality we have
b (w, w,ur)| < Cy flwll, [lurll, wlly

where % + % = %, r>>5,s0that 2 <p < %. Now the interpolation inequality and
the embedding H! () C L5 (Q) gives

1—3 3 1—3 3
[wll, < [lwlly ™ lwlg < Callwly ™ llwlly

as % = 172% + % Then, by Young’s inequality we have
1-3 1+2
2[b (w, w, u1)| < Cs wlly ™ [Jwlly ™ [luall,
2 2 _2r_
< pllwlly + CalJwly luall;=
Therefore,

27
T—3
s

d 2 2
L iy < €l

Since uy € L™ (0,T; L" (Q)) and r > 5 imply that M (t) = |Juy (t)||;2%3 e L'(0,7),
by Gronwall’s lemma we obtain that

2 2 ¢
[ (@)lf7 < lw ()3 € Jo 2%, (12)
SO U1 = U2.
Hence, both uniqueness and continuity of the solution w () with respect to wug
follow. O

3. Global attractor for weak solutions. Our aim now is to prove the existence
of the global attractor for the weak solutions of problem (2).

We shall divide this section into two cases: a) 8 > 4; b) 3 < § < 4. In the
first one uniqueness of weak solutions implies that we can define a semigroup of
operators, to which we can apply the classical theory of attractors for semigroups.
In the second one more than one solution can possibly exist for a given initial datum,
and then we need to make use of the theory of attractors for multivalued semiflows.

3.1. Case 8 > 4. In view of Theorem 2.4 we can define the semigroup of operators
S:RY x H— H by
S(t,ug) = ul(t),

where w (-) is the unique solution to problem (2) with initial condition wug. It is
straightforward to see that S satisfies the semigroup properties: S (0, ug) = ug, for
any ug € H, and S (t + s,ug) = S (¢,5(s,up)), for any ug € H, t,s > 0. Also,
making use again of Theorem 2.4 we obtain that S(¢,ug) is continuous with respect
to the initial condition ug for fixed ¢ > 0.

Lemma 3.1. If 8 > 4, then any weak solution of (2) with initial data such that
lwolly < R satisfies the estimate

lu (t+ )l + u(t+ )55 < C(R7),

for any r > 0 and t > 0, where C (R,r) is such that C (R,r) — oo if r — 0% or
R — 4o00.
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Proof. The following calculations are formal, but they can be justified using Galerkin
approximations.

Let R > 0 and |Jup|| < R. We multiply the equation by u; and —A and integrate
over ). Then
nd lul H 551+ el = = | (@) wwpda + (f,w)
g qr "iv ﬁ+1dt A+1 H o P
g Tl 4 a4 o [ wa e s SEE 1070 |9 ao

= —/ (u-V) uAudz — (f, Au).
Q

Summing up these expressions and using Holder’s and Young’s inequalities we get

p+ld B+1 2
P +1dt||||ﬁ+1+ el + %
+a/|u|ﬂ 1 vuf? do + 20D /| - 3‘V|u\ [ da
< 1+> u~vu2+(1+>f2. 13
(145 ) lwv it (13)

For 8 > 4 the term J = (1 + l) |uVu|§ was estimated in [2, p.806] as follows:

< H
leAU||2+Rl ||UHﬁﬂ il [ 2
for some constant R; > 0. If § > 6, then % < B+ 1 and Young’s inequality
implies
K 2 +1 2 2
J < Aull; + Ry el 54 el + R [l -
If4 < B <6, then

4 2 +1 865746 2
J < 1Ay + Ry ull3ts ull g Il

and since 5’85# < B+ 1, applying again Young’s inequality we have

I 2 +1 +1 2 +1 2
J < T Al + Raflull5 5 lulldy ull3 + Bs llull 553 uly -
Joining these inequalities we get
1% 2 +1 +1 2 2
< B aal + R (el (1 lal3E0) Bl + eli3) - (1)

Thus,

R AT AP N S
2 a vt 6+1dt A+l

+1 +1 2 2
< Ro (Il 55 (1 + lull0) el + luliy) + Br,

where R; = (1 + %) |f|3. Let us denote y (t) = el ull?, + 3T ||u||gﬁ From
Lemma 2.3 there exists CR > 0 such that ||u(t)] 4 § Cp for all t > 0. Then

B+1
E < Ry (1+ Jull 1) v+ Ro. (15)
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In view of Lemma 2.3,

o B+1
Ry (1+ u ()13 ds
t

<Rt g <32 ”f”f = Il ) = ai(rR),

2a
t+r
/ y(s)ds
t

) 1 1
_(w L )(R ”Q”A%—nfu,{ >max{u,2a}as<r»R>-

2 B+1

for any ¢t > 0, r > 0. By the uniform Gronwall lemma [19] we obtain
R
yt+r) < (a?’(:’) + Rg?") e (MR forall t >0, r > 0.

O

As a consequence of this lemma and the compact embedding V' C H we obtain
the following result.

Corollary 2. For any r > 0 the map ug — S (r,ug) maps bounded subsets of H
onto bounded subsets of VN LAY (Q). Hence, S (r) is a compact operator, i.e., it
maps bounded subsets of H onto relatively compact ones.

We recall that the set A is said to be a global attractor for S if it is invariant,
ie. S(t,A) = A, for all t > 0, and it attracts every bounded subset B of the phase
space H, which means that

disty (S (¢t,B),A) = 0ast— +o0,

where distx (C,A) = sup,ccinfyeca ||z — y|lx is the Hausdorff semidistance be-
tween subsets of the Banach space X.

Usually in the literature a global attractor is supposed to be compact as well.
However, we prefer to use this more general definition and add compactness as an
additional property, as generally speaking a global attractor does not have to be
bounded (see [20] for a non-trivial example of an unbounded non-locally compact
attractor).

A set By is called absorbing if for any bounded set B there exists a time T (B)
such that

S (t,B) C By for any ¢t > T.
We put

Bo=luer: qu <1+ I£11%
Y,

Lemma 3.2. If 8 > 4, the ball By is absorbing.
Proof. This result follows directly from (8). O

The semigroup S is said to be asymptotically compact if for any bounded subset
B every sequence yy, € S (t, B), where ¢, — +00, is relatively compact in H.

Lemma 3.3. If > 4, there exists a compact absorbing set K.
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Proof. Let K = S(1, By), which is a compact set in H due to Lemma 3.1 and the
compact embedding V' C H. Then since By is absorbing, for any bounded set B
there exists T'(B) > 0 such that

S(t,B)=5(1,5(t—-1,B)) c S(1,By) C K for all ¢t > T.

Corollary 3. If 8 > 4, the semigroup S is asymptotically compact.

The following two conditions guarantee the existence of the global compact at-
tractor [10]:

1. There exists a bounded absorbing set By.

2. S is asymptotically compact.

Theorem 3.4. If 5 > 4, the semigroup S possesses the global compact connected
attractor A.

Proof. The existence of the global compact attractor is a consequence of Lemma
3.2 and Corollary 3. Since the space H is connected, the connectedness of A follows
from [5, p.4]. O

It is possible to prove that the global attractor is more regular if 4 < 5 < 5.
Indeed, let us check that A is in fact bounded in the space (H 2 (Q))S, and then

compact in V and (LP+? (Q))3

Lemma 3.5. If 8 > 4, then any weak solution of (2) with initial data such that
lluoll y < R satisfies the estimate

’du

— (1)
at ||,
for any r > 0, where D (R, ) is such that D (R,r) — oo if r — 07 or R — +o0.

<D(R,r),

Proof. As before, the calculations here are formal, but they can be justified via
Galerkin approximations.

Integrating (13) over the interval (t, t+ %), with ¢t > £, and using inequality (14)
and Lemmas 2.3, 3.1 we have

1[5 || dul)?
)

t+%
cu ds—i—%/ | Aulf? ds
t
,u+1

ds ||y

1
oI + 52 @I+ 5 (1+ 1) 171

+’V
+ Ry / (g (1 + W3 ) el + Dl ) s
t
< Di(r, R), (16)

where D; satisfies the above properties for D.
Further differentiating (4) with respect to the time variable and multiplying by

E we obtain

d£2
dt ||,

@2
dt

1d
2dt

= b(ug, u, ug) —/ Jr(u)ug-upde,
Q
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where Jp is the Jacobian matrix of F(u) = a |u|’~" u, which is definite positive [15,
Lemma 2.4]. Hence, the last term is non-positive. By the standard estimate [18,
p-297]

1 3
[b(us, ws )| < K fJugll3 [l [y

we infer by Young’s inequality that

1d ||du 2+u du? du2” I
——||—= == —I ||ull5 -
2dt || dt|, 2| dt dtil," "V
Thus, from Lemma 3.1 we get
d || du du
@ |a)|, < Pt R)‘ dt

where again D satisfies the above properties for D.
Now, integrating the last expression over (s,r), with § < s <, and using (16)
we have

Jii ol <

dul?
— ()] =
2
Integrating again but now with respect to s over (%,r) and applying again (16) we

dt

du

|| + Do) us)
2 2

+ 2D1(T, R)DQ(T, R)

dt dt dt

S

dtg’

get
du 2 ™| du
— ()| < —(s) ds +rDy(r, R)Do(r, R)
dt 5 c || dt
< 2D1( T, R) + rDl(n R)DQ(T, R)
Thus, the proof is finished. O

Lemma 3.6. If 4 < 8 < 5, then any weak solution of (2) with initial data such
that |luol| ;; < R satisfies the estimate

[Au(r)ll, < K(R,7),
for any r > 0, where K (R, ) is such that K (R,r) — oo if r — 07 or R — +o0.

Proof. We follow the same steps as in [15, Proposition 5].
By Proposition 9.2 in [14] we have

LM
1B, < di [lull§- || Aull§ < 7 1Auly + d [lully,

whereas Gagliardo-Nirenberg inequality and 8 < 5 gives

51 5 Been R
o lul uH;auqu < dy | Aul ™l

8214543
IIAUI|2+d4 l[ullg3% " -

Hence, from (4) we get

du
it (r)

B2+ap+3

3 T
+da Ju()lly +dallu() g3 + 1l
2

i
L lau(rl, < |

so the results follows by applying Lemmas 3.1, 3.5. O
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Theorem 3.7. If4 < 8 < 5, then the global attractor from Theorem 3.4 is bounded
in (HQ(Q))3, and then compact in 'V and (L5+1(Q))3. Moreover,

diStVﬂ(LB+1(Q))3 (S(t, B),A) — 0 ast — ‘f'OO7 (17)
for any B bounded in H.

Proof. Since the global attractor is invariant, A = S(r, A) for r > 0, so A is
bounded in (H2(§2))3 by Lemma 3.6. The compact embeddings H?(2) C H'(Q),

H?(Q) ¢ LA(Q) imply the compactness of the attractor in V' and (L5+1(Q))3.
Let By be the absorbing ball given in Lemma 3.2. By Lemma 3.6 the set By =

S(r, By) is bounded in (HQ(Q))‘3 and
S(t,B) = S(r,S(t —r,B)) C By for t > ty(B).

From here it is easy to deduce (17). O

3.2. Case 3 < 3 < 4. Let us define the set
Dr (up) = {u(-) is a weak solution of (2) in the interval (0,7)}.

We know by Theorem 2.1 that for any ug € H and T > 0 the set Dp (ug) is
non-empty.
We observe that as 3 < 8 < 4, we have that

B+1

v (LP@)’ ¢ (L 5 (Q)>3 cv,

so VN (LBH(Q))3 = V. Hence, equality (3) has to be satisfied just for v € V. On

top of that, as % < %, we have that

1 1 3 4
L5 <O7T; (L’% (Q)) ) c Li(0,T;V"),

d
so the derivative d—ltL belongs to L3 (0,T;V").

up), then for any s € (0,T), the

Lemma 3.8. Let 3 < 8 < 4. Ifu(-) € Dr(
function w (-) = u (- + s) belongs to Dp_s (u(s))
Ifu(-) € Dg (up) and w(-) € Dy_s (u(s)), then the function

B u(t) if t €10, s],
Z(t)—{ w(t—s) ift €[s,T),

belongs to Dr (ug) .
Proof. Let u(-) € Dr (ug). Then it is obvious that

w()=u(-+s) € L®(0,T—sH)NL*0,T —sV)NL*T (0,7 — s; L (Q)) .
(18)
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Also, (3) implies that for any v € V, ¢ € C§°(0,T — s) one has

- /0 o ¢ (r)dr
N /OTS

—- [ )0 - s
Tb

(w(r),v)
pl(w(r), 0)) + b (w(r), w(r),v) + o (Ju) ™ wir),v) 6(r)dr

[ ()0 + b (utr),u(r).0) + () o), 0) o6 = s)ar
- / " (F0) 6l = s)dr = / e,

so w satisfies (3) in the interval (0,7 — s). We infer that w € Dp_, (u(s)).

Let now u(-) € Ds (up) and w(-) € Dy_s(u(s)). Arguing as in the previous
case we obtain that w(t — s) satisfies equality (3) in the interval (s,T"). As the time
derivative of a weak solution belongs to L3 (0,T; V"), equality (3) is equivalent to
saying that

/OT (<CZL,€> + p ((u,§)) + <B(u7u),§>> dt + a/OT/Q P ugdadt

= /OT (/,€) dt.

for any £ € L*(0,T;V). The function z satisfies (18) in the interval (0,7) and this
equality as well. Indeed, denoting h(t) = w(t — s) we have

/ ' (<flj,e>+u<<z,s>>+<B<z,z>,£>) aa | ' [ 1o sedoa
= [ ((G) + r (e + B ) arva [ [ P usdsa
v/ ' ((5€) +ninen+ .0 +a [ A

s T T
- [(Goa+ [ oa-[ toan
0 s 0
proving that z is really a weak solution. O

In view of this lemma every solution can be extended to a globally defined one,
that is, a solution which exists for ¢ € [0,40c0). In this situation we denote by
D (ug) the set of all globally defined solutions with initial condition ug and observe
that for any ¢t > 0 the following equality holds:

{u(t) :u € D (up)} = {u(t) : uw € UrsoDr (ug)}-

Denote by P (H) the set of all non-empty subsets of H. Let us define the following
(possibly multivalued) family of operators G : RT x H — P (H) :

G(tu) ={ye H:y=u(t), u() e D (u)}

Using Lemma 3.8 we can easily prove that G is a strict multivalued semiflow, that
is, the following two properties hold:
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e G (0,ug) = ug for all uy € H;
o G(t+s,up) =G (t,G(s,up)), for all ug € H, t,s > 0.
The set A is a global attractor for G if:
e A is negatively invariant, i.e., A C G (t, A) for all t > 0;
e A attracts every bounded set of H, that is,
dist (G (t,B),A) — 0 as t — +oo.
It is invariant if, moreover, A = G (¢, .A) for all ¢t > 0.
The next lemma is crucial for proving the existence of a global attractor.

Lemma 3.9. Assume that 3 < f < 4. Let uf — wuo weakly in H and let
un (-) € D(uy). Then there exists a weak solution u(-) to (2) with u(0) = wg
and a subsequence un, (+) such that u,, — u in C([e,T],H) for all0 <e < T.

If, moreover, ufy — ug strongly in H, then u,, — w in C([0,T], H) for all T > 0.

Proof. We fix T' > 0. We deduce from Lemma 2.3 that the sequence u,, is bounded
in

L (0,T; H)N L2 (0,T; V) N LA+ (o, T; (LA (Q))3) .

Un

d
Also, using (4) and standard estimates (see [18, p.297]) we obtain that I is

bounded in Lz (0,T; V).
Thus, making use of the compactness theorem [11] we obtain a function u (-) and
a subsequence (denoted again by u,,) such that

u, — u weakly star in L™ (0,T; H), (19)
up — u weakly in L? (0,T; V),
U, — u weakly in LPH1 (O,T; (LB'H (Q))S) )
du, d .4
% — ditt weakly in L3 0, T; V"),
U, — u strongly in L2 (0,T; H),
un (6, ) = u(t,x) for a.a. (t,x).

Let us prove that

Up (tn) — u(tg) weakly in H (20)
for any sequence {t,} such that t, — to, where t,,ty € [0,7]. Denote ¢ = %

The time derivatives are bounded in the space L3 (0,T; V'), which implies readily
that the sequence wuy, (+) is equicontinuous in the space V'. Moreover, uy, (t,) is
bounded in H, and then the compact embedding H C V' yields that it is relatively
compact in V’. Hence, by Ascoli-Arzeld’s theorem we have w,, — w in C ([0, T], V).
Thus, by a contradiction argument we obtain that w,, (t,) — u (to) weakly in H. In
particular, we have that u (0) = uo.

Further, we need to check that u (-) is a weak solution to problem (2).

The sequence h (un (-)) = |un ()7 un (-) is bounded in L¢ (o,T; (L (Q))3)
and h (un, (t,2)) = h(u(t,z)) for a.a. (t,z). Hence, h (un (+)) = h (u(-)) weakly in
L (o, T; (L9 (Q))S) [14, Lemma 8.3].

In order to show that u is a weak solution it remains to pass to the limit in the
term B. Since u,, — u in L?(0,T; H) implies that w,;u,; — u;u; in L'(0,T; L' (2)),
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for any ¢ € V, ¢ € C5°(0,T) we have
T

T
/ (b2t s €) — bty w, €)) bt = — / (Bt €, ) — Bt €, 1)) il
0 0

3 T
¢
- Z /0 /Q(Um'unj — uiuy) 5‘:5]- ¢dxdt — 0,

ij=1 !

as n — 00.
We conclude that equality (3) is satisfied for the function u for all ¢ € V, and by
density of V in V' we obtain that (3) holds true. Thus, u is a weak solution.
Finally, we will prove that u, — w in C ([e,T],H) for all 0 < e < T. From (11)
we get

1
[tn (8)][7 < llun ()17 + Y 1£1% (¢ — ), for any s < t,

and the same inequality is true for u. Hence, the functions J, (t) = ||un (t)HiI -
ﬁ ||f||i1 t, J(t) =|lu (t)||fq - ﬁ ||f||§{ t are non-increasing and continuous. Take
a sequence t, — to with t,,,to € [¢,T]. We know that w,, (t,) — u (to) weakly in H,
S0
lu(to)ll < Hminf [|lu ()]l - (21)
It is a consequence of (19) that J, (¢) — J(¢) for a.a. ¢. Then we can choose
tr < to as close to tp as we wish such that J, (tx) — J (tx), and we can assume
without loss of generality that ¢ < t,,. Therefore,
Jn (tn) = J (to) = Jn (tn) — Jn (t) + I (tr) — J (tx) + J (tx) — J (to)
< | Jn () = J (Er)] + [T (tk) = J (to)] -
Since w(-) is continuous, for any § > 0 there exists t; and N (t) such that
|J (tr) — J (to)] < 6/2 and |J, (tx) — J (tx)| < §/2 for all n > N. This implies
that
limsup |u (tn)ll g < [l (to)ll s - (22)
Joining (21) and (22) we deduce that ||u (t,)||; — ||u(to)|l; and then wu(t,) —
u (to) in H.
Since T' > 0 is arbitrary, by a diagonal arguments we obtain a common subse-
quence on an arbitrary interval [e, T.
The first part of the lemma is proved.
For the second part, we need to prove only that u (¢,) — w (0) if t, — 0, t, > 0.
For this aim we repeat the above argument with ¢, = 0 = ¢g. Hence,

Jn (tn)_J(tO) = Jn (tn)_Jn (0)+Jn (0)_J(0) < ‘Jn (O) - J(0)| —0asn— o0,

because u, (0) — «(0) in H. Then we obtain the result arguing in the same way
as above. O

Corollary 4. Assume that 3 < < 4. For any t > 0 the map uy — G(t,up) has
compact values and closed graph. In addition, for any ty > 0 the map G (tg,-) is
compact.

The map ug — G(t,up) is said to be upper semicontinuous if for all uy € H and
any neighborhood O of ug in H there exists ¢ > 0 such that G (t,u) C O for all u
satisfying ||u — ugl| < 4.

Lemma 3.10. Assume that 3 < 8 < 4. For any t > 0 the map uy — G(t,ug) is
upper semicontinuous.
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Proof. If not, there exist ug € H, t > 0, sequences ud — ug, yn € G (t,ul)
and a neighborhood O of G (t,up) such that y, & O. Let y, = u, (t), where
tn () € D (u). Then by Lemma 3.9 there is a subsequence y,, satisfying y,, —
y € G (t,up), which is a contradiction. O

For a multivalued semiflow G the concepts of absorbing set and asymptotically
compactness are given in exactly the same way as for semigroups.

The following conditions are sufficient in order to obtain a global compact in-
variant minimal attractor A for a strict multivalued semiflow G [13, Theorem 3 and
Remark 8:

1. G possesses a bounded absorbing set By;

2. G is asymptotically compact;

3. G has closed values;

4. the map ug — G(t, up) is upper semicontinuous.

Theorem 3.11. Assume that 3 < 8 < 4. Then G has a global invariant compact
attractor A, which is minimal among all closed attracting sets.

Proof. We need to check the four aforementioned conditions.

2
It follows from (8) that the ball By = {u € H : HUH?{ <1+ %!\2’} is absorbing.
In view of Corollary 4 and Lemma 3.10 G has compact (and then closed) values
and the map uy — G(t,up) is upper semicontinuous.
Finally, again by Corollary 4 the operator G (1,-) is compact. Hence, for any

bounded set B an arbitrary sequence y,, € G (t,,, B), which belongs to
G(1,G(t, —1,B)) C G(1,By), foralln > N,

is relatively compact in H, so G is asymptotically compact. O

We can give also some information about the structure of the global attractor in
terms of bounded complete trajectories, which are continuous functions v : R — H
such that u(-) = v (-+s) belongs to D (ug) for all s € R and satisfying that
Uter? (t) is a bounded set. Indeed, by Lemmas 3.8, 3.9 we can apply Theorems 9,
10 from [6] and obtain that

A={v(0):v €K}, (23)

where is K the set of all bounded complete trajectories.
Finally, in a similar way as in [7] let us prove that the global attractor is stable,
which means that for any € > 0 there is d > 0 such that

G(t,05(A)) C O:(A) for all t > 0, (24)
where O, (A) = {z € H : dist(z, A) < n}.

Lemma 3.12. Assume that 3 < < 4. The global attractor A given in Theorem
3.11 1is stable.

Proof. By contradiction if (24) does not hold, then there exist € > 0 and sequences
0 — 0, z € Og, (A), ti, > 0, yx € G(ty, 1) such that

dist (yg, A) > . (25)

We consider two cases: 1) t;, — +oo for some subsequence; 2) ¢t < C.
In the first situation, as the sequence {x;} belongs to a bounded set, by the
definition of global attractor we get that dist (yx,.A) — 0, which contradicts (25).
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In the second one, up to a subsequence t — tg, T — ¢ € A, so by Lemma 3.9
and the invariance of A we obtain that

yr =y € G(to, x0) C G(to, A) C A,

which is again a contradiction. 0

Remark 1. Formula (23) and stability are also true for the global attractor A
given in Theorem 3.4 for § > 4.

4. Global attractor for strong solutions. In this section we are going to define
a semigroup generated by strong solutions of (2).

We recall that a function u : [0,T] — V N (LB“(Q))3 is called a strong solution
of (2) if u is a weak solution and

we L®(0,T; V) N L0, T; (H())?) N L=(0,T; (LFH(2))%).

Theorem 4.1. Let ug € VN (Lﬂ+1(f2))3, f € H and 8 > 3. Then there exists a
unique strong solution of (2). Moreover, it satisfies

% e L2(0,T; (L*())°).

Existence of strong solutions for 5 > 7/2 and uniqueness for 7/2 < g < 5
were proved at first in [2] and [15]. In [23] and [17] existence and uniqueness were
extended for 3 < f < 7/2. Finally, in [25] uniqueness of strong solutions was
established for all 8 > 1. We observe also that for 8 > 4 uniqueness of strong
solutions follows from Theorem 2.4. )

From a standard result (see e.g. [14, Corollary 7.3]) and u € L*(0,T; (H? (Q))J),
% € L*(0,T; L*(2)) we obtain that v € C([0,7],V). If 3 < 8 < 5, then V N
(Lﬁ“(Q))3 =V, so the operator Sy : Rt x V' — V given by Sy (t,up) = u(t),
where u () is the unique strong solution to problem (2) with initial condition uy,
defines a semigroup having a global compact attractor in V. This result was proved
in [15] for 7/2 < B < 5 and in [17] for 3 < 8 < 5. Although in the last paper
the nonautonomous case is studied, for a time-independent external force f the
autonomous attractor is obtained as a particular case.

In this section we will give an alternative proof of the existence of the strong
attractor for § = 5. The reason is that in the above cited papers there is an
argument which is correct for 8 < 5 but it is unclear when 5 = 5. Namely, if we
take for example the paper [15], then in Proposition 5 inequality (28) in page 247
is correct for 8 < 5, but not for g = 5.

Also, we prove a conditional theorem on the existence of the global attractor for
B > 5 in the phase space Z = V N (LﬂJ“l(Q))B. We observe that properties u €
L>=(0,T; (LPHH(Q))3), u € C([0,T), H) imply that ¢ — u(t) is continuous with re-
spect to the weak topology of (L?+1(9))? [3, p.33, Theorem 1.7]. However, we need
continuity with respect to the strong topology, that is, u € C([0,T], (L#+1(2))3).
Assuming that any strong solution satisfies this property, we are able to obtain the
result.

When § > 5 we define the operator Sx : RT x X — X, where X = V N
(L1 ()”, by

S(t,uo) = u(t),
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where u (+) is the unique strong solution to problem (2) with initial condition wug.
By the same argument given in Lemma 3.8 one can check that S is a semigroup.

Lemma 4.2. Let 8 > 5. Assume additionally when B > 5 that every strong
solution u (-) with initial condition in X satisfies that u € C([0,T], (LP+1(Q))3) for
any T > 0. If uly — ug weakly in X, then Sx(t,ul) — Sx(t,ug) strongly in X
for any t > 0. This implies, in particular, that the operator Sx(t,") is compact for
t > 0 and continuous with respect to the initial condition for all t > 0.

Proof. Let T > t. In view of (12) u™ (-) = Sx (-, ujy) converges to u (-) = Sx (-, up)
in C([0,T], H). Thus, u™ (t) = u(t) in H. Further, Lemmas 3.1, 3.5 and inequality
(16) imply that
u"(t) — u (t) weakly in V N (LPT1(Q))3,
u" — u weakly star in L™ (g, T;V N (LPT1(Q))?),
u™ — u weakly L*(e, T; (H*(Q))%),

du™  du 2 2
. N o weakly in L% (e, T; (L*(Q))?),

for any 0 < € < T. Hence, the compactness theorem [11] implies
u" — u strongly in L2(e, T; V N (LPT1(Q))?),
u (t) = u(t) in VN (LP(Q))? for a.a. t € (0,T).
Now, using (15) and Lemma 3.1 we have

y(r) <y(s) + K(e)(r - s),
for all 0 < ¢ < s < r < T. Thus, the functions J"(r) = “—‘H Hu"(r)||‘2/ +
o 1 2 o 1
o7 e ()55 + K (), J(r) = 55 u()y + 535 u()l55 + K (2) 7 are non-
increasing in [e,T]. Since u € C([0,T]; V N (LP+1(Q))3), these functions are contin-
uous in [e,T]. Also, J*(r) — J(r) for a.a. r € (¢,T). Arguing as in the proof of
(22) we obtain that

. p+1 2 B+1
s znuamv e 0 8
p+1 2 B+1
STy [u®)ly + 5-1' 1 [Ju(t )||[3+1'
But u™(t) — u (t) weakly in V N (L?+1(Q))? implies that
p+1 + 1 1
le@Iy + 5o I3
P M 1 n n B+1
ghmmf(fznu<nv+5+1n<wmﬂ -
Making use of these two inequalities we infer that
ptl 2 g+1 kt1 B+1
Eom I + 55 I @5 = 5= @l + 5 @3

SO

[ (@)l = [lu@lly
[ @llg1 = M)l g g1 -
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Thus, taking into account that the space X is uniformly convex, we get that
Sx(t,ul) = Sx(t,up) strongly in X.
O

Theorem 4.3. Assume the conditions of Lemma 4.2. Then the semigroup Sx
possesses the global compact connected attractor A.

Proof. Let By be the absorbing ball given in Lemma 3.2. By Lemma 3.1 the set
B, = S(r, By) is bounded in X and

Sx(ﬂB) = Sx(’I‘7SX(t—’I“,B)) C By fort > to(B),

where B is a bounded set in X. Hence, B; is a bounded absorbing set in X.
Let B be bounded in X and ¢, — oo, y, € Sx (tn,B). By Lemma 4.2 the
operator Sx (1,-) is compact, which implies using

Yn € Sx (1,5}( (tn — l,B)) C Sx (1731),\771 >N,

that v, is relatively compact in X.
The existence of the global compact attractor follows from [10] and its connec-
tivity from [5, p.4]. O

5. Numerical simulations. We shall now focus on solving numerically the equa-
tion (2) employing computational fluid dynamics (CFD) to visualize scenarios in
which the evolution of the fluid flow converges to a steady state. It is important
to stress that the examples reported below are only intended for showing the as-
ymptotic behaviour of the fluid flow numerically when taking different values of the
parameters « and f in the momentum equation of (2), but no conclusive results
should be deduced from the numerical simulations.

The geometry of the flow domain used in all our numerical experiments is a
sphere Q of radius 6 centered at the origin. We also take the source term f in (2)
as

(0,0,0) ifzeQ\C

where C' is a cylinder, with both radius and height of 4, within the flow domain
symmetrically located at the center of the sphere € in such a way that the base
of the cylinder is parallel to the zz-plane as in Figure 1. Observe that f(z,t) can
be seen as a constant source force within the cylinder C propelling the fluid flow
upwards.

Numerical simulations were all performed using the CFD package OpenFOAM®,
which is the acronym of Open Source Field Operation and Manipulation. It is an
open-source CFD software based on C++ that contains a toolbox for tailored nu-
merical solvers for a wide variety of problems relevant to the industry and scientific
community. The solvers implemented in OpenFOAM® uses the Finite Volume
Method (FVM) to discretize the governing equations on unstructured meshes (see
[4, 21]). The solver used to integrate our model numerically was pimpleFoam, which
combines the two most common algorithms for solving the Navier-Stokes equations,
namely, SIMPLE and PISO algorithms. The pimpleFoam code is inherently tran-
sient, requiring an initial condition and boundary conditions. OpenFOAM® in-
cludes pre-processing and post-processing capabilities such as snappyHexMesh and
ParaFoam for meshing and visualization, respectively.

ﬂm:{@ﬂﬂ)ﬁmeC
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FIGURE 1. Flow domain

Figures 2, 3 and 4 show the steady state for the numerical solution of the equa-
tions (2) for experiments with different values of the parameters « and . In those
experiments we have set the initial condition uo(x) = (0,0,0), and the images rep-
resent the velocity vector field in the zy-section at z = 0. The darker areas in the
images are those where the magnitude for the velocity vector w is smaller, while
the lighter ones represent the areas where the velocity is higher. According to the
results of the experiments, when the magnitude of the velocity vector is greater than
1 and the parameter § becomes bigger, the medium provides increased resistance
to movement, so the fluid flow slows down more quickly. On the contrary, when
the magnitude of the velocity vector is less than 1 and the parameter 5 becomes
smaller, then medium provides decreased resistance to movement, so the fluid flow
spreads further through the medium. The effect of the parameter o does not depend
of the u magnitude, acting proportionally, i.e., the larger the value of «, the higher
resistance to motion of the fluid flow. It has also been observed that convergence
speed to the steady state is higher as « and 3 increase. Therefore, when a and
are small, a higher period of time to get convergence to the steady state is required.
In fact, we have also performed simulations (not shown here) for values of « close
to 0 (also for & = 0) and a low value of § (for instance, 8 = 1), but we did not
achieve convergence to a steady state for an approachable (from a computational
point of view) time value. It is likely that for such values of the parameters the
global attractor (if it exists!) is more complex than a fixed point.

Lastly, an experiment with a non-vanishing initial condition was carried out.
The performance was made by taking ug(x) = (1,0,0), « = 0.2 and 8 = 1, and the
results of the model is shown in Figure 5. As one might expect, the steady state
does not depend of the initial condition, hence, it is the same as taking ug equal to
zero (compare the right panel of Figure 5 to the left panel of Figure 2).

Acknowledgments. The authors would like to thank the referees for their useful
comments and suggestions.
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FIGURE 2. Flow velocity u for the steady state in the zy-section
at z = 0. The darker areas mean lower fluid flow speed. The initial
velocity wg is identically zero. Left panel parameters: a = 0.2; 8 =
1. Right panel parameters: a = 0.5; 8 = 1.

FIGURE 3. Flow velocity u for the steady state in the zy-section
at z = 0. The darker areas mean lower fluid flow speed. The initial
velocity ug is identically zero. Left panel parameters: a = 0.2; 5 =
2. Right panel parameters: a = 0.5; § = 2.
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