APPLICATIONES MATHEMATICAE
36,2 (2009), pp. 183-194

BERNARD NOWAKOWSKI and WOJCIECH M. ZAJACZKOWSKI (Warszawa)

GLOBAL ATTRACTOR FOR NAVIER-STOKES EQUATIONS
IN CYLINDRICAL DOMAINS

Abstract. Global and regular solutions of the Navier—Stokes system in
cylindrical domains have already been obtained under the assumption of
smallness of (1) the derivative of the velocity field with respect to the variable
along the axis of the cylinder, (2) the derivative of force field with respect
to the variable along the axis of the cylinder and (3) the projection of the
force field on the axis of the cylinder restricted to the part of the boundary
perpendicular to the axis of the cylinder. With the same assumptions we
prove in this paper the existence of a global attractor for the Navier—Stokes
equations and convergence of solutions to the stationary solutions for the
large viscosity coefficient.

1. Introduction. We consider the following initial-boundary value prob-
lem:

vit+v-Vo—divT(v,p) =f in 2 x(0,00),
dive =0 in 2 x (0, 00),

(1.1) v-n=0 on S x (0,00),
n-T(v,p) 74 =0, a=1,2, onsS x(0,00),
V|t=0 = v(0) in £2.

The domain §2 is an open and bounded subset of R? of cylindrical type.
The boundary, denoted by S, consists of two parts S; and Sy, where Sy is
parallel to the axis of the cylinder and S5 is perpendicular to that axis. By n
and 7, we denote the unit normal outward vector and unit tangent vectors
to S. We denote by v = v(z,t) € R3 the velocity field, by f = f(x,t) € R3
the external force field, and by p = p(z,t) € R the pressure, where z =
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(x1,x2,23) is a global Cartesian coordinates system such that the xs-axis
is the axis of the cylinder. T (v, p) is the stress tensor equal to vD(v) — Ip,
where D(v) = Vv + (Vv)T denotes the dilatation tensor, v is the constant
viscosity coefficient and I is the unit matrix. Moreover, the dot denotes the
scalar product in R3.

The existence of regular solutions to the problem (1.1) has been proved
in [8], [11], [12], [13] by the Leray—Schauder fixed point theorem under some
smallness assumptions on the Lo-norms of the z3-derivatives of the external
force and the initial velocity. The next step was to obtain a global in time
solution (see e.g. [6]). This is stated in the following theorem which has been
proved in [7].

THEOREM 1 (global existence). Let T' > 0 be fized and let
Ok(T) = |1 f a3 | Lo (s (kT (k1)T)) + 131 Lo (S0 x (kT (k1)) + 10,25 (KT ) || Lo (02),
where k € N. Assume that
[ € LolKT, (k + 1)T; Lo s(2)) 1 La(®2 x (KT, ( + 1)),
f3 € La(S2 x (KT, (k+1)T)),
(rot f)3 € La(KT, (k +1)T; Lg5(12)),
fas € Lo(2 x (KT, (k+1)T)) N Ly(£2 x (KT, (k+1)T))

and v(kT) € H(£2). Then there exists a global and regular solution (v,p) to
the problem (1.1) such that

||U,w3”ng(nx(kT,(kH)T)) + va,x:sHLG(QX(kT,(kJrl)T)) <A

and
(1.2) Hv”wgvl((gx(kT’(kJrl)T)) + vaHLQ(QX(kT,(k?'Fl)T)) < C(A2 + 1),

with any o € (25/8,10/3) and the constant A is chosen for given T indepen-
dently of k and it satisfies the inequalities

©(BA + Dy)or(T) + cEy < A, cEp < A,
where @ is some nonlinear, positive and increasing function, the constant c
comes from an imbedding theorem for Sobolev spaces and the constants Dy
and Ey are given by
Dy = | f| Lo b, (1) 7565 (02)) F I3l L2 (55 x (6, o1y )+ | Lo (2% (6, (01 1))
+11(x0t )3l Loy k7, (k1) 7L 5(2)) F [ f s | La(2x kT, (k1)) + di + do,
By = || f 25|l L, (2x kT, (k+1)T))

where di and dy come from the energy estimates of weak solutions to the
problem (1.1) (see Lemma 2.3).
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In this paper we will show the existence of a global attractor for prob-
lem (1.1). We will apply the methods derived in [5] and [11] and use the
theory of semiprocesses since in our case the external force f may depend
on time.

2. Auxiliary results. We introduce the standard notation that will be
frequently used in this paper. Let 6 > 0 be fixed and

VZ{’UECOO(.Q):diVU:OiH 2, v-nlg=0

1/2
and (S |v,m3|2dx> < 5},
9]
and o
H = closure of V in the Ly-norm,

V = closure of V in the H'-norm.

We need the space V¥ (27) defined as follows:

kioT\ _ . _
V@) = {os Iollgcom = esssuplivllno

+ dnwngk(m dt>1/2 < oo}, keN.
0

Now we can define a weak solution to the problem (1.1).
DEFINITION 2.1. By a weak solution to the problem (1.1) we mean a

function v € V' (027) such that dive = 0, v - n|g = 0, satisfying the integral
identity

[ (—0- 0+ D) - D) + v Vo) dudt
QT
+S’U-sp|t:TdCC—Sv~sp‘t:0dx: S fQOdSUdt
07 (P4 0T

for any ¢ € WQI’I(QT).

In order to prove the existence of a weak solution we need the Korn
inequality and energy type estimates. The proofs can be found in [12].

LEMMA 2.2 (Korn inequality). Assume that v € H'(£2) is such that
D)7, ) < o0,
v-n|g =0,
dive = 0.
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If §2 is not axially symmetric, then there exists some constant c1 such that
11310y < allD@)I[7, )
LEMMA 2.3 (Energy estimates). Let T > 0 be given. Let
a; = SliP”f(t)HLm(n),
2 _ € 9 2

(2.1) dy = o + [v(0)IZ,(02)»

d3 = (min(1,vp)) " te T <VC ai + d%) ,

1

which do not depend on k € N and v/cy = v1 + vo, where ¢q is the constant
from the Korn inequality (Lemma 2.2). Assume a1 < oo and v(0) € La(£2).
Then

o)l Ly2) < da for any t >0,

2.2
@2 olsioxuray <d fort € (KT, (k+ )T), k€ N,

Applying now the Galerkin method and repeating some considerations
from [4, Ch. 6], we have

LEMMA 2.4. Assume a; < 0o, v(0) € La(£2) and let T > 0 be given. Then
there exists a weak solution to the problem (1.1) in any interval (kT (k+1)T),
k € N, satisfying

[vllve 2x kr,ks1yry) < de-

Before we can focus on global attractors, we need two estimates and the
uniform Gronwall inequality.

LEMMA 2.5. Any solution v € H%(£2) of the elliptic problem
divD(v) = f,
v-nlg =0,
n-D) 1a|ls =0, a=12,
satisfies the estimate
vl z2(2) < ellfll Loy
LEMMA 2.6. Any solution (v,p) € H?(£2)x H'(82) of the elliptic problem
div T(v,p) = f,
dive =0,
v-nlg =0,
n-T(v,p) Tals =0, a=1,2,
satisfies the estimate

[0l m2(2) + 1VPllLo2) < cllflla(e)-
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LEMMA 2.7 (the uniform Gronwall inequality). Let the functions f, h,
y: [to,00) — (0,00) be continuous. Assume that for some r > 0 and all
t >ty we have

y'(t) < g(t)y(t) + h(t)

and
t+r t+r t+r
S g(s)ds < ay, S h(s)ds < as, S y(s)ds < ag.
t t t

Then y satisfies the uniform estimate
a
y(t+r) < (3 + a2> e’ for allt > tp.
r

The proofs of Lemmas 2.5 and 2.6 are almost the same as in [1]. We
only restrict ourselves to the stationary case. The proof of Lemma 2.7 can
be found in [10, Ch. 3, §1].

3. Existence of a global attractor. In this section we prove the exis-
tence of a global attractor to the problem (1.1). We start by recalling some
facts and definitions from [3, Ch. 4].

Let us rewrite equation (1.1); in the abstract form

V= A(’U,t) = Aa(t) (’U), t e R+,

where the right-hand side depends explicitly on the time symbol o(t), which
is the collection of all time-dependent coefficients of the equation (in the
Navier—Stokes equations that will be the time-dependent external forces).
By ¥ we denote some metric or Banach space, which contains the values
of o(t) for a.e. t € R;. Moreover, we assume that o(¢), as a function of ¢,
belongs to a topological function space = := {£(-): {(t) € ¥ for a.e. t € R, }.

Replacing the symbol o(t) by the shifted symbol o(t 4+ h) should not
change the attractor, hence we introduce a translation invariant subspace
2 C = called the symbol space. Translation invariance means that for all
o € X the relation T'(h)o(t) = o(t + h) € X holds, where T'(h): & — =
is the shift operator. In our case, it will be convenient to set X' = X(0g) =
{o0(- + h): h € Rt}, where o is the time symbol of the initial equation and
the closure is taken in the topology of =.

Let v(t) be a unique weak and global solution of problem (1.1) with initial
data vg = v(0). We define the family of semiprocesses {Uy(t, T) }+>7>0 acting
on H,U(t,7): H— H, by the formula

(3.1) v(t) = Uys(t, )v(T),

where v; is the initial condition and X' 3 o(t) = f(-,t) is the external force.
By B(H) we denote the family of all bounded sets of H.
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DEFINITION 3.1. A family of processes {U,(t,7) }t>r>0, 0 € X, is said
to be uniformly bounded if for any B € B(H),

U U UUs(t B e BH).

ceX reRt t>7

DEFINITION 3.2. A set By C H is said to be uniformly absorbing for the
family of processes {U,(t,7)}i>r>0, 0 € X, if for any 7 € RT and for every
B € B(H) there exists to = to(7, B) such that (J, .5 Us(t,7)B C By for all
t > to. If the set By is compact, we call the family of processes uniformly
compact.

DEFINITION 3.3. A set P C H is said to be uniformly attracting for the
family of processes {U,(t,T)}}i>r>0, 0 € X, if for any 7 € R,
lim (Sup distg(Us(t, 7)B, P)) =0.
t—o0 O'GE

If the set P is compact, we call the family of processes uniformly asympto-
tically compact.

DEFINITION 3.4. A closed set Ay C H is said to be a uniform attractor
of the family of processes {U,(t, 7) }t>r>0, 0 € X, if it is uniformly attracting
and contained in any closed uniformly attracting set of that family.

The existence of a global attractor is guaranteed by the following theo-
rem:

THEOREM 2. If a family of processes {Uy(t,T)}i>r>0, 0 € X, is uni-
formly asymptotically compact, then it has a unique uniform global attrac-
tor Ax;. The set Asx; is compact in H.

The main result in this section reads:

THEOREM 3. There exists a unique global attractor Ax in H for the fam-
ily of semiprocesses {Uy(t, T)}t>r>0, 0 € X, defined by (3.1). The attractor
1s bounded in V', compact and connected in H. It attracts bounded sets in H.

To prove this theorem we need some estimates.

LEMMA 3.5. There exists a bounded and absorbing set in H for the family
of semiprocesses {Uy(t,T)}t>r>0, 0 € 2.

Proof. In view of Lemma 2.3 we see that

limsup [[v(?)||£,(2) < di-

t—o0

Hence for every vg € H there exists tg > 0 such that
(3.2) v(t) € B(0,p1) for all t > to,
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where B(0, p1) is the ball in H centered at 0 with radius p; > dy. If B(0,7) C
H is any ball such that vg € B(0,r) then there exists tg = to(r) such that
(3.2) holds. This ends the proof. =

LEMMA 3.6. There exists a bounded and absorbing set in V. for the family
of semiprocesses {Uy(t,7)}t>r>0, 0 € X.

Proof. We multiply (1.1) by div T(v, p) and integrate over {2 to obtain

(3.3) S vy - divT(v,p) dr — S |div T(v, p)|* dx + S v-Vu-divT(v,p)dz
9 9 2

v~

Il 12 [.3

= S f-divT(v,p)dx.
0

According to the definition of T (v, p) we have

I = S vy - div(vD(v) — pl) doe = S vy - div(vD(v)) do — S vy Vpdx.
2 2 (9

111 112

Integrating by parts, we see that I15 vanishes due to the boundary conditions.
From the Stokes theorem it follows that

In = S diV(UVt : V]D)(v)) dr — S Vv,t : I/]D(U) dz
2 (0]
12 d 2
= év,t wD(v) ndS - é}\]]])(vﬂ dz.

The boundary integral vanishes due to the boundary conditions:

v v D) ndS = v (on 1+ vm7a) D) -ndS =0,
S S
Eventually we get

__vd 2
Il——4 o é}‘D(U” dx.

Next we estimate Is by the Holder and the Minkowski inequalities:

o Vo divT(v,p) do| < o]y IVl v T(w, D)l 0.

(9}
Using the interpolation inequality for L, spaces, the imbedding of H Linto
Lg, the Young inequality with € and Lemma 2.5 yields

cl|vlle ) IVUll Ly 2y 1div T (v, p)l 1,2

1/2 1/2 .
< clvllzo@ Vol 30 - 10112 ) ldiv (v, p) [ ae)
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1/2 1/2 .
< elloll a0l o) 1 72 1y T(w, p)l| o)

. 3/2 .
< ol g i (v, p) 32 ) < cllvlys g+ elldiv (0, )2, .
Hence we obtain from (3.3) the following inequality:
1 @H () Z,(0) = 1div T(v, p)[17, (0 + vl ) + €lldiv T(v, p)[I7, ()
> S f-divT(v,p) dz.
2
Multiplying by —4/v, using the Holder and the Young inequalities, and ob-
serving that

(3-4) IldivD()I[7, (o) < elldivT(v,p)]IZ,(e)

we get

d
D@L, o) + PlIdivD@)I[Z, ) < el fllZ,0) + elvlin o)
where 7 = 4c¢/v and the constant ¢ comes from (3.4). Since
D (W)l Ly(2) < elldivD(v) [ Ly(0),

we obtain

d
G Wiage) + 7IRW)IZ, ) < cllfl7, ) + cllvlt o)

In view of (1.2) and by the Sobolev imbedding theorem we get
(k+1)T
| ID(s)?ds < A =: as,
kT
(k+1)T
I () ) + [0(5) 6 y) ds < D} + A* =: a.
kT
Applying Lemma 2.7 (the uniform Gronwall inequality) and next Lemma 2.2
(the Korn inequality) yields
o2 ) < % tay forany k> 1.
We see that

(3.5) v(t) € B(0,p2) for all t > ty,

where B(0, p2) is the ball in V' centered at 0 of radius p2 > a3/T + ag. If
B(0,7) C H is any ball such that vg € B(0,r) then there exists tog = to(r)
such that (3.5) holds. This ends the proof. m

Proof of Theorem 3. We take p = max{p1, p2}. Then due to Lemmas
3.5 and 3.6 there exists an absorbing set B(0, p) which is bounded in V', and
compact in H. From Theorem 2 we conclude the proof. m
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4. Convergence to stationary solutions for large v. In this section
we will prove the following

THEOREM 4. Let f and fo denote the external force fields in the non-
stationary and stationary problems respectively. Assume that the viscosity v
is large compared to the external force field fo, i.e.

L 14 Cl 4
(4.1) 5(0) 1= £ =16 55 sl s ) > O

If
1f(t) = foollLg5(2) —— 0,

t—o0

then the unique solution v(t) of problem (1.1) converges to the unique sta-
tionary solution v of problem (1.1), and we have the estimate

06 = vselZ ey < 10(0) = vellE ™ + 115 = Fl, (o)
fort > 0.
Proof. From [9, Ch. 2, §1] we know that a stationary solution v, exists,
it is unique provided v? > ¢[| foo | 1,,(02), and
1
(4.2) [voo |l a1 (02) < » | fooll Lo (2)
Let V = v(t) — voo. Then V satisfies the system of equations
Vi—divD(V) = —v-VV =V - Vue + f — foo in 27,

divV =0 in 27,
V.n=0 on ST,
n-DV) - 7,=0, a=1,2, on ST,
V=0 = v(0) — vso in 2.

Multiplying the first equation by V', integrating over {2, and using the Korn
inequality (Lemma 2.2) gives

1d

(4.3) 3 €

—IVIZ, 0 +t HVHH1

< 2HV||L4(Q)HvooHHl(mHVHMm) +f = fllZg 00

The first term on the right hand side is estimated as follows:
1/2
VI o) [V lellrsor < e IV sy +8 < IV Iy ooel

Hence we obtain from (4.3)

d v c
%HVH%Q(Q) + aHVH%Q(Q) —16— IVIZu lvso (o) < If = foollZy ()
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Using (4.2), multiplying by exp(d(v)t) (see (4.1)) and integrating over ¢ > 0
gives
0 0
VO™ < VO + 1F = foell3, o(ene™"
or equivalently

V7,00 < IVO)IZ, e +11f - foo||%6/5(g)-

Choosing v large enough so that §(v) > 0, we conclude the proof. =

5. Regularity of the attractor. In Section 3 we have proved that
there exists a bounded, compact and absorbing set B in H. Now we will
show that this set is in fact compact in V. It suffices to bound this set in
H2(0).

LEMMA 5.1. Assume that fi € La(kT,(k + 1)T; Lg/5(£2)) N Loo (KT,
(k 4+ 1)T; La(82)). Then for the family of semiprocessess {Uy(t,T)}i>r>0,
o € X there exists a bounded and absorbing set in H?(12).

Proof. First we differentiate (1.1); with respect to time and take the
inner product with v; so that

L T
PR — ’l) —_—
2 dt L (2) cl

2
Vitll a1 (02)

i + il @)l fiellzg o0

1/2
< 2HU||H1(Q)||U¢HL/2(Q)

< ellvellFn o) + c/Ollvel, @ llvlin @) + c/OlfelL, )

Uﬂg

In view of (1.2) and using the uniform Gronwall inequality (Lemma 2.7), we
get

b3
5.1) ol oy < (G2 +0a)en, o1

where
(k+1)T
¢ | o)l gy () ds < cA® =t by,
kT
(k+1)T

c | lIfdl
kT

(k+1)T
Vloe®)7, 0 (s) ds < A% =: bs.
kT

%6/5(9)(3) ds < bo,
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Now we multiply (1.1); by div T (v, p), integrate over {2 and use the Holder
inequality, so that

| div T(0, p)[17,2) < 101l o) 1div T(v, p) [ £y(2)
vl s IVUll £s ) 1AV T(v, p) | 2o (2) + [[div T(v, D) | o) 1 | 2o (2)-

Applying the Young inequality and repeating the calculation for I3 in (3.3),
we obtain

[div T(%P)H%Q(Q) = CHU,t||%2(Q)+CHU|’?{1(Q)+€HdiV T(Uap)”%2(9)+C||f||?:2(9)-

In view of (1.2), (3.4), (5.1) and the Korn inequality (Lemma 2.2) we con-
clude that
v[[v(t)| g2 < oo for almost all t > T.

Hence there exists a ball B(0, p3) C H?(£2) centered at 0 with sufficiently
large radius p3 so that v(t) € B(0, p3) for almost all ¢t > ¢ty = tp(vg). =

In view of Theorem 2 and considerations from Section 3 there exists a
global attractor in V. Thus, we have proved the following

THEOREM 5. There exists a unique global attractor A in' V' for the family
of semiprocessess {Uy(t,T)}1>7r>0 defined by (3.1). The attractor is bounded
in H?($2), compact and connected in V. It attracts bounded sets in V.
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