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Abstract. We show how the action on two simultaneous effects (a suitable
coupling about velocity and temperature and a low range of temperature
but upper that the phase changing one) may be responsible of stopping a
viscous fluid without any changing phase. Our model involves a system, on
an unbounded pipe, given by the planar stationary Navier-Stokes equation
perturbed with a sublinear term f(x,6,u) coupled with a stationary (and

possibly nonlinear) advection diffusion equation for the temperature 6.

After proving some results on the existence and uniqueness of weak
solutions we apply an energy method to show that the velocity u vanishes for

x large enough.
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1. Introduction

It is well known (see, for instance, [6, 8, 14]) that in phase changing flows (as the
Stefan problem) usually the solid region is assumed to remain static and so we can
understand the final situation in the following way: the thermal effect are able to

stop a viscous fluid.

The main contribution of this paper is to show how the action on two si-
multaneous effects (a suitable coupling about velocity and temperature and a low
range of temperature but upper the phase changing one) may be responsible of
stopping a viscous fluid without any changing phase. This philosophy could be

useful in the monitoring of many flows problems, specially in metallurgy.
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We shall consider a, non-standard, Boussinesq coupling among the temper-
ature § and the velocity u. Motivated by our previous works (see [1, 2, 3, 4]), we
assume the body force field is given in a non-linear feedback form, f : O x RxR? —
R2, f = (fi1(x,0,u), f2(x,0,u)), where f is a Carathéodory function (i.e., contin-
uous on # and u and measurable in x) such that, for every u € R?, u = (u,v), for
any 0 € [m, M], and for almost all x € Q

—£(x,0,u) - u> 6 x¢(x) |ul 7O —g(x,6) (1.1)
for some § > 0, o a Lipschitz continuous function such that
0<o <o) <ot <1, 6¢€][m,M|, (1.2)

and
geL Q% xR), ¢g>0, g(x,0) =0 a.e. in Q% for any 0 € [m, M], (1.3)

for some x¢, x4, with 0 < z, < ¢ < 0o and z¢ large enough, where Q% = (0, z4) x
(0,L) and Q,, = (zg4,00) x (0,L). The function xs denotes the characteristic
function of the interval (0,x¢), i.e., xe(x) = 1, if x € (0,z¢) and x¢(x) = 0,
if x ¢ (0,z¢). We shall not need any monotone dependence assumption on the
function o(0).

It seems interesting to notice that the term f(x, 6, u) plays a similar role to
the one in the penalized changing phase problems (see equation (3.13) of [14]),
although our formulation and our methods of proof are entirely different. We shall
prove that the fluid is stopped at a finite distance of the semi-infinite strip entrance
by reducing the nonlinear system to a fourth order non-linear scalar equation for
which the localization of solutions is obtained by means of a suitable energy method
(see [5]).

2. Statement of the problem

In the domain § = (0,00) x (0, L), L > 0, we consider a planar stationary thermal
flow of a fluid governed by the following system

(u-Viu=vAu—-Vp+1£f(x,0,u), (2.4)
divu = 0, (2.5)
u-VC(0) = Ap(8), (2.6)

where u = (u,v) is the vector velocity of the fluid, # its absolute temperature, p
is the hydrostatic pressure, v is the kinematics viscosity coefficient,
0

0
C9) := ; C(s)ds and ¢(0) ::/0 k(s)ds,

with C(0) and k(f) being the specific heat and the conductivity, respectively.
Assuming k > 0 then ¢ is invertible and so § = ¢ ~1(#) for some real argument 6.
Then we can define functions

C0):=Cop '(0), f(x,0,u):=Ffop '(0), pu®):=poe '(H).
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We point out that functions C,f and p are Lipschitz continuous functions of 6.
Substituting these expressions in (2.4)—(2.6), we get, omitting the bars,

(u-Viu=vAu-Vp+1£(x,6,u), (2.7)
divu = 0, (2.8)
u-VC(0) = A6.

To these equations we add the following boundary conditions on u
u=u,, onz=0, (2.10)
u=0, ony=0,0L, (2.11)
u— 0, whenz — oo, (2.12)

and on 6

=6, on x2=0,y=0,0L, (2.13)
6 — 0, when z — oo, (2.14)

where u, and 6, are given functions with a suitable regularity to be indicated later
on and
0<m<0,(x) <M< oc. (2.15)

We assume the possible non-zero velocity u, and temperature 6, satisfy the com-
patibility conditions

L
u,(0) = u.(L) =0, /0 ux(s)ds =0, (2.16)

0.(z,y) — 0, when z — oo for any y € [0, L]. (2.17)

3. Existence theorem
As in [1, 2, 3, 4], we introduce the functional spaces

H(©) = {ue H(@) : u(0,.) = u.(), u(.,0) =u(, L) =0, lim u| =0},

H,(Q) = {u e H(Q) :u(0,.) =u(,0) =u(.,,L) =0, lim |u|= 0} )
where H(Q) = {u € H'(Q) : divu = 0}, and assume that
u, €H>(0,L). (3.18)

We shall search solutions (#,u) such that, additionally to assumptions (2.14) and
(2.12), satisfy

/ |VO|?dx < oo and / |Vu|?dx < oo.
Q Q

Moreover, due to the fact that the Poincaré inequality

P
/ |wl? dx < (L) / [Vw|? dx, (3.19)
Q ™ Q
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holds for every w € WP (Q) and 1 < p < oo (see, e.g., [10]), our searched solutions
(6,u) will be elements of the Sobolev space H!(Q) x H(Q).

Let us still denote by u, and 6, the extensions of the boundary data to the
whole domain €2 in a way such that

u, e H(Q) and 6, € Wh(Q)NC*Q), 2<qg<oo, a>0. (3.20)

Definition 3.1. The pair (0,u) is said to be a weak solution of (2.7)—(2.14) if:
(i) 0 —0, e Wyl () NC*Q), a>0,2<q< o0, m<0<M and for any test
function ¢ € Wy (Q) (1/q+1/¢' =1)

/ (VO — C(0)u) - VC dx = 0.
Q

(i) u € H(Q), u — u, € Hy(Q), f(x,0(x),u(z)) € Li () and for every ¢ €
H, () NL*°(Q) with compact support,

V/Vu:chdX—!—/u~Vu~<pdx:/f~gpdx. (3.21)
Q Q Q

In this section, we shall assume that f : © x R x R? — R? is given by the
structural condition

£(x,0,u) = =0 x¢(x)(Ju|”@ ", 0) — h(x, 6, u), (3.22)
for any u = (u,v), any 0 € [m, M] and almost every x € , for some § > 0,
0 < z¢ < o0 and o(0) satisfies (1.2). Here, h(x,6,u) is a Carathéodory function
such that
h(x,0,u) -u > —g(x,90), (3.23)
for every u € R?, for any 6 € [m, M] and almost all x € Q, for some function g
satisfying (1.3), and we assume

Hy € L1 (Q%f) for all K >0, Hg(x)= sup |h(x,0,u)|. (3.24)
lu|<K, 6€[m,M]

Theorem 3.1. Under conditions (1.2), (2.15)—(2.17), (3.18), (3.20) and (3.22)-
(3.24), the problem (2.7)—(2.14) has, at least, one weak solution (6,u).

Proof. We will prove this theorem in several steps.
First step: an auziliary problem for the temperature 6. Let

w e L?(Q)NLYQ), with2 < ¢ < oo, (3.25)
be a given function and let us consider the following problem for the temperature
w-VC(0) = A0 (3.26)

completed with the boundary conditions (2.13)—(2.14). Since C is Lipschitz contin-
uous we know (see, e.g., [7, 10, 11]) that problem (3.26), (2.13)—(2.14), assuming
(3.25), has a unique weak solution 6 such that

16llwraey > 18ceq@y <€ (@ 1Wlgay  18:llyro ) (3.27)
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where o = 1+ [2/q] — 2/q > 0. Moreover, from the Maximum Principle,
m < 0(z) < M.

Then we can define the non-linear operator

A:L2(Q) NLYQ) — WH(Q)NCY(Q), A(w) =4, (3.28)
with @« =1+ [2/q] —2/¢ > 0, 2 < g < co. The operator A is continuous, because
from [10, 11], we get that given a sequence w,, such that

[Wa = Wllge) + [Wn = Wllgaq) = 0, asn— oo,
then

[A(Wn) = AW) [[wia) + [AWR) = AW)|ca) = 0, asn— oo.

Second step: an auxiliary problem for the velocity u. Let w be a given function
such that

weWH(Q)NCHQ), 2<g<oo, a>0, m<w<M (3.29)

and let us consider the problem for the velocity constituted by the following equa-
tion of motion

(u-V)u=vAu-Vp+f(x,w,u), (3.30)
the equation of continuity (2.8) and the boundary conditions (2.10)—(2.12). Apply-
ing the results of [4] (which is possible due to the assumptions (3.22)—(3.24) and
(3.29)), the problem (3.30), (2.8), (2.10)—(2.12) has, at least, one weak solution
u € H(Q) which satisfies

/ (|Vu|2 + xelu[* 7 4 |h(x, w, u) u|> dx < C, (3.31)
Q
where
c=C (L7m7 M. 6, v, Hu*”Hé 0,1)’ HgHLl(Q”'g ><]R)>
and, in fact,
2
C=0C <L7m,M,6,u Hu*”Hﬁ(o,L)) ,
if g = 0. Then we can define the non-linear operator

II: Whi(Q) N CYQ) — LY(Q), T(w)=u, (3.32)
with 2 < ¢ < oo and a > 0, which is continuous.
Third step: application of Schauder’s theorem. Given ¢ > 2, formulas (3.28) and
(3.32) allow to define the composition non-linear operator
T =T1IA : L?(Q) N LI(Q) — LI(9Q). (3.33)

From (3.31) we get that Y transforms L?(Q) N L9(2) into a bounded subset of
H'(Q2) and, from the Sobolev compact embedding H'(2) — L4(f), 2 < ¢ < oo,
it is completely continuous. Then, according to Schauder’s theorem, (3.33) has, at
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least, a fixed point. This proves the existence of a weak solution (6, u) to problem
(2.7)—(2.14). O

Remark 3.1. Questions about the solvability of boundary value problems for the
Navier-Stokes system in domains with noncompact boundaries were discussed by
many authors amongst whom Solonnikov [13].

4. Uniqueness of weak solution

For the sake of simplicity in the exposition we will assume in this section that the
coupling thermal force obeys to the special form

£(x,0,u) = —0 ye(x)(Ju(x)]"Pu(x),0). (4.34)

The main result of this section, concerning the uniqueness of solutions, is the
following.

Theorem 4.1. Assume (1.2) and (2.15)—(2.17). We additionally suppose that
IC'(0)] <X\ for every 6 € [m, M], (4.35)
and
lo’(8)] <X for every 6 € [m, M], (4.36)
for A < X' and for some small enough positive constant \* > 0. Then, if

||u*HH5(O L) < €* for some small enough positive constant €* > 0, the problem

(2.7)—(2.14), (4.34) has a unique weak solution (u,9).

Proof. Let (61,u1), u; = (u1,v1), and (62, uz), us = (uz2,v2), be two weak solutions
to problem (2.7)—(2.14) and let us set § = 6; — 62, u = u; — up. According
to Definition 3.1, u = u; —uz € H}(Q) and § = 0; — 6 € HL(Q). Moreover,
functions 6, u satisfy to

/Q [Ve - (C(&l)ul - 6(92)112) u] . VC dx = 07
u/ Vu:V(de—i—/ [(u1-V)us — (uz2 - V)ug] - ¢ dx
Q Q

- ‘§/Qxf<x> (s () 700 2y () = fua(30) 7% My (30),0) - o i

Setting ¢ = 0 and ¢ = u, we came to the relations

/ IV6]2dx — / (C(61) — C(6)) uy - VO dx (4.37)
Q Q
+AC(92)U -VoOdx .= Jl + JQ,

u/ |Vul® dx + I, = I + Is, (4.38)
Q
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where

I = (5/ xe(x |u1 |"(‘91 ul(x) — |u2(x)|"(91)_1u2(x)70) -udx,
== [ 0 (007 o 3) = o)) (30,0 -

I3 = —/(u -V)ug - udx.
Q
Estimate for the temperature. Using (4.35) and Cauchy’s inequality, we get
1
| gA/ 0] |uy | |V6]dx < /|V0|2dx+/\2/ O dx  (4.39)
Q 4 Jo Q
and
1
| 2| < C/ lu| |VO|dx < /|V9|2dx+02/ lu|? dx, (4.40)
Q 4 Jo Q

with C = C(m, M) = maxp,<g<m |C()]. In the sequel the letter C' will be used
for different constants depending on L, m, M, 6 and v. We use the Poincaré
inequalities

L
/ lul?dy < C/ |Vul? dx (4.41)
0 Q
and
L
Blaa)? <L [ 18,0 ds, (142)
0

to obtain, from (3.31), that

JRCEREE (4.43)
Q

c/ (/ (2 s)|2ds> (/ |Vu1|2dx> di < c/ V62 dx.

Joining (4.37), (4.39), (4.40) and (4.43), we arrive to
/ |VO2dx < C)\Q/ |V0|2dx—|—0/ |Vul|? dx.
2 Ja Q Q

Choosing A such that
20)\% < 1, (4.44)

it results

/ |VO|2dx < C/ |Vul|?dx. (4.45)
Q Q

Estimate for the velocity. Applying the inequality

ole=af™ < (187 = i) - (1877 4 )
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with 0 < ¢ < 1 and using (1.2), we can write

o(61)—1

0< 80~ [ el — gl (a7 ) T
Q

<. (4.46)
By Lagrange’s theorem,
|U2|U(91)71U2 — |u2|”(02)71uz = 0'/(9*)|U2|U(9*) In |us] 6,

for every 6, in the interval with extremities 1 and #>. Then we conclude
11 <8 [ 16/l 10 s 0] ] .
By (4.36), Cauchy’s inequality and (4.41) we obtain
[I2] < ;/Q|VU|2dx+)\20121, I = /Q 102 Jua[* @) (In |ua|)? dx.

Using (4.42) we get

0o L L
In<L / ( / |ve(x,s>|2ds> (/ |u2<x,y>|20<9*><1n|u2|>2dy>dx.
0 0 0

Now we recall the following elementary inequalities

lug|27@) (In Jus)? < € for |ug| <1, C=C(o", o)

1
lua |27 +) (In us|)? < ) lug|? for |ug| > 1, e=1-0" > 0.
€

Then, separating in two integrals for |uz| < 1 and for |ua| > 1, we obtain

L
| P nfua)*ay < 0 (1 +f
0 0

Using (3.31) and (4.41)

L

IU2(x,y)|2dy> :

L
/ [us(, y)*7 ) (Infug|)* dy < C.
0

Finally we obtain
I < C/ |VO|2dx
Q
and consequently
|I2] < V/ |Vu|2dx+A20/ |VO|>dx
2 Q Q
Using (4.45)
[I2| < V/ |Vu|2dx+A20/ |Vul?dx.
2 Q Q
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Last inequality, (4.38) and (4.46), give us

a(01)—1

l// |vu|2 dX—F(S/ Xf(X)|U1 _u2|a(01)—1 <|u1|a(01)+1 + |u2|0(91)+1> a(01)+1 dx
Q Q

< |I| + (;+)\QC>/Q|Vu|2dx. (4.47)

Choosing A in (4.47) such that
200? < v,
we get that

o(01)—1

v 6 [ oGl =@ (junl O ) ax
Q Q

< CO|L]. (4.48)

By using (3.31) and some well-known estimates (see, e.g., [9, 12]) we can estimate
|75] in the following way

|I3] < / |Vug| [u|? dx (4.49)
Q

< [[Vuz (L2 lullfaq) < C”u*HHé(O’L)HVUH%P(Q)'

Thus, by assuming that Cllu.|| 1 o < 1, using (4.49) and Poincaré’s inequal-

ity (3.19), we obtain, from (4.48), that u; = us and, as consequence of (4.45),
61 = 0. O

Remark 4.1. The conditions (4.35) and (4.36) may be replaced by the condition
M—-—m=2A\

for some A\ small enough, where m and M are given in (2.15). Here o, C €
C2%(m, M) and according to Lagrange’s theorem, C' = C"6 and o' = o"0. Then
IC'| < maxgefm, g [C"||M —m| < CX and |o'| < maxgem, |0 | |M —m| < O

Remark 4.2. [t seems possible to prove the uniqueness of solutions for the problem
(2.7)—(2.14) with the body forces field given by (3.22) by proceeding as in [4] once
we assume the following non-increasing condition

(f(x, 0, 111) — f(x, 0, 112)) . (111 — 112) S 0 (450)

for every uy,uz € R%, for any 6 € [m, M| and almost all x € ).
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5. Localization effect

In this section we study the localization effect for the velocity u associated to
the problem (2.7)—(2.14). It turns out that the qualitative property of the spatial
localization of u is independent of the temperature component 6. So, if we are not
interested to know how big is the support of u but merely in knowing that support
of u is a compact subset of 2 we can assume 6 be given. In this way, our problem
becomes simpler than before (since there is none PDE for ) and so, given 6 such
that

0 e L>(Q), 6(x) € [m,M] for a.e. x € Q. (5.51)
we consider the following auxiliary problem
(u-Viu=vAu-Vp+f(x,6,u),
div u =0,
u=u,, onz=0~0,
u=0, ony=0,0L,

u— 0, when z — oo, (5.56

where the forces field satisfy (1.1)—(1.3). In Section 3 (see (3.31)) has been estab-
lished the existence of a weak solution u having a finite global energy

fop / (IVuP + xelul +7@) dx (5.57)
Q
and consequently, from (1.2) and assuming that |u| <1,
£ = / (170 + xelul*") dx < oo. (5.58)
Q

As in [3, 4] we introduce the associated stream function
u=1, and v=—, inQ (5.59)

and we reduce the study of problem (5.52)—(5.56), to the consideration of the
following fourth order problem where the pressure term does not appear anymore,

VA2 + %J;l - %22 =y Athy — b Atp,  in Q, (5.60)

¥(z,0) =¢(z, L) = gi’ (z,0) = gi’ (¢,L)=0 for z € (0,00), (5.61)
P(0,y) = [Ju.(s)ds, 57(0,y) =v.(y) forye (0,L), (5.62)
(z,y), |V(z,y)] — 0, as x — oo and for y € (0, L). (5.63)

Here f = (f1, f2) = (f1(x, 0, ¢y, —z), f2(%,0, 1y, —1)5)) and we recall that 6 is as-
sumed to be given. The notion of weak solution is adapted again to the information
we have on the function f.
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Definition 5.1. Given 0 satisfying (5.51), a function ¢ is a weak solution of problem
(5.60)—(5.63), if:

(1) v € H2(Q), £(x, 0,9y, —1x) € Ljoo(Q);
(i) ¥(0.y) = J3 uels)ds, 3(0,9) = valy), ¥(@,0) = $(w,L) = J(2,0) =
glﬁ (x, L) =¢(0,L) =0, and ¢, |V¢| — 0, when x — oo;
(iii) For every ¢ € H3(Q2) N WH>°(Q) with compact support,

v /Q ApDS dx /Q (Fry — fode) dx = /Q A (Pay — Bybs) dx.  (5.64)

To establish the localization effect, we proceed as in [3, 4] and we prove the
followings lemmas.

Lemma 5.1. Given 0 satisfying (5.51), if u is a weak solution of {(5.52)—(5.56),
(1.1)~(1.3)} in the sense of (ii) of Definition 3.1, then 1, given by (5.59), is a weak
solution of (5.60)—(5.63) in the sense of Definition 5.1.

Lemma 5.2. Given 0 satisfying (5.51), let b be a weak solution of (5.60)-(5.63)
with E finite. Assume that £ satisfies (1.1)-(1.3) with ¢ = oco. Then, for every
a > x4, and every positive integer m > 2

/ (D22 + 81, [ ) (@ — a)fdx
Q
< QmV/Q |8 (2 — @) + 2mV/Q byl layl (@ — )" Ndx (5.65)

bmlm 1 [ 1531101~ g+ [ (Sl ol — a2
where [D** = 92, + 202 + 7.

From the left-hand side of (5.65), it will arise the energy type term which
depends on a

Enla) = [ (D202 +16,*") (o = o)

and we observe that
m!

(m — k)

Then, the following lemma is proved as in [4], where now ¢ depends on the tem-
perature # and satisfies (1.2).

E0(0) =&, (Em(a)® = (=1)F Em-k(a), 0 <k <m.

Lemma 5.3. Let ¢ be a weak solution of (5.60)—(5.63) and let us assume f satisfies
(1.1)~(1.3) with z¢ = co. Then, the following differential inequality holds for a > x,
(x4 is given in (1.3)) :

Em(a) < C(Em—2(a) + C(Em—2(a))"™®,  for any 6 € [m, M],
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for every integer m > 3, where C = C(L,m,§,v,0%) are different positive con-
stants and pj = pj(m,o") > 1, j = 1,2. Moreover, E(a) < 0o for any a > x,4. In
fact,

£2(a) < C (Eol@)™ + C (Eola)™,  for any 0 € [m, M],
where C' are different positive constants, the first an absolute constant and the
others such that C = C(L,6,v,0%), and i =pi(ct)>1,j=1,2.

Starting with the case xf = 0o, we take m = 4 in Lemma 5.3 and then we have
the fractional differential inequality

€4(a) < C'(&(a))" + C (&2(a))"

where, according to what we have done in [4], u; = p,(ct) > 1, j = 1,2 and
C = C(L,m,6,v,0%) means two different positive constants. Using Lemma 5.3
with m = 2 and because of the finiteness of £ (see (5.58)), we can easily see
that & (a) is finite. Then, using Lemma 5.1 of [4] and proceeding as in this last
reference, we prove the support of £y(a) is a bounded interval [0, a*] with a* < o/,
where a’ is an upper limit to a* and given by

, C
1—ot
Then &y(a) = 0 for a > o/, which implies u = 0 almost everywhere for = > a'.
For the case xz¢ < 00, the proof follows exactly as in [3].

a g20i0), O =CO(B,L,6,v,0%).

Remark 5.1. We obtain the same localization effect if we consider the non-constant
semi-infinite strip Q = (0,00) x (L1(x), La(x)), with L1, Ly € C?(0,00), k1 <
|La(z) — Li(z)| < ko, [Li(2)], [Lo(z)] < ks, and |LY(z)|, |L5(z)| < k4 for all
x>0, where k;, 1 = 1,...,4, are positive constants.

6. Case of a temperature depending viscosity

A harder, but very interesting, problem arises when the viscosity depends also on
the temperature (which is very often the case in many concrete applications). In
this case, the equation of motion (5.52) must be replaced by

(u-V)u=div(2v(§)D) — Vp + £(x,6, u), (6.66)
where D = (Vu + Vu’) /2 is the rate of strain tensor. We assume that
0<v™ <v(l) <vt < oo, (6.67)

for some constants v~ and v*, and the equation (3.21) of (ii) of Definition 3.1 is
replaced by

2/V(G)D:thdx+/u-Vu~gpdx:/f~<pdx. (6.68)
Q Q Q

The main goal of this section is to indicate how the localization effect can be
proved still in this case. We assume the existence of, at least, one weak solution
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(0,u), in the sense of Definition 3.1 with (3.21) replaced by (6.68), to problem
(6.66), (2.5)—(2.14) having a finite global energy (5.57).

To establish the localization effect, we proceed as in Section 5 by introducing
the stream function (5.59) associated with the vector velocity and we reduce the
problem {(6.66), (5.53)—(5.56)} to the following one,

V(0) (Yra — )]y + 000) (g — ra)] ) + A WOy, (6:69)

T = e by
’L/J(LL',O) = ’L/J(LL' L)= 6111 o (z,0) = 6111 v(xz,L) =0 forz € (0,00), (6.70)
= [ uu(s)ds, 59(0,y) =v.(y) forye (0,L), (6.71)
w( x,y ), |[Vi(z,y)| — 0, as . — oo and for y € (0, L), (6.72)

where again f= (f17 f2) ( (X 0 wln 1/%@)» f2(x7 97¢y7 _ww)) and the notion of
weak solution to problem (6.69)—(6.72) is adapted, from Definition 5.1, by replacing

(5.64) by
V(0) [(Vrz — Vyy) (bza — Dyy) + 4Py @uy] dx

Q

- / (Fry — fode) dx = / At oty — Vye) dx
Q Q

In this case, the counterpart of (5.65) is

[ (D20 o) (@ - a)p
Q
< 2wt /Q (ol + Ity ) e & — @)~ + 2 /Q iyl (& — @) dxc
tm(m — Lt / (Waal + [yl (2 — a)~2dx
Q

[ 18wl vl - @ lax

Proceeding as in Section 5 and using the assumptions (1.2) and (6.67), we obtain
the same localization effect mentioned in the precedent section.
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