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The goal of this article is to study the boundary layer of wall bounded flows in a
channel at small viscosity when the boundaries are uniformly noncharacteristic, i.e.,
there is injection and/or suction everywhere at the boundary. Following earlier
work on the boundary layer for linearized Navier—Stokes equations in the case
where the boundaries are characteristic (no-slip at the boundary and non-permeable),
we consider here the case where the boundary is permeable and thus noncharac-
teristic. The form of the boundary layer and convergence results are derived in two
cases: linearized equation and full nonlinear equations. We prove that there exists a
boundary layer at the outlet (downwind) of the form e V*/* where U is the speed of
injection/suction at the boundary, z is the distance to the outlet of the channel, and
¢ is the kinematic viscosity. We improve an earlier result of S. N. Alekseenko (1994,
Siberian Math. J. 35, No. 2, 209-230) where the convergence in L? of the solutions
of the Navier-Stokes equations to that of the Euler equations at vanishing viscosity
was established. In the two dimensional case we are able to derive the physically
relevant uniform in space (L® norm) estimates of the boundary layer. The uniform
in space estimate is derived by properly developing our previous idea of better
control on the tangential derivative and the use of an anisotropic Sobolev
imbedding. To the best of our knowledge this is the first rigorously proved result
concerning boundary layers for the full (nonlinear) Navier-Stokes equations for
incompressible fluids. © 2002 Elsevier Science (USA)
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0. INTRODUCTION

Earth is surrounded by fluids such as air and water whose dynamics are
characterized by the Navier—Stokes equations for incompressible homoge-
neous Newtonian fluids to a good approximation (see Section 1 for the
equations, see also [7, 9, 18, 19, 21, 28, 30] among many others). One
characteristic of fluids like air and water is the smallness of their kinematic
viscosity. Hence one may formally drop the viscosity term in the
Navier—Stokes equations and arrive at the Euler equations for incompress-
ible inviscid homogeneous fluids (see Section 1 for the equations). This
raised the natural question whether the Euler equations are a good
approximation of the Navier—Stokes equations at small viscosity. In other
words, we would like to know if the solutions to the Navier-Stokes
equations converge to the solutions of the Euler equations as the viscosity
decreases to zero for suitable fixed data.

In the case of no physical boundary, i.e., the case when the fluid occupies
the whole space, or the case with periodic boundary conditions, or the case
with free! boundary condition, the convergence is true (see for instance the
work of T. Kato [16] and Swann [25]). Indeed Yudovitch [38] proved
the global (in time) existence and uniqueness of solutions of the two-
dimensional Euler equations by obtaining uniform (in terms of viscosity)
estimates of solutions to the Navier—Stokes equations with free (free-slip)
boundary condition and passed to the limit as the viscosity approaches
zero. More recently it was shown that the convergence is true even for
certain rough data (vortex patch) in the case of no physical boundary (see
for instance Constantin and Wu [8]). Mathematically speaking, due to the
absence of a physical boundary, the Navier—Stokes system viewed as a
perturbation of the Euler system is a regular perturbation problem. Hence
the desired convergence result is relatively easier to derive (in the smooth
case) when there is no boundary.

In the physically interesting case where there exist physical boundaries,
and hence the fluid velocity is specified at the physical boundary, the
problem of convergence is essentially open. It is clear that due to the

! Free in the sense of free-slip in contrast to no-slip; not to be confused with the usual free
boundary value problems.
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disparity of boundary conditions between the one for the Navier—Stokes
equations (no-slip) and the one for the Euler equations (free-slip, imper-
meable), the convergence of derivatives (say H') or uniform in space
convergence (L) cannot be true. Thus the right question to ask concerns
the convergence in the interior and/or convergence in some averaged sense
(say L?) in the presence of a solid wall. This problem has been open for a
long time, despite the fact that existence and uniqueness of smooth solu-
tions for both the Navier—Stokes and the Euler equations are known for
bounded domains with a wall (for all time in space dimension two, for a
small interval of time in space dimension 3; see, e.g., [7, 19, 28] for the
Navier—Stokes equations and [2, 26, 27] for the Euler equations). The
general goal is to investigate if such a convergence in the interior is true. If
it is not true, one would like to derive the effective equation at vanishing
viscosity (perhaps a formidable task). If the convergence is true, one would
like to study what corrections (correctors) are needed to ensure the uniform
convergence or convergence of derivative. In other words, one would like
to study the boundary layer behavior since it is believed that the difference
between the solutions of the Navier—Stokes equations and that of the Euler
equations is mainly concentrated in a narrow region called the boundary
layer near the boundary.

The study of the boundary layer is of great physical and engineering
importance. There are quite a few partial results in the case with a solid
wall: see for instance, Ladyzhenskaya [18] who established the conver-
gence in L? of the linearized problem, Alekseenko [1] who established the
convergence in L? when the boundary is noncharacteristic, Temam and
Wang [31, 32, 34] on boundary layers analysis for linearized Navier—
Stokes equations, Asano [3] and Sammartino and Caflisch [4] on analytic
solutions of the Navier—Stokes system in half-space, Kato [17] on conver-
gence under the assumption that energy dissipation rate approaches zero at
vanishing viscosity, and Temam and Wang [33] on convergence under
mild assumptions on the tangential derivative of the velocity field or the
behavior of pressure at the physical boundary, among many others. See
also the survey paper by Weinan E [11]. Hence, to the best of our knowl-
edge, the articles of Alekseenko [1] and Sammartino and Caflisch [4] are
the only fully rigorously proven convergences of the solutions of the
incompressible NSE to that of the Euler equations: [4] relates to analytic
solutions and [1] studies the case of noncharacteristic boundaries, but the
convergence is in L? and convergence in H' and the question of the
boundary layer are not addressed.

The difficulty in proving the convergence and analyzing the near
boundary behavior is fourfold. First it is a singular perturbation problem
since there is a disparity of boundary conditions between the viscous and
inviscid problems. This is in contrast to the case without physical boundary.
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Second this is a nonlinear problem due to the nonlinear convection term.
Third this is a global (nonlocal) equation due to the presence of the pres-
sure term which ensures the incompressibility condition. Fourth the
boundaries are parabolic (characteristic) boundaries in the case of a no-slip
boundary condition.

In this article we study the asymptotic behavior of the Navier-Stokes
equations, both linear and nonlinear, with small viscosity when the physical
boundary is noncharacteristic (i.e., when v-n # 0 at the boundary, where v
is the velocity field and »n is the unit outward normal). Physically such a
situation could happen in fluid control where fluids are injected and/or
sucked out of the region occupied by the fluids. This could also arise if we
consider a moving domain and apply a Galilean transformation. See also
Doering et al. [10] about discussion on energy dissipation rate and the
physical relevance of a related problem with injection and suction and
about results of a different type. Mathematically the problem is relatively
simpler due to the noncharacteristic nature of the physical boundary. In
our boundary layer analysis, this amounts to the cancellation of the highest
order singular terms from the dissipative term with that from the convec-
tion term in the noncharacteristic case (see Section 3 for more details).
Roughly speaking, the Prandtl type equation in this case is approximately a
linear elliptic equation which is similar to a model problem for the bound-
ary layer proposed by Friedrichs [ 14], and it can be solved explicitly which
is not true in the case of characteristic boundary (no-slip boundary). For
the sake of simplicity we consider here a channel geometry with periodic
boundary conditions in the horizontal directions and Dirichlet boundary
conditions in the vertical direction. We also restrict ourselves to the simple
case of fluids uniformly pumped into the channel from the top with speed
U and sucked out at the bottom of the channel with the same speed U. The
noncharacteristic boundary causes some technical difficulties in studying
the inviscid problem. This is due to the fact that upwind boundary condi-
tions have to be imposed and hence fluids are coming in and going out of
the channel resulting in the failure of adapting Kato’s method [15] of
proving existence of classical solutions to the Euler system (Kato’s method
relies heavily on the fact that particle trajectories remain in the same region
forever). For the linearized problem we are able to prove the well-posed-
ness of the inviscid-problem using a semi-group method by constructing an
appropriate space which incorporates the upwind boundary condition (see
Section 1). Thus we are able to conclude, for the linearized case, that the
solutions of the Navier—Stokes system converge (in L?) to that of the Euler
system as the viscosity decreases to zero provided that they have the same
initial velocity field and body forces which satisfy certain compatibility
conditions. We also prove that there exists a boundary layer at the bottom
of the channel only, of the form e Y*/¢ where z is the vertical coordinate
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with z = 0 being the bottom of the channel and ¢ being the kinematic vis-
cosity. This boundary layer analysis is done in both the H' and L® norms.
In the fully nonlinear case we have a short time result since we need the
relative smallness of the horizontal velocity with respect to the vertical
flushing U. This is perhaps anticipated since otherwise the boundary layer
profile may become unstable and turbulence might develop. The well-
posedness problem of the Euler system in this noncharacteristic case is not
trivial, see however the work of Yudovitch [38] where he presented a very
sketchy proof for the noncharacteristic case with normal velocity and vor-
ticity (2D case) specified at the upwind (top) boundary and the work of
Antontsev et al. [2]. Notice that we must have the full velocity specified at
the upwind boundary for the convergence to be true.

A very similar problem with noncharacteristic boundary conditions was
treated by Alekseenko [1] who proved the convergence in L? of the
solutions of the Navier-Stokes equations to that of the Euler equations.
However, his result has no implication on the boundary layer as no
convergence in the interior is proved in either the H' or L® norm. See also
the numerical work of Fix and Gunzburger [13]. There is a body of work
on boundary layers related to the compressible case (or to hyperbolic
systems with noncharacteristic boundary condition in half space; see for
instance the references list in the survey paper by Weinan E [11]).
However, the compressible case is totally different from the incompressible
case due to the presence, in the latter case, of the incompressibility condi-
tion which makes the pressure a global function of the velocity.

The purpose of this paper is to present explicit boundary layer analysis
of the Navier—Stokes equations in the case when the boundary is non-
characteristic. Our boundary layer analysis is performed in both the H'
space (hence the trace of the function can be defined and thus the term
boundary layer makes sense) and the physically more appealing uniform
space L”. In both cases we conclude that there is a boundary layer of the
form eU#/* existing at the outlet of the boundary only. More precisely we
prove that the viscous solution can be approximated by the inviscid
solution plus a boundary layer type function of the form e~Y%/* and a small
term which vanishes at vanishing viscosity, in both the uniform space (L*)
and the derivative space (H'). As a consequence we proved that the viscous
solution can be approximated by the inviscid solution uniformly away from
the boundary.

The proof of the space-time uniform estimates is quite interesting since
we have to employ the physical idea of better control on the tangential
derivative than that of the whole gradient (see for instance [31-34]). The
better control on the tangential derivative of the velocity field together with
an appropriate anisotropic Sobolev imbedding (see for instance [32]) gives
us the L* estimate of the boundary layer which is more appealing to the
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physicists and engineers than the previous H' estimates. The space-time
uniform estimate is established in space dimension two only. Such a better
control of the tangential derivatives in the boundary layer still needs to be
verified /proved for the case of classical no-slip boundary condition.

The article is organized as follows. In the first section we present the
viscous and the inviscid linearized problems and prove the well-posedness
of the linearized Euler system. Then in the second section we present the
convergence result together with the boundary layer analysis for the linear-
ized problem, both in H' and L®. In the third section we present the short
time result that we mentioned earlier on the fully nonlinear case. We also
assumed the well-posedness of the inviscid problem whose proof we shall
address elsewhere. Finally in the fourth section we derive the L* boundary
layer analysis to the nonlinear case in space dimension two.

1. THE VISCOUS AND INVISCID PROBLEMS

Consider a channel
(1.1) Q=(0, L) x (0, L,) x (0, h).

We are interested in the asymptotic behavior of the Navier—Stokes
equations in this channel at small viscosity with fluids pumped into the
channel at the top (z = /) and fluids sucked out the channel at the bottom
(z =0), i.e., the case with non-vanishing normal velocity. Hence in this case
the boundary which is permeable is noncharacteristic; i.e., it is not a stream
surface. We recall the incompressible Navier—Stokes equations which take
the form

a &

612 —edu'+u-V)u'+Vp*=f,
1.2
(1.2) divu®=0,

u*=(0,0,-0U) at z=0,h.

Throughout this article we will assume periodicity in x (with period L,) and
in y (with period L,). To start with, we consider the simpler case where we
linearize the Navier—Stokes equations (1.2) around a constant steady state
(which is an exact solution in the case without external forcing)

(1.3) 0,0, -0) (U = constant > 0),
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Denoting now v° the perturbation, i.e., v*=u®— (0, 0, —U), we find after
dropping the nonlinear terms:

a—vt—sAv‘*—UD3vs+Vp8 =1,
divo® =0,

v*=0 atthe wall, i.e.at z=0,A.

(1.4)

We are interested in the asymptotic behavior of the solutions of (1.4) for
small kinematic viscosity .

We first need to determine the inviscid limit v° of v, corresponding to the
convergence in the interior of Q2 (i.e., compact subsets of ). If we set
formally ¢ = 0 in (1.4) we find

0 0

S —UD +Vp' = 1,
1.5
(1.5) divv° =0,

v5=0 at z=0,h

Notice that (1.5) is a coupled hyperbolic-elliptic system and the walls
of the channels are noncharacteristic; thus we should not expect well-
posedness for (1.5). This can be illustrated via the following example. Con-
sider the special case where f and v, are both x, y independent; then (1.5)
reduces to a linear convection equation for which an upwind boundary
condition has to be specified in order to obtain uniqueness (see for instance
Cheng [5] or Cheng et al. [6]). This suggests that we should add an
“upwind” boundary condition (at z = /) to (1.5) to make the problem well-
posed. The natural “upwind” boundary condition is v° = 0 at z = A, which
we may observe from (1.4) and by working out an asymptotic expansion
for a convection-diffusion problem like (1.4) with small diffusivity (see
however Yudovitch [37] for an alternate “upwind” boundary condition.)

Hence we propose to replace (1.5) by the following “new’ inviscid
problem

a 0
5 —UDW'+Vp' =/,
(1.6) divo® =0,

The first question we need to address is the well-posedness of the
problem (1.6).
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For this purpose we employ the classical semigroup theory (see, e.g.,
Lions [19], Yosida [36]). The natural Hilbert space H is the classical
solenoidal subspace of (L*(£2))* corresponding to the current boundary
conditions (see, e.g., Lions [19], Temam [28]), namely

H= {U € (LZ(Q))sa divo= Oa Uy |x:0 =0 |x:L1a

Usly—o =05l,-1,, v3=0atz=0, h}.

For the semigroup approach, we need to specify a subspace X of H such
that

—UDsu+Vp+Au=f,
divu=0,

a7
u=20 at z=nh,

u; =0 at z=0,

has a unique solution in X for all fe H and 1>0, and the solution
satisfies the estimate

1
(18) july <5 1flus VS H.

We also need the solution operator to be a closed operator for some
fixed value of A = A,.

The difficulty here is to find the right space X such that the boundary
conditions are well defined and (1.7) is solvable. For the equation without
the pressure and the divu =0 condition, the natural space would be the
space of functions in L*(£2)? such that their vertical derivative belongs to
L*(2)® as well. However, such a space seems not appropriate for our
problem due to regularity issues. Instead we propose the following space

(1.9 X={veH|zDywe (L*(R2))’,v=0atz=h,
Ipe2'(Q)st.—UD,w+Vpe H}.

This space is equipped with the “natural” norm
1
(1.10) lollx = (lol% +12Ds0[¢2@y> + [UDs0—Vpl ).

Note that, in (1.9) and (1.10), p is unique up to an additive constant, due to
the definition of H. Indeed if p; and p, are two admissible p’s, then
V(p, —p,) € H, so that p, — p, a constant.

The existence and uniqueness of solutions to (1.7) can be derived via
Fourier series in the horizontal directions, or by other methods; the details
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will be given elsewhere. Next we derive the key a priori estimates which
guarantee the well-posedness of (1.7), with solutions in X

We first take the scalar product of (1.7) with u, integrate over 2 and we
deduce easily the inequality (1.8), by integration by parts and utilizing the
boundary conditions.

For the closedness of the solution operator for fixed 1, >0 we observe
from Eq. (1.7), that

Ou
(L1D) VPl <11+ o bl +U |52
Z|H
< (thanks to (1.8))
< k(o) |fa-

Hence, by a theorem of Magenes and Stampacchia [22] (see also, Lions
[19], Temam [28]),

(1.12) |plz2 <x(%0) 1 f |

where x(4,) is a constant depending only on the domain £ and on 4, only.
Next we multiply (1.7) by —z2D,u, integrate over 2, and integrate by
parts. Notice also that

J —/lozzuD3u=/10j zul*>>0,
Q Q

L) Vp z*Dyu

< ‘2[9 pzDsu

|ZD374|L2 + |P|L2

< (thanks to (1.12), and with another x(4,)),

K(/lo)

U
< Dl + 2 1

‘&ﬁ%u Y Dl 4 211

|ZD3u|L2 + If 2
Therefore we deduce that

K
(1.13) |zDsul,> < 5 | f1e-
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This implies
(1.14) lully <x(lo, 2,U) |fln>

and hence we deduce that the operator ve X - Av=—-UD;v+ A, v+Vpisa
closed operator on X.

We conclude then that the semigroup theory applies and we have the
well-posedness for the initial value problem associated with (1.6), X being
the domain of 4 in H: given f and v, € H, there exists a unique solution of
(1.6), i.e.,

0
W ran=s.  1>0

such that v°(0) = v,, and v° € (R, ; H), (dv°/dt) e L0, T; H), VT > 0.

Further regularity results for the solutions of (1.6) can be derived in a
standard way using translations parallel to Ox or Oy: if we differentiate (1.6)
with respect to x or y, e.g., we apply DD}, then D¥*D’v° is the solution of
the same problem with f replaced by the corresponding derivative. Hence
we obtain tangential regularity provided f and v, are sufficiently smooth;
for instance if f, D, f, D, f are in L®(H), v°, D,v°, D,v° are in H then D"
are in L*(H), D, p are in L*(L?), for i =1, 2 and the third component of
Eq. (1.6) together with the incompressibility of v° implies that D, p° is in
L*(L?) so that Vp° € L*(L?) and finally

(1.15) peLXHY) and o'e L (HY?).

by additional tangential regularity.
For further regularity we differentiate Eq. (1.6) in time and obtain

0%° o° op® of
F TR hr e il v
. ov°
leE—O,
0
(1.16) aaitzo at z—=h,
0
‘;L;:O at z=0,
ov°
& _UPDyw,+ f(0) € H,

or
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where P is the Leray—Hopf projector, provided
(1.17) v,eH' and  feH'(H).
Thus the same regularity applies to dv°/0d¢ and hence we deduce

o’
— e L*(H
2 € (H).

This further implies, when combined with the 3rd component of Eq. (1.6),
the incompressibility and the tangential regularity

ai e L®(L?).
oz

Thus by free tangential regularity on the pressure we deduce
p’e L*(H")

and hence, when combined with (1.6) and the time derivative estimate

v’ e L*((H")?).
Furthermore, since
) v}
D3P —D3f3+UD3U3 Dy, — ot
o) oy
=D, f, —UD,(D,v’ 4+ D,v3)+ D, % +D2 E e L*(L?)

we have

p’e L*(H?)
which further implies, together with tangential regularity
(1.18) v’ e L*((H?)?)

since, thanks to the Eq. (1.6),
0

—UDy’ = f—Vp'e Lw(Hl)—% e LA((H")).

More regularity results can be derived in a similar fashion. From now on
we will assume as much regularity as we need for the solution v° of (1.6).
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2. THE LINEAR CASE

Now we want to study the convergence, as ¢ — 0, of v° to v°. Because the
boundary conditions for v* and v° at the out flow (z = 0) are different we
do not expect v® to converge to v° on the whole domain Q. However, we
can expect and we will prove that convergence holds in (0, L,) x (0, L,) x
[0, #): this will be achieved by constructing a corrector ¢°, singular in
H'(2) and which absorbs the singularity of v°*—v° = #°. The convergence
will then follow from the convergence to 0 of w® = v°—v°+ ¢°.

Utilizing a stretched coordinates as in Prandtl’s work [24], we discover
that to the leading order, the difference between the viscous solution and
the inviscid solution should satisfy the following Prandtl type equation*

—e40°—UD;0°+Vq* =0,
div 6° =0,

6°=0, at z=h,
6° = —v°, at z=0.

@.1)

This is the incompressible fluid version of Friedrichs [ 14] classical example
on boundary layer.

This inspires us to construct the following background flow ¢°® which
solves the Prandtl type Eq. (2.1) to the leading order.

22 (pezcuﬂlpg:( oys i _ovs aw;>,

2z 0z 0y ox
where the vorticity potential y/° takes the form

Yi=(1,¥50),  with

z

&
l//; = _v{l)(xa Y, 09 t) /7 <Z>5 (1 _erz/s)’

2Our approach is different from Prandtl’s since we do not use the matched asymptotic
method.
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and the cut-off function p € €[ 0, c0) satisfies

@4 suppp<=[0,1), p0O)=1,  p'(0)=p"(0)=p"(0)=0.

The last component of ¢° can be rewritten as, after utilizing the
incompressibility condition of u°,

@.5) ?5 = Da}(x.7.0.0) p <z>5 (1—e7tF),

Remembering that v§ = 0 at z = 0 and 4, we then observe that
(2.6) p:=1" at z=0,h

Notice that the background flow ¢° has the natural decomposition into a
boundary layer type part ¢>' and a regular type part ¢®>? satisfying the
properties

2.7 @°=@*'+ %% =curl y*'+curl y*?,

where the boundary layer part ' of the vorticity potential and the regular
part y*? of the vorticity potential take the form

ws,l = (lllilﬂ 'Péu 0)9

e _ _ .0 E E —Uz/e
Vi v, (x, ¥, O)p<h>U s

e _ .0 z —Uz/e
Vo =vi(x, y, 0)P< >U

(28) &2 & e
l/I = (l//129 l//22’ 0)
zZ\ &

=302 ()7

e 0 Z\E
Yo =—0i(x,»,0)p (h U
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This is equivalent to

P1=0L 0%,
e z e z
o=z =t 0 e (5 (3 )50 (5))

& __ alllgl_ & 0 ! z
D= W—w’h(x’y,o)/? n)

5 =05+ 9%,

e a‘ﬁs _Uz/e z & ,Z
P2 = aZIZ=Ug(X= y,0) e % <P <Z>—EP <Z>>’
e _awil_ & 0 2

Pyn = oz _WUZ(xay’O)p 71 s

& z
¥i=5p <z> Dyod(x, 3, 0)(1—e ™).

2.9)

It is obvious from our explicit construction that the approximate corrector
satisfies the estimates

||(/’£’2||L°°(0,T;H") < K, Vk,
9% Moo, 7, a4y < EV?7H,
lp* 1||L°°(0,T;L°°) <K,

lzep* 1||L°°(0,T;L°°) < Ke,

l|zgp* 1||L°°(0,T;L2) < ;cg%

3
"ZZV(Ps’ 1||L°°(0, 7% S K€%,

(2.10)

where r«, is a generic constant independent of the kinematic viscosity .

As in the case with impermeable boundary (see for instance Temam and
Wang [31]), we consider the adjusted difference between the viscous and
inviscid solutions. Namely we set

(2.11) w'=0"—0"+ @ =u'—u'+¢°,

and we deduce that the adjusted difference satisfies the equation

(2.12)
ow*® 0 0p* 0
Pr —edw*—UDyw*+V(p*—p°) = —§+8Av —edp®—UD;¢°,
divw?=0,

wi=0 at z=0,n,
w'=0 at t=0.
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Now if we carelessly estimate the right hand side (RHS) of the first
equation (2.12), term by term, we obtain an uninteresting estimate because

1

1
|D3@p°| e ~ &1~

is not small.

The key observation here is that there exists cancellation (at the leading
order) between the diffusion and convection terms due to our construction.
In another word, our ansatz for corrector does solve the Prandtl type
equation (2.1) to the leading order. More precisely, we have, for the first
component,

(2.13)  ed’ +UD;@* =—edDy —UDM:

z &
.y {v?(x, 30,0 0 (7) (e

+0v9(x, 3,0, t)p<h> ‘Uz/e}

zZ\ &
0Dt (10052.0.0 (5 ) 5 1 =)

82
“Uh

€ z
+2 P U?(x, ¥, 0, 1) p" <Z> e~ Uzle
U

AU(l)(x; Y, 0, t) p’ <%> (1 _e—Uz/e)

it (3) S

h
01, 0,0 07 (2 (1 —every
g 163, 0.0 " 4 €

=—0{(x,7,0,0) p' <%> e U*/*+ Rem,
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where the remainder Rem satisfies

& z
2.14) Rem=— A0} "=
( ) cm UhAUI(xs Y, 05 t)p <h
2_UO(X y 0 l) pll E e—Uz/e
h2 1 s Vo Vs h

Uh3 (X Y, 0 l)p <Z> (l_erz/E)

+edvi(x, »,0, t)/)( e U+ 01(x, »,0,0) p" <h>

= Rem, +Rem,,

where Rem, is the boundary layer part and Rem, is the regular part
satisfying the estimates

||Rem||L°°(0, 1, 1%) S KE,
(2.15) |z Rem, ||L°°(0,T;L°°) < ke,
[Remy, || =g 7, 'y < KeE.

Similar estimates hold for the other two components and (2.13) and
(2.10) imply that the right hand side (RHS) of (2.12) can be decomposed
into a boundary layer part RHS, and a regular part RHS, satisfying the
estimates

3
(2.16) { Iz RHS, || =7, 12 < k&2

IRHS, | ©0,1, 1% S KE€.

Next we proceed with the energy method and we multiply the equation
for the adjusted difference (2.12) by w® and integrate over Q. Ultilizing a
weighted energy norm on the boundary layer part with weight z on the
right hand side (RHS;) and Hardy’s inequality® we have

&

| j RHS, - w*| < |z RHS, |, |X-
Q

< et Vw2
8
E Vw2 + xe?

* Hardy’s inequality says that [|%] ;> < 2 ||Vw||;> provided w(0) = 0.
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and

<3 w32 +xe’

L} RHS, - w*

Thus we have
d g2 g2 g2 2
7 Wl e Vil < wz +xe
which further implies, via Gronwall type technique,

(2 17) {”WEHL‘”(O,T;H) < Kg,

1
IWellz20, 7, v) < K.

This already implies our claim on the boundary layer in this linear case in
the space H'.
Combining (2.10) and (2.17) we further deduce that

1
(2.18) {llve— 00,7 11y < KE2,
”vS”LZ(O,T;V) < K871/2,

To derive L bounds on the convergence rate we proceed as in the case
of impermeable walls (see for instance Temam and Wang [31]) using an
anisotropic Sobolev imbedding, the L*(H) and L*(V) estimates, and the
free regularity in the direction Ox, Oy.

In order to derive the L*(H") estimate we differentiate the equation for
adjusted difference (2.12) in time and we have

0* 0 0 0 0
S W —ed W —UD; — w4V — p*=— RH
aa" TG TUD g WiV g pt =5 RES,
le%ws=0,
(2.19) ;
EW's:O, at Z=0,h,
0
aw'z=sPAvo, at =0,

where P is the Leray-Hopf projector. We multiply both sides of (2.19) by
ow®/0t and integrate over , utilizing the same energy estimates as for w*
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and the fact that the time derivative of the right hand side (RHS) satisfies
the same kind of estimate as itself, and we have

” a e <
=W < Ke,
ot L0, T; H
(2.20) ; @10
1
— we < ke
Ot LX0,T; %)
Integrating in time we deduce
1
(2.21) Wl 2, vy < K2

Applying an anisotropic Sobolev imbedding (see Temam and Wang
[31 Remark 4.2]) and utilizing free tangential estimates, we obtain

3
(2.22) [WollL=0, 7yx ) < K&
In summary, we have proved the following

THEOREM 2.1. For f an v, given, let v° and v° be the solutions of (1.4)
and (1.6) and assume that v° is sufficiently regular.
Then, as ¢ = 0, v°—v° is estimated by (2.12) and

L¥([0,T]xQ) = —u’— L2([0,T1x Q) =X ’ 4’
el Ju* — g <’
(2.23) 1w lle=o, 7; 11y < e,
1
w20, 75 arty) < K.

The difference w® = v°*—v°—@°, the corrector ¢° being given by (2.2), is
estimated by (2.10).

Remark 2.1. Theorem 2.1 confirms the following.

(a) There is no boundary layer at the top (upwind direction z = k).

(b) There is a boundary layer of thickness ¢/U at the bottom
(downwind direction z = 0),

Remark 2.2. The estimates in the spaces H and V' are optimal thanks
to a concrete example (a special case of the NSE) considered in [6]. The
space time uniform estimate here is not optimal. The optimal rate of ¢ can
be derived via higher order asymptotic expansion.

3. ASHORT TIME RESULT IN THE NONLINEAR CASE

Here we would like to test the technique developed in the previous
section on the nonlinear (full) Navier-Stokes equations. The technique
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produces indeed a similar result, i.e., the convergence of the solutions of
the NSE to the solutions of the corresponding equations at least for a short
period of time which ensures some smallness condition (to be specified in
the subsequent context). This restriction is expected in the nonlinear case
as, otherwise, turbulence appears. Our result relies also on the well-
posedness of the corresponding Euler equation that we will develop in a
separate work.
We recall the Navier—Stokes equations

&

(3.1) 52 —edut+ ' -V)u'+Vp'=f, inQ,

divu® =0, in Q,

supplemented with the boundary condition

u'=(0,0,-U) at z=0,h (U>0),

(32) o o
u’, p® periodic in the x and y directions.
Here
(3.3) Q=(0, L) x(0, L,) x (0, h),

is a channel (with periodicity in x and y understood). The boundary
condition (3.2) amounts to saying that fluids flow in the channel at the top
(z = h) and flows out of the channel at the bottom (z = 0).

The corresponding “inviscid” Euler equation (¢ = 0) is

a”O+(u° V)u'+Vp'=f inQ
(3.4) ot p= ’

divu’=0, in Q.

We propose, based on our result on the linearized problem, the following
boundary conditions:

3.5
(3:3) uy=-U at z=0.

{u°=(0,0, -U) at z=nh,

The boundary condition amount to specifying the full velocity at the top
or upwind condition, and the normal velocity at the bottom.

As before we would like to consider a translated problem (the reason
behind is that, in general, the trilinear form j o (u-V) v-wis skew symmetric
in the last two variables only for velocity field with zero normal velocity at
the boundary).
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Let

(3.6) {ue =0v°+(0, 0, =U),

u®=0"+(0,0, —-0).

We then deduce from (3.1), (3.2), (3.4), and (3.5) that

&

Y M+ (0 -V) ' —UDyw +Vp = f  inQ,

3.7 ot
3.7 divv*=0 in Q,
v"=0 at z=0,hn,

and

v’ 0 0 0 0 :

E+(v ‘V)o*'=UD;0°+Vp° = f in Q,
(3.8) dive’=0 in Q,

UOZO at Z=h,

v =0 at z=0,

where D; = 0/0z.

The short time existence, uniqueness, smoothness and continuous
dependence or parameters for the viscous problems (3.7) can be derived by
adapting classical methods (see for instance [7, 18, 19, 28] among many
others). However, we will only need a Leray-Hopf weak solution for the
viscous problem whose global existence can be derived by following classical
literatures [7, 18, 19, 28]. The well posedness of the inviscid Euler problem
is much more involved (see for instance [2, Chap. 4]). A similar problem
was roughly treated in the early work of Yudovitch [37]. We will assume
in this article and will prove elsewhere that the inviscid problem (3.8) is
well-posed, that its solution is as smooth as needed below, and that it
depends continuously on the data in appropriate norms.

First we would like to prove the convergence of v¢ solution of (3.7) to v°
solution of (3.8). The convergence in L? is established by Alekseenko [1].
However, we shall derive optimal rate of convergence, together with con-
vergence in H' with the aid of a corrector (boundary layer function). For
that purpose we would like to consider, just as in the linearized case, a zero
order correction function ¢° which represents the singular part of v°—v*.

A stretched coordinate argument together with the incompressibility
yields that the Prandtl type equation for the nonlinear case is the same as
the linear case (2.1) to the leading order. Thus it make sense to keep (1.2)
as our ansatz for corrector.
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Next we consider the adjusted difference, i.e.,
(3.9) wi=0"—0"+ @ =u'—u'+ "

Notice that we may rewrite the nonlinear term in the form

(3.10)
(v V) ' = (- V) 0" = (¢*-V) ¢
= V)© =" +9°) +((*=0") - V) v’ = ((v"+¢°)- V) ¢°
=" V)0 =0+ )+ ((v*—0°+¢°)- V) 0°
—((*=0"+99)-V) 9*—(9*- V) "= (*-V) 9°
=" V)w'+(w*-V) o’ — - V) ¢p°—(¢°- V) v°— (1°- V) ¢°.
Hence the adjusted difference w* satisfies

(3.11)

&

;; —edw’+(v°- V) W+ (w*- V) v°— (w®- V) ¢*—UDsw*+ V(p°—p°)
a(pE 0 0 0
=2 —edv’—edp®—(¢°-V) p*—UD;p°+ (¢°- V) v°+ (v°- V) ¢°
=R.H.S.
divw®=0,

wi=0 at z=0,h

We proceed with energy estimates, i.e., multiply (3.15) by w® and
integrate over Q. We have, with |-| denoting the norm in L*():

ow* . 1d
(3.13) j —edw® w'=¢ [Vw],
Q
(3.14) J (v*-V) we-w* =0,
Q
(3.15) ‘ j (W*-V) 00 we| < Vo= [wl2,
Q

(3.16) UL) Dywe-w* =0,

(3.17) L} V(pi—p°)-w* =0.
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We notice that the right hand side is the same as in the linear case except
for the quadratic terms. We utilize the decomposition of the ansatz (into
boundary layer part and regular part) to estimate the quadratic terms,

(3.18)
J, @ Do

= UQ (91D1@° - W'+ @3 D, W+ @5 Dy - w¥)

o[ imigen
Q

o[, sinor
Q

+|[ osDrpo2owe
Q

+|[ osDapntowe
Q

+|[ osDsgttw|+| [ 93D
Q Q

&

<|eilr» |D1(0£’2|L2 w2+ @]~ |ZD1(/7£’1|L2

L2

&

L2

+p3.= |D2(P8’2|L2 w2+ @5 e |ZD2(P6’1|L2

&

w

Z |L

2

+p5.= |D3(P$’2|L2 w2 + |95~ |ZD3(PE'1|L2

(thanks to (2.10) and Hardy’s inequality)

<
3
< ke [Wo 2 +Ke? |[Vwe| 2

€
<3 [Vwe|22 + |w?|32 + Ke?

(3.19)

:’J (¢8’1'V) UO'WE+((08’2'V) UO'WS
Q

‘L} ((psv) vo‘ws

&

Z |12

< %222 [VO° = W]z + V0Ol |290% |2

< (thanks to (2.10) and Hardy’s inequality)

< ke w2 +xe*? Vw2

€
< 3 [Vwe|22 + w32 + ke’
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(3.20)

U‘? 0°-V) p°-w*

= U vID, 0 - W+ vID, 0% - w4 0D; 0% - wh
Q

< Uﬂ YD, g% Wi+ v D2 - w*

[, sspio w oDy
Q

+U 03D, % - We+ 0D %2 - Wt
Q

WS

< |U(1)|L°° |D1(P£'2|L2 |W8|L2+|U(l)|L°° |ZD1§0£’1|L2 z 1

2

wS
+|Ug|L°° |D2(1’€’2|L2 |WS|L2+|Ug|L°° |ZD2(!7£’1|L2 .

L2

0 F
v w
+|Ug|L°° |D3(06’2|L2 w2+ ?3 >

Lo |ZZD3¢8’ 1|L2

L2
< (thanks to (2.10), Hardy’s inequality,
and the fact that v3|,_, = 0 and v° is smooth)

< ke |wel2 +xe®? Vw2
£
<3 IVw?| 72+ w72 +xce.
Now we estimate the most difficult nonlinear term on the left hand side.

(3.21)

Uﬂ w*-V) p-w®

= U wiD @® - w+wiD,pf-w+wiDsp° - wt
Q

< (ID1@°|1= +|Dyp°| =) |W8|2112

+U wiD;p% ! we
Q

+U wiD;p% % w*
Q
< (thanks to (2.10))

<x w2+

J D3w§<ﬂ“-w8+U wig® ' Dyw
Q Q

< (thanks to Hardy’s inequality)

<K WL +4 |z9% | = [V 22,
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42 it is

In order to dominate (3.21) by the dissipation term & |Vw
sufficient to have

&
3.22 sl <l
(3.22) 20" 'l < 35

Thanks to (2.10), this is equivalent to

z &
3.23 DTN EA s
(3.23) liemo 2 (5 ) 2 <5
or
(+) ||UOI|L°°(Z=0)<£

u 32
Hence under the assumption of (*) we have

&
(3.24) ‘ jﬂ (v V) @t w | < e w4 [V

Combining (3.12)—(3.24) and assumption (x) we find
d g2 g2 g2 2
(3.25) EIW |72 +¢€ |Vwil7: <K [wf|2+ ke

provided (*) holds.
We then deduce, via the usual Gronwall inequality

(3.26) {”walle(O,T;H) < Kﬁ;
Well20, 70y < KE2

This implies that the convergence of v° to v° is true and that the bound-
ary layer has thickness ¢/U, as indicated by the form of ¢°.

We now discuss the validity of the condition (*), or the relative smallness
of the tangential slip with respect to the normal flux. We will assume the
(local in time in the three dimensional case) well posedness of the inviscid
problem. By the compatibility condition that we impose on the data we
have for the initial data

||Uo||L°°(z=0) _ max{"uollle(z=0)a ||u02||L°°(z=0)} _

(3.27) 5 7

0.
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Thus by continuous dependence we deduce that there exists 7, > 0, such
that

0°(O)|| oo, — e
(3.28) "”%gﬁ for 1<T;.

Hence the convergence (3.26) is true for 7' =T,. This is a short time
result.

THEOREM 3.1. Let f and u, be smooth functions satisfying certain
compatibility conditions so that the inviscid problem (3.4)—(3.5) is well-posed
(at least locally in time). Let u® and u® be the solution of (3.1) and
(3.4)—(3.5). Then there exists a time T, > 0 so that (3.28) is satisfied.

Moreover, as ¢ — 0, u®—u® is estimated as

(3.29) [Je”— “0||L°°(0, o = 07— UO||L°°(0, Tl) S Ke'l?,

(3.30) fl® — 0+ @20,z = 07— v+ 2o, men < Ke'’2.

The adjusted difference w* = u’—u’+ ¢ = v*—v°+ ¢*, the corrector ¢° being
given by (2.2), is estimated by (2.10).

Remark 3.1. In general for a non-trivial f, condition (*) will be
violated after a sufficiently long time. However, in the special case of f =0,
is might be possible for (x) to hold for all time provided that it is true at
the initial time. Of course this is some what equivalent to a maximum
principle on the velocity field for solutions of the 3D Euler equations. We
are not sure if this is valid and it will be subject to our further investigation.

Remark 3.2. The estimate in the theorem is optimal so far as the
dependence on the viscosity ¢ is concerned. Indeed we observe that in the
case when everything depend on the vertical variable z only the problem
reduce to a linear convection-diffusion equation with small diffusive
coefficient and it is shown in the thesis of Cheng [5] that the estimates
listed in the theorem is optimal with the choice of corrector like ¢°.

4. UNIFORM ESTIMATES IN SPACE AND TIME
IN SPACE DIMENSION TWO

Our aim in this section is to derive estimates of the adjusted error
u’—u’+¢° = w* which are uniform in space and time, whereas the previous
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estimates where in L? and Sobolev spaces, namely for mean root square
norms.

There is no known entropy function for homogeneous incompressible
flows nor maximum principle for the velocity field. Hence the usual way to
derive space uniform estimate is to derive estimate in higher Sobolev spaces
(in H* for k > % where n is the dimension of the space) and apply Sobolev
imbedding (see for instance [7, 9, 30]). However, this technique is not
convenient for our boundary layer problem, at least with our choice of
corrector in the form of ¢°. In deed for a one-dimensional linearized
convection-diffusion problem (a special case of our problem with depen-
dence on the vertical variable z only) it is shown by Cheng [5] (Indiana
University, 1999) that the best possible estimate in H? is of the order ¢!/
and the best possible estimate in H' is of the order ¢!/ Hence according to
interpolation inequality and Sobolev imbedding in dimension three we only
obtain a uniform bound on w® of order one which is not good. In space
dimension two, the estimates are good enough to derive L0, T; L®) type
estimates on w’. However, we are not able to derive strong enough time
uniform estimates (L*(0, T; H') say) which vanishes at vanishing viscosity.
Notice L*(0, T; H"') estimate on w* is perhaps the minimum that we need
to ask for in order to establish uniform estimates in space and in time
provided we use a classical Sobolev imbedding. We suspect that such
estimate may not exist due to possible intermittency in time. The remedy is
to then to consider an anisotropic Sobolev imbedding that we developed
before (see [32, Remark 4.2]) which do not need the whole gradient but
derivative in one direction more than other directions. We combine this
anisotropic imbedding with our previous idea of better control on the
tangential derivative enables us to establish the space-time uniform estima-
tes of the boundary layer. This verifies that our idea of better control on
tangential derivative than the whole gradient is true at least in this non-
characteristic case. We still need to work on the physically more interesting
no-slip boundary case in the future.

In the process of establishing space-time uniform estimates for w® we
encounter the same kind of difficulty as in the proof of the regularity of
weak solution to the Navier—Stokes equations in the three dimensional
case. Hence we will restrict ourself to the two dimensional case for the space-
time uniform estimates.

Our aim is to derive an L® estimate on w® both in time and in space. We
will rely on our anisotropic Sobolev imbedding derived in [32], and the
idea of bounding the tangential derivatives [ 31-34].

We differentiate the equation for the adjusted difference (3.11) in time
and obtain
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4.1)

o*w* ('7’ ¢ . o OW® (O ow® o’
W_ +( V) <6t V> (at >U + (w? V)—

owe op* owe 0
—(—-V>(/J‘"—(W‘3~V) —UDy — Fr +V (p -p°)

ot
0%p* o’ 0 . (09 , . o 09"
_W_EAE_E(MW +UD;¢p )—< Py 'V>¢ —(¢*-V) Py
0p* 0 60 61) . o o 00°
(4.2) a(,;: — —¢PAv, at t=0,
. ow®
(4.3) div - =0,
(44) Moo atz=0n

Next we multiply (4.1) by 0w®/0¢ and integrate over Q. Notice that

ow? ow® 1 d |ow?|?
@.5) e Ot ot 2dt|or |
owe ow® owe|?
LX) J,—oa %S = 5|
o ow® ow® _
@7 j( o ot

ov* . ow’

ow® ow®
< . e,
fg( ot V>w ot

+

<

o’ Op* , oW’
g<<5+ ot >'V>w ot

w
ot 12

&

2

w
ot |r

< [Vwflp2

e Vwepe

< (Sobolev imbedding and interpolation)
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4.9)

(4.10)

4.11)

U <az

4.12)

TEMAM AND WANG

ow’ ow’ w®
< é 2 | — ¢l 2
K |Vwé, o |2 P L2+K|VW L o |
e|_ow|? [Vwe|22 ow*|?
<2 1 822,
|V L2+K< — TU)|% L2+K|VW|L
ow* o OW® ow|?
° ° < B
g<6t V>U a |5 2
ov® ow® owe|?
e, A < g ,
Ug WV T G [ 5|
< e ow|?
= ot 2
‘6\4}8 2 )
< +xe
ot 2

> o

)
(&

< 1 ow® 120
= athzatLZ(pr
< (by Hardy’s inequality and by the smallness assumption (*))
e|_ ow*|?
<o |V=-|
8 v ot 12
0p° 6w ow® 0g*
U WV 5 ot ot ot Ot
M 92 |2
Z [r? ot |12 Ot |~
ow®
< T2 |V—-
xe |[Vwe|2 |V o7 |,
e|_ ow'|?
<§ \% Fy L2+K8 |Vw?|22,
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ow® ow*
@13 a2 % % ="
0 . o 0w
(4.14) [, V5 (=) =0

For the right hand side, we use the same decomposition into a boundary
layer part and regular part. Repeating the same procedure as in the
previous section we have

owé|l e|_ ow®l?
4.15 RHS —([<=|[V— 2,
.15 L) ot 8 v ot L2+K8
Hence we have
(4.16)
d |ow*|? ow?|? Vw72 ow’|? )
_ _ < 1 _ 2, 2
2ol a‘V o |2 K< . + > o L2+K|Vw |2 +xe”,
ow*
4.17 — = t t=0.
4.17) ‘ Fral Ke a

From this we deduce, after applying the usual Gronwall inequality and
the L*(0, T; V) estimate on w® (3.26), that

ow*
4.18 < ke'l?,
( ) H 0t |20, 1;1?
ow*
4.19 <K.
( ) H 0t |r20.1;v)

Integrating Ow®/0t in time we deduce, thanks to (4.19),
(4.20) W2, 7.7y < %

Our second step is to derive estimates on tangential derivatives. For this
purpose we apply D, to the equation for the adjusted difference (3.15) and
obtain

0
4.21) EDlwe—sADlwe+(Dlve-V) w4+ (v°- V) Dyw?®
+(Dyw?-V) v°+(w®- V) D;o°— (Dyw*-V) ¢°
—w*-V) Dp*—UD;Dyw’+ VD, (p*—p°)
=D;(R.H.S)),
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4.22) div Dyw* =0,
4.23) Dw*=0 at z=0,h,
4.24) Dw*=0 at r=0.

Next we multiply (4.21) by D,w* and integrate over Q. We have

0 1 d
(4.25) L? = Dyw-Dyw' =2 — (D2,
(4.26) j —edD,w*- D,w* = & |VD,w¥|32,
Q
4.27)

U (D, v*-V) wé- Dyw?®
Q

<U (Dyw?-V) w®- Dyw*
Q

+U (D" +Dy9%) - V) w'- Dyw*
Q

< Vw2 [Dywe| s+ [Vwel2 [Dyw 2
< (Sobolev imbedding and interpolation)

< K VW2 |Dyw?|2 [VDyw?| 2 + 1 [Vw?| 2 [Dywel 2

%IVDIW 2+ <|Vf|22+1> Dy w22 + 1 [Vwe| 2,
(4.28) fﬂ (v*-V) D,w*- Dyw* =0,
(4.29) Uﬂ (D,w*-V) v°- D,w*| < Kk |Dywe|32,
(4.30) ‘ fﬂ (w*-V) Dyo°- Dywt| < & w2 |Dywel,2

<|Dywilze +x w72
< |Dl W€|i2 + K82>

@.31) UQ(DIW"-V)(p“-Dlw‘E

= Uﬂ (D,w*-V) Diw*-¢°
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D,w®
<
z

, IVDyw?|p2 |zp°| =
L
< (Hardy’s inequality and the smallness assumption (*))

< |VDIWS|§425

&
8
(4.32)

Ug (w*-V) D¢ Dyw*

<U (w-V) Dyw*- Dy’
Q

WS

<

—| . IVDyw*|,2 |zD¢°|

Z (2

< (Hardy’s inequality and the construction of ¢?)
<

ke |Vwel2 [VDywe 2

P
< 3 |VD,w?|32 4+ ke |Vw®|32,

(4.33) f UD,D,w*-Dw* =0
Q
(4.34) [ VDi(p*=p*)-Diw =0
Q
(4.35) { L? D,(RH.S.)-Dyw*|< |DA(R.H.S.)|2 w2

< ke,
Combining (4.25)—(4.35) we deduce

(4.36)

Vw72

d
7 |Dyw?|32+¢ |VDwel3: <k < +1 > |Dywe| 32 + i Vw72 + ke,
4.37) Dw'=0 at r=0.

The usual Gronwall inequality combined with (3.26) implies

(4.38) ||D1W8||L°°(0,T;L2) < Kgl/z,

(4.39) ”Dlw8”L2(0,T; vy S K.
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Combining (3.26), (4.39) with the anisotropic Sobolev imbedding estab-
lished in [32, Remark 4.2], we deduce

1/2 1/2
(4.40)  [W°llL20, 7; L2y < KW |20, 750 + W7 2 %0, T; H) "Dle”LZ(o,T;V))

<wxe'l2

This confirms that the boundary layer of u° is explicitly given by ¢°.

Remark 4.1. Inequalities (4.38)—(4.39) should be compared to (4.18),
(4.19), (4.20) where we observed that we are able to derive better estimates
on tangential derivatives.

To obtain uniform in time and in space estimates on w* we need to derive
uniform in time estimates on |VD,w?;2-(see for instance the anisotropic
Sobolev imbedding).

For this purpose we differentiate (4.21) in time and we obtain

2 0 0 ow’®
(4.41) ﬁDlwe—aAa—Dlw‘“+<5Dle-V>W£+(D1v€-V) 3
8
+ t Dyw?+(v* V)—Dlw
0 0 o°
+ —tDlwg-V v +(D1w€~V)—
a &
+(av: >Dlv + (w? V)—Dlv
0 . o 00°
<8tD1w V> —(Dyw*-V) 3
D (w? V)QD ¢
ot —(w ot 19
0
-UD s 5 Dlw +V Dl(p -p"
0
=ED1(R.H.S.).
4.42) %Dlw‘?:—ePADIUO, at =0,
(4.43) %Dlw =0 at z=0,h,
0
(4.44) div— Dw*=0.

ot
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We now multiply (4.41) by 2 D,w* and integrate over ; notice that

9
ot

@ 0, . 1d 2
et ™" T T a
0

a & &
(4.46) L} —ed = Dyw'-= Diw' =

&
B

LZ

(4.45)

a 2
5, Vo'

>

4.47)

a & & a &

UQ (aDlv -V)w -EDlw
a & & a &

SU@ <EDIW -V)w = Dyw

U < Dy (v°+¢°)- V)w ng

2

0
< |[Vwé2 Dlw

4 &
EDIW

a 0 €

Vw2
Loo

L2
< (Sobolev imbedding and interpolation)

0
— Dyw?

< K |Vwi;2

0
— VD, w®
1.2 atV 1w L

4 &
aDlw

< (Cauchy-Schwarz)
e|o 2 Vw22 0

< R _ &
8‘& L2+K< p +1 azDIW

+x |[Vwe|32,

+x |Vw’|2

L2

2

VD,w*

L2

ow* 9
(4.48) ’ [ (Dt vy == Dot

ow® 0
U (Dyw*-V) == Dw*

ow® 0
D 0 ey . —D
+U9( ) V) L D

&
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. ow* 0 .
< |Dyw?[ps VELZ Y .
+|D;(0°+ %)= |V 2 D,w*
1 @)L or |2 (ot 1 B

< (Sobolev imbedding and interpolation)

owe 0 12| 9 1/2
1/2 1/2 e &
<K|D1W | |Dl VELZ EDIW L EDIW .
. ow*| |0 .
ot 2 ot 2
< (thanks to (4.38), (4.39))
|0 , 12| oyt 12 " 1/2
SR 5 VO [V ar | 1P [ P
. ow®| |0 .
ot 12 ot 12
< (thanks to Young's inequality)
0 2 2 ow®|?
8 % VD,w* +K(|D1w"’|V+1) Dlw +K V— %

L2

(4.49)

j 2v -V Dw‘Z-EDw‘2
ot oot
0 0
<atW V)DIW “EDIW

a 0 £ e a &
Q<a(l) +o )V>D1W EDIW

+

|a
<_
ot

a 0 &
+E(U +(p)

0
Dlw

|VD1W |22

L4

0
|VD1w |2 Dlw

< (using Sobolev imbedding and interpolation)
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1/2

2 o

1/2

VD, w*
L

1/2 1/2

0
VD w2
H

=W

ot

2,
2 ot

& &

0
Dlw

<K

0
+x |VD w2 Dlw

2

< (thanks to (4.18), (4.19), and Young's inequality)

< EVDw82—+-lc 2w82+1 EDW52+K|VDW8|2
S8lor |2 o |y o' e
0
(4.50) j V)~ Dlw 5 Diwe =0,
a & a 82
4.51) |j < Dyw* V) 5 Dov| <3, Dowe|
o’ 0 0
N -2 3 < e L, | 3
(4.52) UQ (Dyw*-V) = azDIW‘ KDz |5 D]
a 82 g2
< EDIW L2+K|D1W |L2
< (thanks to (4.38))
a 2
< A, ¢ s
atDIW L2+x£
ow® 0 ow® 0
4.53 M )DL pwe| < |2 1< Dy
4.53) L;(az > g Y |6t 12 | ot 12
0 2 ow*|?
<|Z pyw*
ot g L2+K ot L
< (thanks to (4.38))
a 2
< |= Dyw? k
2 W L2+ 3
a & & a &
(4.54) Ug( V)—Dlv 5 Dowe| < 'l |52 Dywe|
< aDw i T Wl
= at 1 12 L
< (thanks to (3.26))
< 0 D ’ +xe?
S|z D) e
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(4.55)

[ 9wt v ot Do
o\ar W L PR

11 (209 Do
e\ " oW ?

10
z Ot

&

X W

a & &
[z 7o e

< (thanks to Hardy’s inequality)

2

0
2 VD wt
OtVIWL

< Kp |29°| 1=

< (thanks to the smallness assumption (*))

e|o 2
<_ — VD ¢ s
8 atV v r?

. o 00 0 8(/)

(4.56) UQ (Dyw*-V) = Dyw* U (DY) = Dlw e

Dw?| |0 o0p°®
< = VD w*
z |2 alv W L? z ot o=

< (thanks to Hardy’s inequality)

< ke |Dywe, %VDIW6 r
Sg‘%VDlwe ;+m: |D,we|Z,
(4.57) |LZ <%.V>Dl¢e-%plw ( > D,w*- D, ¢
S a@t ;VDIW ‘ |zD, |

< (thanks to Hardy’s inequality)

& a 2

<xe || |2 vDw

SR S PP B
e|d 2 ‘2
<-|=VDw?l + ,
8‘(’% g r? ke ot v
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a €

(4.58) U (v V) 2 Dyg-o D U (v V) 2 Do Dy
we| |0 . 0 .
<7 EVDIW r zaDl(p i

< (Hardy’s inequality and (2.10))

0
< ke Wi, EVDIWE i
s 0 2
2|3 VD, w* +K78 |wé|Z,
0 0
(4.59) L) UD, 5 Dyw* = Dyw* =0,

2 2
(“460) [ V= Di(p=p")-2 Dyw'=0

2

0 0 1|0 2 0
4.61 — D, (R.H.S.)-— D\w?| < - |= D,w? — D, (R.H.S.
(4.61) Ugat ((RHS.)-7 Dyw 4‘6: lw Lz+‘at i S)L
1|0

S_ J—
4‘61

2

Dw®|l +ke.
L2

Combining (4.45)—(4.61) we deduce

(4.62)
d|o 2 0 2 [Vwe|22 ) 0 2
— D —VDw¥| < Dyw® 1 )= Dw?
yAFn \w® & 8tV W p x< . +|Dywely + 3 D i
ow*|?
+x Vw22 4K [V id
ot |1
+x |[VDw?|32 + ke,
0
(4.63) EDlw‘=—eADlvo, at t=0.

Applying the Gronwall inequality and utilizing (3.26), (4.39), (4.19) we
deduce that

0
4.64 ) <,
(4.64) ” d x

L0, T; LY

—1/2
b

0
4, = <
(4.65) H 2 \Y% Ke

LY0,T; LY
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which further implies, via integrating (4.65) in time,
(4.66) IVD Wl =0, ;12 < ke™'/2

Now we apply again the anisotropic Sobolev imbedding from [32], and
we obtain

(4.67) [[w® ||L°°((o Tx3) K(”WEH%‘g(O T;V) | Dy w* ||L°°(0 T;L%
+[w* "%‘g(o T;L% | D, D;w* ||L°°(o T; L2))
(thanks to (4.20), (4.38), (3.26), (4.66)),

<
<k l/4.

Hence we supplement Theorem 3.1 with the following

THEOREM 4.1. Under the assumptions of Theorem 3.1, we have also

(4.68) llu*—u’+o Neeo, yxs = lv°—v '+ Moo, myxs) < KE s

Remark. The dependence on the kinematic viscosity ¢ is not optimal.
The optimal convergence rate of ¢ can be derived via higher order asymp-
totics.
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