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I. Introduction and motivation
First we consider in a bounded domain € in R? with boundary T,
possibly not connected, of class C''!, the following Stokes equations
—Au+Vr=f, divu=0 in{

where the unknowns w and 7 stand respectively for the velocity field
and the pressure of the fluid occupying a domain 2. Given data is the
external force f. To study the Stokes equations it is necessary to add
some suitable boundary conditions.
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@ Concerning these equations, the first thought goes to the
classical no-slip Dirichlet boundary condition which is not always
appropriate. For example it shows the absence of collisions of
rigid bodies immersed in a linearly viscous fluid.

@ In some applications, in particular in the electromagnetism
problems, it is possible to find problems where it is necessary to
consider other boundary conditions (BC). These BC are also
used to simulate flows near rough walls, such as in aerodynamics,
in weather forecasts and in hemodynamics, as well as perforated
walls. BC involving the pressure, such as in cases of pipes,
hydraulic gears using pomps, containers, etc ...
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An alternative to the no-slip BC was suggested by H. Navier in 1823.
Navier proposed a slip-with-friction boundary condition and claimed
that the component of the fluid velocity tangent to the surface should
be proportional to the rate of strain at the surface

u-n=0, 2D(u)n] +au,=h onT

where D(u) = 3 (Vu + (Vu)T) denotes the deformation tensor
associated to the velocity field u and « is the friction coefficient which
is a scalar function.

Observe that if a tends to infinity, we get formally

u=20 on T.

The Navier boundary conditions are often used to simulate flows near
rough walls as well as perforated walls.

Such slip boundary conditions are used in the Large Eddy Simulations
(LES) of turbulent flows.
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Our aim is to study the system

—Au+Vr=f divu=0 in Q ()
u-n=0, 2[Du)n| +oau,=h onl

or the system

{—Au+u~Vu+V7r:f, divu=0 inQ (NS)

u-n=0, 2[Du)n] +aoau =h onT
considering « regular or not regular.

We first briefly review some existing or related works.
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Literature

Stationary problem :
@ Solonnikov-Scadilov, 1973, o = 0 Hilbert case
@ B.Da Veiga, 2004, o > 0 constant, Hilbert case
@ Berselli, 2010, o = 0, flat domain in R3
@ Amrouche-Rejaiba, 2014, a =0
@ Verfurth, 1987.
Non-stationary problem :
@ Mikeli¢ et al, 1998, 2D, a € C?(T)
o Kelliher, 2006, 2D, a € L>°(T")
@ B.Da Veiga, 2007, 3D, a > 0 constant
@ Iftimie-Sueur, 2011, 3D, a € C?(T)
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II. Basic properties and useful inequalities

To study the problem, we consider the following assumptions on a:
o € L'P)(T) with
2 . 3
2p4e if 1<p<3
2+e if 2<p<3p#2
t(p) = ol (0.1)
2 if p=2
% p+e if p>3
where € > 0 is an arbitrary number, sufficiently small. We suppose

that
a>0 (0.2)

and there exists 3 «, such that

a>a.>0 onlyCI if Qisaxisymmetric (0.3)
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Note that the kernel of the system (S) corresponding to o = 0 is:

T(Q)={ve W'(Q):D(v)=0in Qand v-n=00nT}
| {o} if © is not axisymmetric
| span{b x z} if Q is axisymmetric
But the kernel of the system (S) corresponding to o # 0 is:
Q) = {’uEWl’p(Q) :—Au+Vr=0,divu=0inQ, v-n =0,
2[D(u)n]_ +au, =0on T}
= {0}.
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Let us first discuss some Korn-type inequalities which will be used to
prove the equivalence of norms and the existence of solution.

Proposition

Let Q C R? be a bounded domain, Lipschitz. For all w e H*(Q) with
u-n=0 on T, the following equivalence of norms hold:

|l g ) = ID(w)||L2)  if Q ds not azisymmetric ,

and

||'U,HH1(Q) ~ [|D(w) |2 @) + l|wr Ly if Q ds azisymmetric .
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We also deduce the following inequalities:

Proposition

Let Q C R3 be a bounded domain with Lipschitz boundary T. If Q is
azisymmetric with respect to a constant vector b € R3 and

B(x) = b x x for x € Q, then we have the following inequalities: for
all we H'(Q) with w-n=0 on T,

ID(w) 2y + ( [ dx) ]
DI + ([ v8 d)] |

These results can be proved by the method of contradiction.

lullfziq) < C

and

lullf2 ) < C
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Now consider f € L™®)(Q), h € Wfi’p(l“) st. h-n=0 on T
where
3p 3
rp) = {pis P>
1 if 1<p<i

We call (u,7) € WHP(Q) x LP() is a weak solution of the problem
(S) iff for all p € VT (1),
2/ D(u) : D(p) dx + / atr - ds = / f-edx+ (h,o)r. (0.4)
Q r Q

It is easy to see from the above weak formulation that if « = 0 and 2
is axisymmetric,

/Qf-ﬂdw+<h,/3’>r=0

is a necessary condition for the existence of a solution.
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Note that the boundary term in the left hand side of the weak
formulation (0.4) is actually a well-defined integral which can be seen
from the following argument.

Since o € W' (Q), we have ¢, € Wlfi’p,(F) — L™(T") where

3 . 3

1 1—5 ifp> 3,
— = positive real number < 1 ifp= %,
0 ifp< %

Similarly, for u € WLP(Q), u, € W' 52(T") — L*(T") with

3 1 .
. +-3 if p <3,
P positive real number < 1 ifp=3,
0 if p> 3.

Thus for o € L*®)(T), it can be easily seen that au, € L™ (I).
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I11. L?-Theory

The first theorem gives us the existence, uniqueness and estimates of
the solution of (S).

Theorem

Let fe L5(Q),h e E%(F) and o € L*(T) satisfying o > 0. Then the
Stokes problem (S) has a unique solution (u, ) € H'(Q) x L3(Q) with
the following estimates:

(I) Assume 2 is not axisymmetric, then

Il @) + Illzz@) < CO) (1Al g ) + 1Bl 4 1))

(II) Assume Q2 is azisymmetric, then

2
D)2z + | alur® ds <€) (1l g + 13,1,
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@ Ifa>a,>0o0nTIyCT, then

Cc(Q)
lullzr@) + I7llL2@) < m (||fHL5 + ||h||H,§(F )

@ Moreover if f, h satisfy the condition:
/Qf-ﬁdx+<h,5>p =0

then, the solution w satisfies [.aw - ds = 0. Finally if o is a
constant, then

lull @) + Iz < @) (I£l,8 g + 1l g3 ) -
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Proof. The existence and uniqueness follows from the Lax-Milgram
Lemma (where the coercivity of the bilinear form is obvious) and also
the estimate. But note that the continuity constant we get from
Lax-Milgram Lemma depends on «. So we prove independently the
different estimates, independent of « for that we use the previously
stated Korn-type inequalities and equivalence of norms.
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Next we prove the existence of strong solution and the corresponding
estimate independent of «.

Let Q be C*1, fe L?(Q), he H%(F) and « s a constant, satisfying
(0.2)-(0.3). Then the solution of (S) belongs to H*(Q) x H*(Q),
satisfying the following estimate,

lullze @) + el < C@) (Iflka@ + 1B,y 0 ) - (05)

Remark. Later we will prove the existence result of strong solution
for more general a, not necessarily a constant.
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Method I : If « is a constant and £ € L2(Q) and h € H?(T), then
u € H'(Q) and therefore au, € H%(F) also. So using the regularity
result as in the paper Amrouche-Rejaiba, we get that u € H2(Q)

But concerning the estimate, with this method, we can not obtain the
bound on wu, independent of . Thus we need to consider the more
fundamental but long method, explained below.

Method II : The proof is based on the method of difference
quotient as in the book of L.C. Evans. Without loss of generality, we
consider h = 0. Also, let denote the difference quotient by,

u(z + hey) — u(x)
h )

Diu(z) = k=1,2,3, hekR
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@ Interior regularity. Showing that (u,7) belongs to
H},.(Q) x H. (Q) with the estimate (0.5), is very classical, with
the help of H'-estimate, since the method does not depend on
the boundary condition.

© Boundary regularity.

The solution (u, ) satisfies the variational formulation, for all
v € Hy (),

2/]1))(11,):]]])(4,0) dx+/auf~g07 dsf/wdivcpda::/prdx.
Q r Q Q

(0.6)
Case 1 : Q is a half-ball i.e. Q= B(0,1) NR3.
Set V := B(0, 1) NR3. Then choose a cut-off function ¢ € D(R?)
such that

¢(=1onB(0,3), (=0onR*\ B(0,1),
0<¢<1l

So ( =1 on V and vanishes on the curved part of I.
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o tangential regularity of u :

Let i > 0 be small and ¢ = —D; "(¢2D}lu), k = 1,2. Clearly,

@ € H:(Q). Therefore, we can substitute ¢ into the identity (0.6) and
obtain,

2/ C|DID(w)|? dz + 2/ DiD(w) : 2(V¢Dru dz
Q Q
+/a§2|DZuT|2 ds — / 7 div(—=D;"(¢* D)) dx (0.7)
Q
/ £+ (-D;"(¢*D}w)) da.

Now we estimate the different terms. For the second term in the left
hand side, using Cauchy’s inequality with €, we get

/D L 20V( Dy dz
<C [ 20|Dkp(w)|Dful do
Q

1
<C [e/ C|DYD(w)|* do + 7/ | D} u|? dx} .
Q €Ja
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Similarly we can estimate the fourth term in the left hand side and
the term in the right hand side which gives us altogether

2 [ CIDID(u) o+ [ @ ¢Dfurl ds
Q N

< e/ C2|VD!ul? da:—|—g </ IfI? dz+/ || dx) —|—C'2/ |Diul? da.
Q € Q Q Q

From here, we deduce

Gy

HCDZUH%P(Q) = GHCDZUH%I(Q) + P (”fH%,?(Q) + ||7T||i2(9)) + C2||DZU||%2(5

Choosing ¢ small and using the estimates for (u, ) in
H'(Q) x L?(Q), we obtain,

1D ullz vy < ICDRul 3 @) < COIFlIE2 )

which means that §%w/dz;0x; belongs to L*(V) for all 4,7 = 1,2,3
except for ¢ = j = 3, with the corresponding estimate.
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@ tangential regularity of 7 : From the Stokes equation, for

i=1,2, we get,
0 0 _of . ou
o2, (Vr) = o7, (f + Au) = o, + dlv(Vaxi).

Since there is no term of the form 9?u/0x3, by preceding
arguments, we obtain
or 0

(Vr) e H (V).

Furthermore, as we already know that g—; € H-1(V), hence

from the Necas inequality, % € L*(V) and satisfies the usual
estimate.

@ normal regularity : For the complete regularity of the
solution, it remains to study the derivatives of u and 7 in the
direction e3. Differentiating the divergence equation with respect
to x3 gives,

82U3 2 82ui 2
or3 _; 0x; 0z € L(V).
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Next, from the 3rd component of the Stokes equation, we can write,

on

— = Aug € L*(V

. fs+ Aug (V)
which proves that m € H'(V). Finally, for i = 1,2, we can write the
1th equation of the system in the form,

2

2, 2,
8u,__28 uz_fi_'_aﬂ ELQ(V).

3 = 2 ]
O0x} = 81'j ox;

Thus, u; € H*(V). So, apart from the regularity of w and 7, we have
proved the existence of C' = C'(2) > 0 independent of « such that

lwllazvy + I7llzr vy < Cllfllez)-

Case 2 : Now we drop the assumption that  is a half ball and
consider the general case. Since I' is C?!, for any 2 € ', we can
assume, upon relabelling the coordinate axes,

QN (B(zg,7)) = {x € (B(xg,7)) : z3 > H(z)}

for some r > 0 and H : R? — R of class C>1.
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Let us now introduce the change of variable,

y = (1,22, 23 — H(2')) := ¢()

ie.

z = (y1,y2,u3 + H(Y)) == ¢~ (y).
Choose s > 0 small so that the half ball Q' := B(0, s) NR3 lies in
#(QN (B(wo,7))). Set also V' := B(0,s/2) NR3. and
u/'(y) = u(¢p~(y)) for y € Q. Tt is easy to see that

o' € H ()
and
v -n=0 on 00 NORY

but

0
div u = div v’ — ngaz
J 3

Now transforming our problem to the new coordinates, under this
change of variable, (0.6) becomes,
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2/ D(u') : D(p’) dy +/ aul - ¢l ds —/ 7 divy' dy
’ 7’ ’ 0.8)
ou (
fo dy — / 7’ 8—H— dy+ [ O0H Vu'Vy' dy.
o4 dy; Oys Q

We choose the test function ¢’ = —D; "(¢2D}u’) as before and
estimate the extra terms. For the second term in the right hand side,
it is easy to see,
| 8H ou’
6 i O3

And for the last term in the right hand side, we get

e’} dy| <C (||7r 1220y + IV (120 ) :

| | 0H Vu'V(D"(¢*Diiu')) dyl
Q/
1
<C (/ |V |? dy+e/ C2|VDIM/|? dy + f/ |DRu’|? dy
Q € Jo
/ DIV 2(0H] dy)
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Hence, accumulating all these inequalities, we obtain from (0.8),
||CDZUI||%11(Q/) <C (I\Vu’IIiQ(g/) + ||7T/||2L2(Q/) + ||f/\|i2(9')
+ell¢DR Y (|3 oy +/ C?|OH ||V DR |2 dy> )
Q/

But |0H]| is small for sufficiently small s > 0, since

oOH OH
—(0,0)=0= (0,0
ayl( ) 53/2( )
which gives,
DR I3 vy < ICDRW | o) < ClIFIIR2 () (0.9)

Then, proceeding as in the case of the half ball, we can deduce,
u' € H*(V') and ||o/||g2evry < C(Q) 2o
Consequently,
lullg2vy < CENflL2(o)-
Since, T' is compact, we can cover I" with finitely many sets {V;} as

above. Summing the resulting estimates, along with the interior
estimate, we get u € H*(Q) with the desired inequality.
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IV. L’-Theory

We begin with recalling some important results.

Theorem (Inf-Sup condition in Banach spaces)

Let X and M be two reflexive Banach spaces and X' and M' be their
dual spaces. Let a be the continuous bilinear form defined on X x M,
A€ L(X;M') and A’ € L(M; X') be the operators defined by

YweX, YweM, a(v,w)= (Av,w)= (v, A'w)

and V = Ker A. Then the following statements are equivalent :
(i) There exists C > 0 such that

inf sup —2OY S (0.10)
weEM wveX ”UHX Hw”M
w0 v#£0

(ii) The operator A : X/V — M’ is an isomorphism and & is the
continuity constant of A7L.

(iii) The operator A’ : M — X' LV is an isomorphism and % is the
continuity constant of (A’)~1.
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Also, recall the following Inf-Sup condition (Amrouche-Seloula
[Lemma 4.4]):

Lemma

There exists a constant B > 0 such that

Jocurl € curl ¢ dz

inf sup >C (0.11)
o' @) ceve @) vz @ llellv g
©#0 £#0

VP (Q) == {ve VZ(Q); (v m,1)y, =0 v1§j§J} .

Next we consider the bilinear form: for u € V¥ () and
pe VL),

() =2 [ D)D) do+ [ aur-or ds

and prove a more general result.
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Theorem

Let Q be C*1, 1 < p < 0o and

’

(e [VE_(Q), ae L'®(T) satisfying (0.2)-(0.3)

o, T

where in addition, we suppose the following compatibility condition
when a = 0 and Q is axisymmetric,

(¢,8) =0.
Then the problem:

Find we Vi () s.t. for any ¢ € Vf,/T(Q), a(u, ) = (£,0) (0.12)

has a unique solution.

Proof. Observe first that if 2 is axisymmetric and o = 0, from the
formulation of problem (0.12), we can see immediately the necessity
of the compatibility condition.
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o p>2

Since [Vﬁl,T Q) — [V?T (Q))', we deduce by Lax-Milgram lemma
that there exists a unique u € V- _(Q) satisfying :

Ve Vi (Q), alup)= (L Plve (@ xve (@) (0.13)

Now we will prove that u € WHP(Q). Since the Inf-Sup condition
(0.10) is known for the bilinear form

b(u,p) = / curl u - curl ¢ dz
Q

with adapted spaces X and M and we have the relation
2D(u)n],. = curlu x n —2Au onT,

where A is an operator of order 0 defined by

2
; 6sk

we will use another formulation of problem (0.13).
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Using the density result,
{ve H?*(Q), divv=0inQ,v-n=0on '} is dense in Vi’T(Q)

we get from (0.13), for all ¢ € V(Q,,T(Q),

/ curl u-curl p dz = (£, cp>[V2 Q) x V2 (Q)f/ QU Qr ds+2/ Au-pds.
o o o r r
(0.14)

Now we are in position to improve the regularity of u and for that we
use bootstrap argument.
Case (I) : 2<p<3.

Step 1. Since u, € L*(T") and a € L?¢(T"), we have au, € L7 (T)

where L = 1 4 ;1 But, L%(I) < W70 *(I) with p; = 3¢ > 2

ie. p% =2 (i + ﬁ) . Therefore, as W71 Pt (T') — L (T) with
3 < ¢{ <4 and Au € L(T'), the mapping

Lo = (o) - [

auT-ngds+2/Au.<pds for ¢ € V*1(Q)
T T

’
defines an element of the dual space of V*1(Q) with s; = min {p1,p}.
N WXIvreeaw



Now from the Inf-Sup condition (0.11), 3 a unique v € V' () s.t.

Y € Vsll(Q)7 / curl v-curl ¢ dz = (L, ) 0.15)

Q V@i
We will show that curl v = curl u. For that first we extend (0.15) to
any test function p € V31 (2) and since V[Q,,T () = V;1.(Q), we
deduce from (0.14) that

Vo € Vi’T(Q)7 / curl v-curl pdz = / curl - curl p dx
Q Q

which gives,

curl u=curlv in Q.
Therefore, as u € L°(Q) — L1 (Q), curl u € L1 (Q),div u = 0 in Q
and w-n =0 on I'; we get u € WH51(Q). If 51 > p, the proof is
complete. Otherwise, s; = p; and we proceed to the next step.

Step 2. Now, u € WHP1(Q) implies the mapping

Lo =) - [

auTogons+2/Au~g0ds for cpefusé(Q)
r r
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defines an element of the dual space of 'vsé(Q) with s = min {ps, p}
where p% = % Qia - % + i) Therefore, as in the previous step, 3 a

unique v € V2 (Q) s.t.

Ve VZ%T(Q), / curl v - curl p dz = (L, p)
Q
which implies again
curl u =curl v in Q.

Therefore, we get, u € LP1(Q) < L*2(Q), curl w € L52(Q), divu =0
in Q and u-n = 0 on I'; which implies u € W152(Q). If s5 > p, we
are done. Otherwise, so = ps and we proceed next.

Step (k+1). Proceeding similarly, we get u € V75 (Q) with

pk1+1 = (’;j; -2 + ) (where in each step, we assumed py < 3)

which also satisfies, for all ¢ € Vp"+1 (),
/curl u-curl pdr = <€,<p)—/au7'<p7 ds—|—2/Au~<pds.
Q r r
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Now choose k = [£ — 1] + 1 such that py11 > 3 > p (where [a] stands
for the greatest integer less than or equal to a). Hence u € WHP(Q).

Case (II) : p > 3.

From the previous case, we get that u € W13(Q) which implies

u, € L*(T) for all 1 < s < co. Then by similar argument (and in one
iteration) we can deduce w € V7, () which solves the problem
(0.12).

o p<2.

Consider the operator A € L( V], (Q),( Vg:T(Q))’), associated to the
bilinear form a, defined as, (A, p) = a(€, v) . As described above, for
p > 2, the operator A is an isomorphism from V7 () to (V{,’:T Q).
Then the adjoint operator, which is equal to A is an isomorphism
from Vﬁl,T () to (V. ()" for p’ < 2. This means that the operator
A is an isomorphism for p < 2 also, which ends the proof.
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In particular, choosing (¢,¢) = [, f - ¢ dz + (h,¢)p in the above
theorem, we get the following existence result.

Let Q be C?', 1 <p < oo and fE L"®P)(Q), he W_%’p(r)a
a € L*P)(T) satisfying (0.2)-(0.3). Then the Stokes problem (S) has a
unique solution (u,m) € WhHP(Q) x LH(Q2).

Also, the general theorem yields the following interesting Inf-Sup

condition.
Inf-Sup condition : for 1 < p < oo, Iy =5(Q,p,a) > 0 such that
2 o) de + [ o, @, ds
inf sup Jo D Jro& e >~ (0.16)
@evgiT(Q) gevh () ”fHV?,(Q) HSD|‘V;T(Q)
P#0 €70

when (2 is not axisymmetric or o # 0.
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In particular, choosing (¢,¢) = [, f - ¢ dz + (h,¢)p in the above
theorem, we get the following existence result.

Let Q be C?', 1 <p < oo and fE L"®P)(Q), he W_%’p(r)a
a € L*P)(T) satisfying (0.2)-(0.3). Then the Stokes problem (S) has a
unique solution (u,m) € WhHP(Q) x LH(Q2).

Also, the general theorem yields the following interesting Inf-Sup

condition.
Inf-Sup condition : for 1 < p < oo, Iy =5(Q,p,a) > 0 such that
2 o) de + [ o, @, ds
inf sup Jo D Jro& e >~ (0.16)
@evgiT(Q) gevh () ”fHV?,(Q) HSD|‘V;T(Q)
P#0 €70

when (2 is not axisymmetric or o # 0.

Question: Is it possible to obtain ~ in the above inf-sup condition
independent of a 7
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In particular, choosing (¢,¢) = [, f - ¢ dz + (h,¢)p in the above
theorem, we get the following existence result.

Let Q be C?', 1 <p < oo and fE L"®P)(Q), he W_%’p(r)a
a € L*P)(T) satisfying (0.2)-(0.3). Then the Stokes problem (S) has a
unique solution (u,m) € WhHP(Q) x LH(Q2).

Also, the general theorem yields the following interesting Inf-Sup

condition.
Inf-Sup condition : for 1 < p < oo, Iy =5(Q,p,a) > 0 such that
2 o) de + [ o, @, ds
inf sup Jo D Jro& e >~ (0.16)
@evgiT(Q) gevh () ”fHV?,(Q) HSD|‘V;T(Q)
P#0 €70

when (2 is not axisymmetric or o # 0.

Question: Is it possible to obtain ~ in the above inf-sup condition
independent of a 7
We will address it later !
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Next we discuss the LP estimates of the solution.
Estimate

Let p > 2. The solution (u,7) € W1P(Q) x LP(Q) of problem (S)
satisfies the estimates:

ooy +lliriey < OO (14 lalrorey) (o + 1]y
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Idea of the proof : To derive the estimates, we choose some suitable
compactness argument. As it is similar to the other cases and follows
from different H'-estimate, we sketch the proof of the first estimate.

Consider that €2 is not axisymmetric. Without loss of generality, we
also assume h = 0.

Case 2 < p < 3: We know u € WHP(Q). That means u, € L*(T)

where 1 = 73;) — 2. Also a € L**<(T"). Hence, au, € LY(T) with
_1

5 —|—2+6 %.But as LY(T') — W™ »P(T), we get

aur € W™ P’p(l").

Now from the relation,

LYT) < W »PT) < H ()

compact continuous
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we can write, for any ¢ > 0, 3 a constant C' = C(p, &,?) (independent
of §) such that

C
1 < q
ol - 0 |[9llLeqry + 5 lloll -

1, VwveLil).
PP (D)

3(r)

Choosing v = au, we get, using Holder inequality and trace theorem,

C
< 0 flaur|uo) + 5 llou|

lourll (-1 <
(T)

H-5(T)
C
< Ci6 ||04||L2+f(r)\|u||w1p(9)+C2 el 2oy 1wl 1 ) -

Now, using the regularity result from Amrouche-Rejaiba, we can get
that

llullwie) + 17l Le @)

<€ (Wl + lowrly 3o )

Cy
< Clfllero @) + Crdllall Lz llulwre@) + —llollam lulla o
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Choose § > 0 small enough such that 1 — 6C ||| p2+er) = 5 i.e.

§ = s=——~— Thus we get
2CiTal ot ey et

lwllwrr@) + 7l e @)
< 2C1 [|fllurer ) + Co el ey llal| Lz+e @y lull g2 ()
< C1+ ||a||2L<2+e)(F))||f|

L) (Q)-

Case p > 3 : The analysis is exactly similar to the previous case, just
based on different embedding results.

Theorem ( Strong solution)

QisC> and1<p<oo. FELP(Q), he W (") with h-n =0
onI' and
“+e€

1

W'=#P(I) if p>3

satisfying (0.2)-(0.3). Then the Stokes problem (S) has a unique
solution (u,7) € W*P(Q) x W1P(Q)/R.

l-5—.3 . 3
aE{W 2te () if 1<p<s
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V. Limiting cases

Now we discuss some limiting cases of the system

{ —Auy+Vr,=f, divu,=0 in Q

u,-n=0, 2[D(uy)n| +auy,=h onT (0.17)

Theorem (« tends to 0)

Let p>2 and fE L'®(Q), he W »?(T) s.t. h-n=0 onT,
o € L*P)(T) satisfying (0.2)-(0.3) and when Q is azisymmetric, the
following compatibility condition is assumed,

(£;Bg+ (h,B)r =0 (0.18)
Then as a — 0 in L*®)(T),

(Ue, o) = (ug,m9) in  WHP(Q) x LP(Q)

where (ug, o) s a solution of the following system

v
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{—Au+V7r=f, divu=yx in Q (0.19)

u-n=g, 2[D(u)n] =h on I'.

Idea of the proof : Note that when 2 is axisymmetric, to expect
the limiting system to be (0.19), we must assume the compatibility
condition (0.18) since this is the necessary condition for the existence
of solution of the system (0.19).

Let o — 0 in L!®)(T") i.e. except the case when o > a* > 0 in (0.3).
Now from the LP-estimates, we get that (uq,7,) is bounded in
WLP(Q) x LP(Q). Then 3 (ug, m) € WHP(Q) x LP(Q2) such that

(e, To) — (ug, o) weakly in WHP(Q) x LP(Q).

It can be easily shown that (ug, 7o) is the unique solution of the
Stokes problem (0.19) with Navier boundary condition, corresponding
to a = 0.
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Indeed, since (uq, Ty ) is the solution of (0.17), it satisfies the weak
formulation (0.4). Now as explained before, u, — uo in WP(£2)
implies

Ugr — o, in L°(T)
and because a — 0 in L*?)(T),

QUar =0 in L™(T).

Hence in the weak formulation (0.4), the boundary term in the left
hand side goes to 0. So passing to the limit, ug satisfies,

Ve v () Q/QD(UO) . D(p) dxz/ﬂf-sodxﬂh,@p.

Now by taking difference between the system (0.17) and the limiting
system (0.19), we get,

—A(tug — ug) + V(mq —m) =0, div (uq — ug) =0 in Q,
(uo —up) - m=0, 2[D(us—uo)n| +a(us—ug)r = —aug, on I'.
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Once again using the usual LP-estimates for the above system and
also using Holder inequality and trace theorem, we obtain
[wa — uollwrrQ) + |Ta — mollLr (o)

< C) flator |y 30,

< C(Q) [lall e oy luo lwrr o) -

Hence, u, — ug and 7, — mg both tend to zero in the same rate as a.

Theorem (« tends to o)

Let fe L?(Q), h e h? (T') and « is a constant satisfying (0.2)-(?77?).
As a — oo, we have the convergence,

(U, To) = (Uoo, Too)  in H'(Q) x L*(Q)

where (Uso, Too) 1S the unique solution of the Stokes problem with
Dirichlet boundary condition,

—Au+Vr=f in Q,
divu=0 in §,

u=20 on I'.

4
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Idea of the proof :

The proof is very much similar to the previous theorem. The key
point is to write the system in the following way

—Au, + Vi, =Ff in Q
divu, =0 in Q
Uo = = (h—2[D(uq)n];) on I'.

Then using the good H?-estimate as we deduced before, we can show
the existence of a weak limit which solves the Stokes system with
Dirichlet boundary condition and finally taking the differences
between the two systems, we can deduce the strong convergence.

Theorem (« less regular)

Let fe L5(Q),h e E%(F) with h-n=0 on T and o € L3 (T)
satisfying (0.2)-(0.3). Then the Stokes problem (S) has a solution
(u,m) in H'(Q) x L*(Q).
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The above result can be proved using the density of D(T') in L3 (T')
and from the good estimates (independent of a) in H'(Q).

Now we want to discuss the question, we posed before, about the
dependence of the constant in the Inf-Sup condition (0.16).

Claim : Let Q be C%!. For 1 < p < oo and for any a > 0 constant,
there exists v > 0, independent of « such that

2 ydz + [ au ds
an sup fQ fF T Pr >
peVh () wEVE L (Q) ”IU’HV’;,.,.(Q ”(puvgj(g)
vz#’ﬂ u#0 '

Idea of the proof. First we claim that the constant y(«) in (0.16) is
decreasing with respect to o

ie. a1 < as implies  y(a1) > y(ag)

which implies directly our main claim ! The Inf-Sup condition (0.16)

, /
implies that 3 a unique u € Vi _(2) s.t. for any £ € {V{;T(Q)} ,
Au =/
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and

1
||u||VV1 P(Q) < ,Y( ) || ”[VP (Q)] (02())

where
(Au, ) = 2/ D(u) : D(p) dz + / au, - o, ds Vo € VgiT(Q).
Q r

Now for p = 2, choosing ¢ = u, we get,

2 [ DO de+a [ furl ds = (0) < 18]y, o) lulmo

So for 2 not axisymmetric, we obtain,

2 [ D do-ta [ furf? ds < C(@) 1]y 1Pl

Thus comparing with the estimate (0.20), we can conclude that as «
increases, ﬁ also has to increase and hence y(«) decreases.
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VI. Non-linear problem

(NS)

—Au+u-Vu+Vr=f, divu=0 inQ,
u-n=0, 2[D(u)n]_ +au,=h onT.

Let 1 <p<ooand f€L'®(Q),h e W »?(T) with h-n=0onT
and a € L*P)/(T) satisfying (0.2)-(0.3). Then

(u,7) € WhP(Q) x LP() satisfies (NS) in the sense of distribution is
equivalent to:

u € Vi _(Q) such that for all ¢ € Vg:T(Q),

2/9D(u):D(<p) dx+b(u,u,¢)+AauT~wT ds=/9f-<pdx+<h,<p>r.

(0.21)
where b(u, v, w) = [, (u-V)v-wdz.

We first give some interesting properties of the operator b.
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Lemma

The trilinear form b is defined and continuous on
Vi,T(Q) X Vi)T(Q) X V[Q,,T(Q). Also, we have

b(u,v,v) =0 (0.22)

and
b(u, v, w) = —b(u, w,v) YV u,v,we V;T(Q) .

Also note that

b(w,w,f) =0 and b(B,B,u)=0.

Now we give the existence and estimate of generalized solution of the
Navier-Stokes problem (NS).

Let p>2 and f€ L'®(Q), he W ?(T) with h-n=0 onT,
o € L'P)(T) satisfying (0.2)-(0.3). Then the problem (NS) has a
solution (u, ) belonging to WHP(Q) x LP(Q).
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In the Hilbert case, we have the following estimates as in the linear
problem.
(I) if Q is not axisymmetric, then

lullar @) + l1mllzee) < CO) (IF]5 g+ 1R 5 0))
(II) if Q is axisymmetric and

@ a>a,>0o0nTyCT, then
c()

HUHHl(Q) + ||7T||L2(Q) < m (HfHLg(Q) + Hh”H*%(F))

@ f, h satisfy the condition:
/Qf~6dx+<h,ﬂ)F:O
then, the solution u satisfies fr au - B ds =0 and
2
2 2
D0y + [ ol ds < O (IFls )+ 113 ))
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Moreover, if « is a constant, then

lullar @) + 1l 2@y < CO) (IF]lg o) + 1013 )
Idea of the proof.

@ p = 2. The existence of solution can be shown using standard
arguments applying the Galerkin method and Brower’s fixed
point theorem.

@ p > 2. We can get the existence of solution by using repetitively
the regularity results of the Stokes system.

@ And the estimates follows from the weak formulation exactly by
the same argument as in the linear problem due to the property
(0.22) of the trilinear form b.

Finally we give some results of the limiting problems corresponding to
the non-linear system.
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Theorem (a tends to 0)

Let (o, mo) be the solution of (NS) where
FeLSS(Q), he H () s.t. h-n=0 onT,a € LX(T).

Also, in addition, assume that when ) is axisymmetric, a is a
constant and the following compatibility condition is satisfied,

(£iB)q+ (h,B)r=0.

Then we have the convergence,
(U, o) — (uo,mo) in H'(Q) x L%(Q) as a—0 in L*T)

where (ug, ) is a solution of the following Navier-Stokes problem

—Au+u-Vu+Vr=f divu=0 in Q,
u-n=0, 2[D(u)n] =h on T .
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Theorem (« tends to oo)
Let (uq, o) be the solution of (NS) where

fe Lg(Q),hE H_%(F) s.t. h-n=0 on I and « is a constant

Then as o — oo, we have the convergence,
H'(Q) x L*(Q)

(Ua; Ta) = (Uoo, Too)  weakly in

where (Uso, Too) 18 a solution of the Navier-Stokes problem with

Dirichlet boundary condition,

—Au+u-Vu+Vr=Ff in Q
divu=0 in (0.23)
u=0 on T'.

If f€ LY(Q) with g > &, then

(U, Ta) = (Uso, Too)  in H'(Q) x L*(Q).

C. AMROUCHE Stokes and Navier-Stokes Equations with Navie




Thank You
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