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Abstract

We study the shape differentiability of a cost function for the flow of an incom-
pressible viscous fluid of power-law type. The fluid is confined to a bounded
planar domain surrounding an obstacle. For smooth perturbations of the shape
of the obstacle we express the shape gradient of the cost function which can be
subsequently used to improve the initial design.

Keywords: shape optimization, shape gradient, incompressible viscous fluid,
Navier-Stokes equations

1. Introduction

Shape sensitivity analysis is a fundamental step towards the numerical solu-
tion of the shape optimization problems governed by partial differential equa-
tions. In the context of Navier-Stokes equations, the sensitivity analysis of shape
functionals is performed in m, E} for the incompressible case, and in ﬂﬂ] for
the compressible case. Usually, in numerical solution of applied problems this
step is made formally, see e.g., m, E] for the related results.

The present paper is focused on the rigorous analysis and new results for a
nonlinear nonstationary model in two spatial dimensions are proved. We refer
the reader to ﬂﬂ] for some results in the case of a stationary model.

We consider the time-dependent flow of an incompressible fluid in a bounded
domain Q := B\ S in R?, where B is a container and S is an obstacle. Motion
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of the fluid is described by the system of equations

v +div(vev)—divS(Dv)+ Vp+Cv =1 in @Q,
divv=0 in @,

v=0 on %, (P(2))
v(0,-) = vo in Q.

Here @ := (0,7) x 2, ¥ := (0,T) x 99, where (0,7T) is a time interval of
arbitrary length, v, p, C, f stands for the velocity, the pressure, the constant
skew-symmetric Coriolis tensor and the body force, respectively. The traceless
part S of the Cauchy stress can depend on the symmetric part Dv of the velocity
gradient in the following way:

S(Dv) = v(|Dv|*)Dv, (1)

where v, |Dv|? is the viscosity and the shear rate, respectively. In particular, we
assume that v has a polynomial growth (see Section EZIl below), which includes
e.g. the Carreau and the power-law model.

In the model the term of Coriolis type is present. This term appears e.g.
when the change of variables is performed in order to take into account the flight
scenario of the obstacle in the fluid or gas.

The aim of this paper is to investigate differentiability of a shape functional
depending on the solution to m with respect to the variations of the shape
of the obstacle. We consider a model problem with the drag functional

T
J(Q) = /0 /8 _(8(v) —phn -4, 2)

with a given constant unit vector d. Instead of J one could take other type of
functional, since our method does not rely on its specific form.

Fluids whose viscosity depends on the shear rate through () form an impor-
tant class of non-Newtonian fluids (see e.g m, b, E] for general references).
Particular models find applications in many areas of chemistry, biology, medicine
or engineering. The first mathematical results were established already 40 years
ago in ﬂﬂ, ﬁ E], for recent references see e.g. ﬂﬂ, , E, ] In context of op-
timal control the fluids with shear dependent viscosity were studied in ﬂﬂ, dJ]
Eufgnerical results for a shape optimization problem can be found in ﬂ], see also

9 ]'

Our main interest is the rigorous analysis of the shape differentiability for
and (). We follow the general framework developed by Sokotowski and
Zolésio m] using the speed method and the notion of the material derivative.
Let us point out that due to () the state problem is nonlinear in its nature.
In such cases the shape sensitivity analysis is usually restricted to ‘small data’,
i.e. for sufficiently small body forces, initial conditions or short times. For the
presented results no such restriction is necessary, because of uniqueness and

regularity of the state variables.



1.1. Shape derivatives

We start by the description of the framework for the shape sensitivity anal-
ysis. For this reason, we introduce a vector field T € C?(R? R?) vanishing in
the vicinity of 0B and define the mapping

y(x) = x + eT(x).
For small £ > 0 the mapping x — y(x) takes diffeomorphically the region € onto
Q. = B\ S: where S. = y(S5). Denoting Q. := (0,T) x Q., ¥, := (0,T) x I,
we consider the counterpart of problem (P(2)) in Q., with the data fjo_ and
vojq.- The new problem will be denoted by (P(€2.)) and its solution by (v, pe).
For the nonlinear system m we introduce the shape derivatives of solu-

tions. To this end we need the linearized system of the form:
Find the couple (u, ) such that

du+divuev+veou—S(Dv)Du +Vr+Cu=F inQ,
divu=0 n Q,
u=h on Y, (Pin(2))
u(0,-) =ug in 9,
where F, h and ug are given elements.

The shape derivative v/ and the material derivative v of solutions are for-
mally introduced by

, . . . Vcoy—v
v' = lim v:=lim ———.
e—0 15 e—0 15

The standard calculus for differentiating with respect to shape yields that v’ is
the solution of (P, (2)) with the data F =0, ug = 0, and h = —9v/dn(T - n).
Using ([3) as the definition of .J we obtain the expression for the shape gradient:

J(Q:) - J(Q)

= / vi(T)- & +/ [(CV)- €+ (S (Dv)DV = v @ v —vaV): V¢
Q Q

—/OT/ES(f-d)T~n. 3)

In the above formula, the part containing v/ depends implicitly on the direction
T. This is not convenient for practical use, hence we introduce the adjoint
problem for further simplification of @)):

Find the couple (w,s) such that

—9yw —2(Dw)v —div [S'(Dv) 'Dw] + Vs —Cw =0  inQ,
divw =0 mn Q,

w=d onX, (P.jQ)
w(T,)=0  in .



Consequently, the expression for dJ reduces to

T
0
dJ(Q;T):—/ / {(S/(DV)TDW—SH)S—V(@n—Ff'd T n (4
0o Joas On
In order to prove the result given by (@) and (#l) we need the material deriva-
tives. In particular, it is sufficient to show that the linear mapping

T — dJ(Q;T)

is continuous in an appropriate topology, see the structure Theorem in the book
[23] for details.

The paper is organized as follows: In Section Bl we impose the structural
assumptions and collect the basic facts about the existence of weak solutions to
@ﬂ). The main results of the paper are stated in Section Bl Well-posedness
of the linearized systems is studied in SectionEl The rest is devoted to the proof
of the main results. In Section Hl the problem is formulated in the fixed domain,
Section [@ deals with the shape stability, Section [ with the Lipschitz estimates
and the existence of the material derivative and Section [§ with the existence of
the shape gradient of J.

2. Preliminaries

We impose the structural assumptions on the data, state the known results
on well-posedness of @D and introduce the elementary notation for shape
sensitivity analysis.

2.1. Structural assumptions

We require that S has a potential ® : [0,00) — [0,00), i.e. S;;(D)
0®(|D|?)/0D;;. Further we assume that ® is a C3 function with ®(0) =
and that there exist constants Cy,Cy, C3 > 0 and r > 2 such that

Ci(1+ A" ?)B]2 <S'(A) : B B) < Cy(1+ |A]""2)B|?, (5a)
|S"(A)] < C3(1+ |A]"?) (5b)

0

for any 0 # A, B € RE;,,% The above inequalities imply the following properties
of S:
Lemma 1. Let S satisfy [@).

(i) There is a constant Cy > 0 such that for every A € R2X2:

2X2
IS(A)] < Ca(1+ A7) (6)
(#1) There is a constant Cs > 0 such that
(S(A) —S(B)) : (A—B) > Cs |A - B|" (7)
for all A, B € R2X2

sym*

The proof can be found e.g. in [L7].



2.2. Weak formulation
For the definition of the weak solution we will use the space

Wi (Q) == {¢ € W (Q); dive =0}

Let vo € Wé:giv (Q) and f € L%(0,T; (Wéfﬁv (2))*). Then a function v €
L0, T;Wo'hi, () with 9pv € L2(0,T5 (W5, (2))%) is said to be a weak
solution to the problem (P(Q)) if v(0) = vo and

/OT<8tv, ¢>Wéj§iv @t /Q [S(]D)v) :Dp—-—veVv:Vhp+Cv- (ﬂ

AR

for every ¢ € L"(0, T;Wé:giv (€©)). Note that the pressure is eliminated since
test functions are divergence free.

The existence and uniqueness of a weak solution to (P(£2)) with C = 0 in two
space dimensions is due to Ladyzhenskaya [L1, [[7] and Lions [1d]. Regularity
of weak solutions was studied e.g. by Malek et al. M], Beirao da Veiga et al.
(2], Kaplicky [1d]. We recall the following result:

Theorem 2 (Kaplicky [Id]). Let Q ¢ R2 be a bounded domain with C*
boundary and T > 0. Let () hold for some r € [2,4), C=0 and

feL>(0,T;L%(Q), £(0)eL?(Q), 0feL*0,T;(Wyi, (), (9

vo € WP2(Q) NWoh (), p>2(p=2ifr=2). (10)

Then the unique weak solution v, p of (P(Y)) satisfies for s € (1,2) (s = 2 if
r=2):

v € L®(0,T; W>(Q)),  9pv € L®(0,T;L*(Q)) N L*(0,T; W', (2)).
Moreover, if there is a ¢ > 2 such that
feL>(0,T;LYQ)), 0f e L0, T; W~ H1(Q)), (11)
then there exists ¢ > 2 and o > 0 such that for all € € (0,T) it holds:
Vv,p € L®(e, T; WH1(Q)) N C%*([e, T] x Q).

We will also need the L? theory for the generalized Stokes system (P, (£2))).
Here and in what follows we will assume that the non-homogeneous boundary
condition is time-independent, i.c. h = h(x). Theorem 4.1 in [J] implies (sce

also [24)):



Theorem 3 (Bothe and Priiss []). Let Q € €%, T >0, g € (1,00) \ {3,3},
Dv € C(Q), F € LI(Q), h € W?71/%9(9Q), and ug € W?~2/99(Q). Let h and
ug satisfy the compatibility conditions: divug =0, h-n =ug-n on 9 and for
q>%h=uo on 0f).

Then (Pin(2)) has a unique solution (u,w) in the class
u € Whe(0,T; LYUQ)) N LU0, T; W>4(Q)), 7€ L90,T; WH1(Q)).

The additional Coriolis term Cv presents a minor technical obstacle in the
existence analysis: Since C € R?;fw, the a priori estimate remains unchanged,

namely every weak solution v satisfies the energy equality

1 ! ! 1
—Hv(t)”%Q—i-/ /S(Dv) ;DVZ/ /f-v+—||v0|\§g, for aa. t € (0,T).
2 ' 0 Jo 0 Jo 2 ’

(12)
Considering a sequence {v"} of approximate solutions that satisfy (&), the
limit passage
CvN — Cv in L"(0,T; WHT(Q))

is a straightforward consequence of strong monotonicity of S and the weak com-
pactness of {vIV} in L"(0,T; WH7(2)). In other aspects the proof of the exis-
tence and the uniqueness of a weak solution follows line by line the original one.
Concerning regularity, if we put Cv to the right hand side, the assumptions of
Theorem [ are still satisfied, hence the same result holds.

In order to identify the material derivative of v and to apply Theorem
we will need Vv € C(Q). Theorem Bl however, guarantees this only for r = 2
or locally in time. To overcome this technical obstacle, we use the idea of
Wachsmuth and Roubicek Hﬁ] and impose the following restriction on the initial
condition and the body force.

Assumption 1. In what follows we suppose that € is a bounded domain in
R2 with C*' boundary and r € [2,4), the function f is extended by O in the
complement of Q, and suppvo N OS = 0. Further we assume:
Forr=2:

The initial value v and the body force £ satisfy @), () and [).
Forr > 2:

There exists T > 0 and f € L>®(—7,T; LA(Q)) with &,f € LI(—7,T; W~11(1Q))
such that f = f'|Q; the initial value vq is equal to v(0) with v being the solution
of the problem

Ov + div (v @ v) — divS(Dv) + Vp + Cv = f,

divv =0 in (—7,0) x £,
v=0 on (—7,0) x 99,
v(—7,-)=v_; in £,

where v_; satisfies () with v_; in place of vg.



Corollary 4. Let Assumptionl hold true. Then there is a unique weak solution
v to (P(Q))) and the associated pressure p which satisfies:

v € L=(0,T; W2(Q)),
Vv € CO*(Q),
Orv € L*(0,T; L7(Q)) N L2(0, T; W3, ()
p € L>(0,T;WHI(Q)NC(Q)
for some ¢ > 2 and o > 0.

Remark. The above result applies only to the unperturbed domain, i.e. € = 0.
For the other cases we assume that the solution (v.,p:) belongs just to the class
of the weak solutions.

Let us point out that equation [ ) which defines J is not suitable for weak
solutions in general, since the energy inequality does not provide enough in-
formation about the trace of p and Dv. We therefore introduce an alternative
definition that requires less regularity. Let us fix an arbitrary divergence free
function &€ € C°(B,R?) such that & = d in a vicinity of S. Then, integrating
@) by parts and using [P(2) yields:

J(Q) = / (v(T) — vo) -E—l—/ [(Cv—1)- &£+ (S(Dv) —vev):VE. (13)
Q Q
Note that this identity is finite for any v € L?(0,T; W2(Q)) and v(T) € L?(Q2).
2.3. Deformation of the shape
Arguing similarly as in Section B2 we find that (P().)) has a unique weak
solution V. € L (0, T; Wy, () with 9,v. € (L2(0,T; Wik, (9.)))  which
satisfies the energy inequality

1, ! _ _ ! 1
Iv-Ola. + [ [ sovoipv= [ [ fvsimlia, ()
0 Ja. 0 Ja.

for a.a. t € (0,7) and for t =T
Let us introduce the following notation: We will denote by D T the Jacobian
matrix whose components are (D'T);; = (VT);; = 9;T;. Further,

N(x) := g(x) M (x), M(x):=1+eDT(x), g(x):=detM(x).

One can easily check that the matrix N and the determinant g admit the ex-
pansions:

g=1+edivT+0(?), N=T+eN +0(E?), N =(divT)I-DT, (15)

where the symbol O(g?) denotes a function whose norm in C*(9) is bounded by
Ce?.



The value of the shape functional for ). is given by

J(9.) ;:/Q (VE(T)—VO){E—i-/ (C9. — £)- £, + (S(DV.) — ¥. ®¥.) : VE],

€ Qs

where ¢_ := (N~ T¢) oy~L. Using the properties of the Piola transform (see
e.g. Theorem 1.7-1 in M]) one can check that divg, = 0. If v. and p. were
sufficiently smooth, it would hold that

T
J(Q) = /0 /6 SE(S(]D)VE)— 5.0n-d. (16)

Nevertheless, as opposed to m, we do not require any additional regularity
of the solution to the perturbed problem (P(2.)) and hence the expression in
(@) need not be well defined.

We introduce the auxiliary function v:

N'v.oy—v

v := lim ,

e—0 €
which is related to the material derivative v by the identity
v=NTv+v.

For the justification of the results of the paper we will use v since, unlike the
material derivative, it preserves the divergence free condition.

3. Main results

The first step is the existence of the function v and hence also of the material
derivative.

Theorem 5. Let Assumption O be satisfied. Then the function Vv exists and is

the unique weak solution of (|Pin(£2)) with the data

F=A):=(N+NT -TtrN);v + div (v @ N'Tv) + Ndiv (v @ v)
+div [S'(Dv) (N = Itr N')VV)gym — D(N'Tv)) + N'TS(Dv)]
—NdivS(Dv) + (N = Itr N)C+ CN'") v + ([tr N = N')f + (VE)T, (17a)

h =0, (17b)
g = \70 = N/TVO + (VV())T. (176)
The following estimate holds:

¥l 0. 7wz @)Lz 0w 2(2)) < CllAGI 20, w2, @))- < CllTlle2@y-
(18)



Due to the term (Vf)T the right hand side AJ is not integrable, thus one
cannot apply Theorem Bl Instead, the well-posedness will be investigated in
Section @l The next result concerns the existence of the shape gradient.

Theorem 6. Under the assumptions of Theorem [, the shape gradient of J
reads

dJ(Qa T) = JV({’) + Je(T)v
where the dynamical part J, and the geometrical part J. is given by

Jv(fr):/Q(fr(T)—{fo)-S—i—/Q[((Cff)-E—i—(S’(DV)ID){r—\?@v—v@{f):Vﬁ],

Je(T):/Q(]ItrN’—N’—N’T) (v(T) —vo) - &
+/ {[(]ItrN’—N’)(CV—(CN’TV—(HtrN’—N’)f—(Vf)T] ¥
Q

+ [veNTv+8Dv) (NVv - VIN''V))sym — (trN)Dv) + N TS(Dv)] : V¢
+[vev—SsDv): V(N’Tg)},
respectively. In particular, as v depends continuously on T, the mapping
T +— dJ(Q,T)
is a bounded linear functional on C*(R? R?).

Based on the previous result we can deduce that the shape gradient has the
form of a distribution supported on the boundary of the obstacle. Since this
representation is unique, the formal results derived in Section [Tl are justified
provided that the shape derivatives and adjoints exist and are sufficiently regu-
lar. This issue will be addressed in the following section. At this point we state
the final result.

Corollary 7. Let Assumption be satisfied. Then
(i) the shape derivative v' exists and is the unique weak solution to ([P ()
0
with F =0, h = —a—:’l(T ‘m), up = 0;
(ii) the shape gradient of J satisfies [B);
(i11) the adjoint problem (Pnai(2)) has a unique weak solution that satisfies for
arbitrary 6 € (0,T):
w e L*0,T -5 W?>3(Q)), secL*0,T -8 Wh(Q)).

(iv) Finally, if £ € L*(0,T; W'2(Q)) then the shape gradient of J has the

representation @) in the following sense:

ov

@n+f-d| T n.
on

(19)

T—6
dJ(Q;T) =— }i{% ; /as {(S’(DV)TDW — sl :



Let us note that the formula @) is here replaced by ([[@). This is due to
the fact that the terminal and boundary conditions for w do not satisfy the
hypothesis of Theorem Bl In fact, @) holds if we replace the values Dw(T, )
and s(T),-) by their L?(9Q)-limits for ¢ — T, see Lemma [

4. Well-posedness of (|Piin(£2)) and of (Paq;(£2))

In this section we show that the linearized system (P, ({2)) has a unique
solution under assumptions that are weaker than those of Theorem Bl Indeed,
we have the following result.

Lemma 8. Let Q € C%!, v € Wh(Q), F € L*0,T; W5, (2)), h €
LX0,T;W'2(Q)), 8ih € L*(0,T; W5, (2)%) and uo — h(0,-) € L3 4, ().
Then (Rin(2)) admits a unique weak solution which satisfies the estimate:

Hu”L°°(O,T;Lz(SZ))ﬁLz(O,T;Wéjgiv () < C(”“O”Z,Q + |‘F|‘L2(O,T;Wé:§iv (Q)*)

+ b2z 0,0w20)) + 100l 20 mowiz, (0)-)):

Proof. Using the standard Galerkin method, one checks that the approximate
solutions u”V satisfy

™| Lo 0. 7122 nr2 0. 7w 2(0)) < C

where the constant on the r.h.s. depends on ||v||1,00,0 and the respective norms
of ug, h, F and |C|. Hence there is a weak limit u of {u’¥} which is a weak
solution to . The uniqueness can be proved testing by the difference
u; — uy of two solutions, from which one gets for a.a. ¢t € (0,7):

[y (8) —ua ()13 0 + D(ur —u2)[|3 o < Cf|V]loo.llur — g

2.0IV(ur —u2)ll2,q-
Gronwall’s identity then directly implies u; = us. O

A direct consequence of the lemma is the existence and uniqueness of the
shape derivative v'.

Applying the same technique as in the previous lemma and additionally
Theorem Bl one obtains the result for the adjoint problem:

Lemma 9. Let Q € C%t, ¢ € C°(B). Then there is a unique weak solution

(w,s) to (Pagi(Q)). If in addition Q € C*, then for any § € (0,T):
w e L2(0,T—5; W22(Q)), dyw € L2(0,T—5;L%(Q)), se L*(0,T—5W12(Q)).

In particular, lims~ o DW(T — 6,-) and limg~ o s(T — 6,-) in L?(0N) exist and
are finite.

10



Proof. Using the change of variables t — T — ¢ we transform (Fhq;(£2)) to
(1Pin (£2)) and obtain uniqueness of the adjoint state w. It is however not pos-
sible to apply Theorem Bl since the terminal condition for w is nonzero on 05.
Nevertheless, considering the adjoint problem on the time interval (0,7 —§), we
find that the terminal condition w(7T — d,-) is compatible and hence

IDW |2,(0,7—5)x 00 + [I5ll2,00,7—5)x00 < C|d|.

Existence of the limits of Dw and s follows from the continuous dependence on
the data. |

The rest of the paper is devoted to the proof of Theorems B and B

5. Formulation in the fixed domain

In this section we transform the problem (P(£2)) to the fixed domain €.
Let us introduce the following notation:

ve(t,x) == NT(x)v.(t,y(x)), voe(x):=N'"(x)vo(y(x)), (t,x) € Q.
Note that the definition of v. implies that divv. = 0. The new function
v. € L(0,T; Wi, () satisfies gN !N~ dpv. € (LT(O,T;Wéjgiv (Q))) :
v<(0,) = voe and the equality

T
/0 (gN—lN—TatVE,@Wl,T (Q)—i—/Q {gS(Dava) :Dep—v.Rv, : qu—i—(Cvg.qb}

0,div
T
_ / Fopt / (AL §)wie (o forall g€ L7(0,T; Wi (), (20)
0 0 0,div )

where the term Al on the right hand side is defined for ¢ € L?(0, T’; Wéfﬁv Q)
by

0,div

T
/ (AL )2 @ = /Q [va ON Tv.: V(N T¢) —v.®v.: Vo
0
+(C—gN'CN" ")v.-¢p+ (gN"'foy —f) - ¢p|. (21)
Here
D.ve := g ' (NV(N™"v.))sym-

The left hand side of () contains the perturbed term gN—'N~T9,v. due to
the lack of a uniform estimate for d;v.. Similarly, the perturbed elliptic term
9S(Dev.) : D.¢ is present because of insufficient Lipschitz estimates, see Sec-
tion [ for more details.

11



Applying change of coordinates we get:

7(Q.) = /Q aNNT (ve(T) = voe) - £ + /

Q
+ (NTS(Dve) — ve ® (N~ Tv,)) : V(N*Té)] (22)

[g (NICN~Tv. —N~'foy) ¢

Now after all quantities and equations have been transformed to the fixed
domain 2, we can analyze the limit ¢ — 0.
6. Shape stability of weak solutions

In this section we prove that v. converges to v in certain sense. The result
will be applied in the forthcoming sections.

6.1. Uniform estimates

Since the strong monotonicity of S and the Korn inequality hold uniformly for

¢ — 0, the energy inequality (@) implies that ||V || £ (0,712 (0.)), ”‘_’EHU(O,T;WS*QW @)

and ||[vo(T)]|2,q. is bounded uniformly with respect to . Using the expansions
@) we realize that

[Ve(T)ll2.0. = [IVe(T)ll2.0 + o(1),

where o(1) — 0 as ¢ — 0. The same holds for the other norms, hence we derive
the uniform estimates of v,:

{v.}es0 is bounded in L>(0,T;L?(Q)) and in LT(O,T;Wéjgiv (Q), (23)
{vo(T)}es0 is bounded in L?(£).
The Lebesgue-Sobolev interpolation inequality
Ivl3, < CIVVellollvell2 (24)
together with [Z3) yields that
{vc.}eso is bounded in L*"(Q). (25)

Using this information and (@) we can estimate all but the first terms in (20)
and thus

{aN"'N"T8;v.} o5 is bounded in (LT(O,T;WézgiV (Q))) :

12



6.2. Convergence

The uniform bounds, the interpolation inequality and the Aubin-Lions ar-
gument give rise to the following convergence:

Ve =V weakly-* in L>°(0, T; L*(Q)),
weakly in L"(0,T; Wé:giv (Q)),
weakly in L*"(Q), (26)
Ve =V strongly in L*(Q), 1 < z < 2r, (27)
vo(T) — v(T) weakly in L?(Q),
gNIN"TOv. = O weakly in (L (0,73 Wik, ()
NTS(D.v.) — S(Dv) weakly in L™ (Q, R**?),
Al =0 weakly in (L’”(O, T, WL, (Q))) ,

where v, S(Dv) satisfy the integral identity

/OT@‘_”@WM (Q)+/Q[W:D¢_‘_’®\_’ZV¢+(C\7-¢)}:/Qf.d)

0,div

with the test functions ¢ € LT(O,T;Wé:SiV (Q)). Clearly v satisfies the initial
condition v (0, -) = vg. To identify the weak limit S(Dv) we show that

Dv. — Dv strongly in L"(Q). (28)

From (@) we get:
C5|ID(ve = 9)||l.o < /Q (S(Dve) = S(Dv)) : D(ve — v)
_ /Q (S(Dve) — S(D.v.)) : D(ve — V)
+/Q§(Dava) : (D(ve —v) — (NV(N™ T (ve = ¥)))sym)
_|_/QS(]D)EVE) (NV(NTT (Ve = 9)))sym

- / S(DV) : D(v. — )
Q
=L+L+1I3+1.

We immediately see that I, — 0 as ¢ — 0. Further D.v, = Dv, + AL, where
|AL|l;.o < C uniformly w.r.t. € > 0, as follows from the uniform estimates for
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v.. Consequently it holds:
td
I = / / —S(Deve + s(Dv, — Deve))ds : D(ve — V)
QJo ds

1
= / / S'(Deve + s(Dve — Deve))ds(Dv. — Deve) : D(ve — V)
QJ0

1
< /O §'(Deve + s(Dve — Deve))ds|| =, @lleAc[lr@D(Ve = V)llre
< Ce,
where we have also used (Bal). In the same spirit we obtain:
I, < Ce.

The last term I3 can be expressed using [E0) as

0,div

T
I = _/ (N IN"T OV Ve — Vi (g +o(1),
0

where o(1) — 0 as € — 0, as follows from the available convergence and energy
estimates. Integrating by parts with respect to time we get:

Is = |[VaN~ T (voe = vo)[I3 — VaN"T (ve(T) = v(T))II3

T
— / (ngleTatv, Ve — V)wir @t o(1) = Is1 + Iso + I33 + o(1),
0

0,div

where I3; — 0, Iss < 0 and I33 vanishes by the weak convergence of v, in
L7(0,T; Wy (Q)). We have proved (3.

By means of the Vitali theorem we conclude that S(Dv) = S(Dv) and con-
sequently v = v is the weak solution to (P(£2)). As this solution is unique, the
whole sequence {v.} converges to v.

7. Existence of material derivative

Our next task is to identify v as the limit of the sequence {u.}, where

Ve —V

u. =
€

First we write down the system for the differences u.. Subtracting [£0) and &)
we find that u. € L7(0, 75 W5, (©) satisfies N~ N T dyu. € (L7(0, 75 W, ()
u.(0,-) = ¥e=—>0 and the equality

/T< N7INTTou,, @) gt +/ [1 (S(D.v.) —S(D.v)) : D¢
o g the, @)win (@) o Eg eVe e c e

iv

1 T
+Cuc-¢p— (Ve ®uUc+ U Q V) : Vcb} = —/O (Ac, d)wiz (o) (29)

5 0,div

14



for all ¢ € L7(0, 75 Wy, (). The term A. € (L2(0,T; W%, (2))) on the
right hand side is defined as follows:
A=Al + A2+ A2
Al is given by &),

T
/ <A§, d)>wl 2 ()= /Q(H — gN_lN_T)atV - @,
0

0,div

/OT<A§,¢>W33W(Q) ;:/Q [NTS(DEV);V(N*W))—S(DV) :ng]

Next we want to derive uniform bounds for {u.}. Therefore we refine the
estimates of the previous section. In contrast to Sectionl, these estimates do not
follow the structure of the problem, namely the elliptic term % /. 0 g(S(D.ve) —

, 2r
S(D.v)) : D(+) is bounded in (Lﬁ (0,T; Wé:;i’\f (2)))* and the right hand side
LA, in (L2(0,T; W5, ()" only.

7.1. Lipschitz estimates for A,

In this subsection we will investigate the Lipschitz continuity of the map
e — A.. In particular, we are going to show that

% ~ Ap weakly in (L2(0.Ts W3, (@) (30)

where A{ is defined in ([[Za).
Indeed, due to (@) and Corollary El it holds:

1
EAg — (N + N7 —TtrN')d,v strongly in L2(Q).

In order to pass to the limit in the terms %Ai and %Ag’ we rewrite them in a
convenient form:

1
I—gN! I-N-T
+/LCVE-¢+/9N’1C7VE-¢

Q € Q €
gN—! -1 /foy—f
2 (f . Y =N"1.
+/{D2 . (oy>¢+Q — =) 1

1 I NT —1
E/(As wéf‘,v(ﬂ) /SDV : <7¢>)+/Q . S(Dv) : V (N~ ¢)

S(D.v) — S(Dv) _ B ?
+/QNTf.V(N To)=> "1,

15
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Employing [Zd) we obtain for ¢ — 0:
I — / N/diV(V@)V) - @,
Q
I — / div (v ® N’Tv) - .
Q
Similarly, from (1) it follows that
I3 — / (N —TtrN')Cv - ¢,
Q
Iy — / CN'v - ¢,
Q
I —>/(HtrN’—N’)f-qb.
Q
Analogously,
I; — —/ S(Dv) : V (N ¢),
Q
Is — / N'TS(Dv) : De.
Q

Rewriting I carefully yields:

16:3/[(f~¢)oy+foy-(¢>—¢oy>—f~¢]
Q

g
11 1 —
:/ g f.¢__/ f.¢+/foy.m
QnQ. ¢ € JQ\Q- Q €

T
_,_/ (F-¢)divT + Ve : f & T :;/ (V)T Sy 20
Q 0

where we have used the Hardy inequality and the following argument:

oot

Finally, taking into account the continuity of S’ and Dv (as follows from
Corollary Hl), we have:

1

3

If - ¢
¢ <C|t - N
- /Q\QE distao Ifll2.o\@:V@l2.e —

1 —
Iy = N~ldiv (NT/ S'(D.v + s(Dv — Dav))dsw)
0

3
— div (§'(Dv) (tr N'Dv — (N'VV) gy + D(N'Tv)))

strongly in (L2 (0,T; Wé’iiv (Q))) . Summing all terms up we arrive at B0).
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7.2. Estimates of u.
Testing [E3) by 1jo,+)u. and integrating by parts the time derivative and the
convective terms we obtain:

1 t 1 [t
§||\/§N’Tu5(t)|\§+/ / u-Qu, : Vv5+—/ / g(S(D:ve)—S(Dev)) : Doue
0 JQ €Jo Ja

0,div

1 _ 1 [t
= —H\/ﬁN TU—a(O)Hg + - <A5, u5>W1,2 Q)"
2 e Jo

Next we apply (@), (@), @), Holder’s and Young’s inequality to show that
¢ T
2 2 2 2
e (£)]3 +/0 [Du |3 < C(/O [Vve 2l Vue[2[luz |z + [Ivoll2

1T AL
te 0 | EH(L%O,T;Wé;iiV<sz>>)*)

for a.a. t € (0,7) and for ¢t = T. Gronwall’s and Korn’s inequality and (B0)
then directly implies that

{u.}es0 is bounded in L>°(0, T;L*(Q)) and in L*(0,T; W2(Q2)),
{u.(T)}e=0 is bounded in L*(Q).
Since Dv. is bounded only in L™(Q), we have for ¢ € L5 (0,7 Whits (Q)):

1

1
: /Q a(S(D.v.)—S(D.v)) : Dap = /Q o /0 S/ (Dov-+5D. (ve—v))dsD.u, : Dogb

< C(IDvelly + [Dv];)"~2|Due 12| D] 2=

and thus

{ LABEELR)

} is bounded in L%(Q) (31)
e>0

Consequently, due to Z9),

or *
{gN"'N"T9u.}__, is bounded in (Lf—r(o,T;Wéjgi;(Q))> . (32)

e>0
7.3. Convergence of u.

We are ready to prove the existence of material derivatives. The estimates
derived in the previous section imply that

u. —u weakly-* in L°°(0,T; L?*(Q)), (33a)
weakly in L*(0, T; W', (), (33b)
weakly in L*(Q), (33c)

u.(T) — a(T) weakly in L*(Q), (33d)

u. —u strongly in L*(Q), 1 <z < 4. (33e)
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Since S € C?, the Nemytskif mapping associated to S’ is continuous from L" to
L2, hence from [E8) we deduce that

T T
[ (660v0) -5@).D.¢) — [ EOvDaDe) (330
0 0

g

2r
—r

for all ¢ € L7 (O,T;Wl’%(ﬂ)). Consequently, B2) yields:

gN_lN_T&gug — 8t1_1 (33g)
_2r_ *
weakly in (Lf_r (0,T; Wé:éi’\f (Q))) . The initial conditions satisfy:

u.(0) = N'"vg + (Vvo)T = a(0) weakly in L*(Q),

hence 1 = v is the unique weak solution to (). Theorem E has been proved.

8. Shape gradient of J

Let us decompose the fraction
J(82:) — J ()
€
into the sum Jf + J5 where, in view of ([3)) and &2,

= [ AN () - ue0) €+ [ fanion Tu. g
Q Q
D.v,.) — S(D _
+ (NTS( M )5 S(@v) —u5®v5—v®u5> : V(N Tﬁ)]
and
N-IN-T -1 N-T -1 N-1 -1
Q g Q g g
N-1 1. foy—f
- g eCYy — Y ) S
€ €

+ (NT — ]IS(DV) —Ve® gv&-) :V(N~Tg)

+(S(Dv)—v®v):v<ug>}

€
From I and ([B3)) it follows that
Ji — Jv (V).
Using similar arguments as in Section [l we can show that
J5 — Jo(T).

The continuity of the map T — dJ(; T) follows from the estimate ([[H). The-
orem [ is proved.
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9. Conclusion

The paper was devoted to the proof of shape differentiability for the prob-
lem of time-dependent planar flow of an incompressible fluid with shear rate
dependent viscosity. We have considered the so-called subcritical case when the
weak solution is known to be unique and have bounded gradient. These strong
properties were crucial in the proof of the existence of the material derivative,
in particular for the well-posedness of the linearized system satisfied by v. For
this reason it seems impossible to extend the results to 3 spatial dimensions and
to r < 2, because no available theory can guarantee bounded gradient of the
solution in such cases.

The considered model itself has a limited practical applicability, mainly due
to the homogeneous boundary condition. We believe that a generalization to
other types of boundary conditions and shape functionals is possible to some
extent, however to keep ideas clear the slightly artificial setting was chosen.
Extension to the problems with non-trivial boundary conditions as well as ap-
plication to numerical methods will be considered in the further research.
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