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ON A SHAPE CONTROL PROBLEM FOR THE STATIONARY
NAVIER-STOKES EQUATIONS
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Abstract. An optimal shape control problem for the stationary Navier-Stokes system is considered.
An incompressible, viscous flow in a two-dimensional channel is studied to determine the shape of part
of the boundary that minimizes the viscous drag. The adjoint method and the Lagrangian multiplier
method are used to derive the optimality system for the shape gradient of the design functional.
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1. INTRODUCTION

Optimal shape control problems associated with the Navier-Stokes equations have a wide and important
range of applications. Aerodynamic and hydrodynamic problems such as the design of cars, airplanes, and jet
engines provide a few settings. Despite the fact that this field has been extensively studied, determining the
best shape for a system governed by the Navier-Stokes equations is still a difficult and time consuming task.

Early studies devoted to optimal shape control problems for the Navier-Stokes equations can be found
in [28,29]. Nowadays shape optimization problems are covered in several monographs (see, e.g., [16,26,30,35])
which, for the most part, focus on the case of the Laplace operator or Stokes flow. The theoretical treatment of
optimal shape design problems are concerned with questions of existence, regularity of solutions, and differentia-
bility properties. Also, the numerical implementation, the analysis, and the consistency of discrete approxima-
tions are fundamental issues. Some papers on the existence and regularity of solutions are [6,9,20,28,32,33,36].
However, those results generally lack a coherent first-order necessary condition and often the regularity assumed
cannot be used in numerical algorithms. Other papers, e.g., [4,12,13,17,25,27,33], deal with re-formulations of
the problem, mainly to simplified situations. Again, results are far from complete.

In [25,27,34] an interesting embedding domain technique is explored which provides an equivalent formulation
of the optimization problem on a fixed domain. In particular, in [34], an explicit formula for shape variations
for the Navier-Stokes equation is proposed. In this paper, we not only recover this result but extend it in the
framework of a more general Lagrange multiplier technique that can easily take into account other constraints.
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This paper is concerned with a shape optimization problem for the stationary incompressible Navier-Stokes
equations and will cover some of the above topics. The main focus is to find an appropriate formulation of the
optimal shape design problem that is attractive for consistent numerical computations. We consider the full
Navier-Stokes case and recover the first-order necessary conditions that can be used for developing a consistent
numerical approach to the problem. In contrast to previous authors, we make consistent use of the dual
variables and introduce the regularity of the boundary explicitly as a main constraint which is enforced through
Lagrange multiplier techniques. The resulting optimality condition is a system of equations and variational
inequalities which express the compact and coherent mathematical formulation of the problem. Issues related
to numerical approximations such as mesh adaptation, embedding domain techniques, and computational tests
are fundamental, but due to space limitations, will be treated in future papers; the interested reader can also
consult [8,12,13,25-27,30] and the references cited therein.

Although we deal with a specific, two-dimensional drag minimization problem, the approach used here is
discussed in general terms and can be used for many other optimal control problems involving different objective
functionals and classes of shape controls. Furthermore, although the geometry is somewhat simple, our results
can be extended to a general settings without further complications. Our aim here is to provide a systematic
analysis for the problem in which the viscous drag is minimized through the use of variational methods and to
derive a useful formula for the shape gradient of the design functional.

1.1. The model shape control problem

We consider the two-dimensional incompressible flow of a viscous fluid through the channel € shown in
Figure 1. The velocity @ and the pressure p satisfy the stationary Navier-Stokes system

—vAi@+ (@-V)i+Vp = f inQ (1.1
Vi = 0 inQ (1.2)

~—

along with the Dirichlet boundary conditions

!71 on Fl
U=gG=4q G2 on I's (1.3)
0 on FQ U F4 5

where f is the given body force. In (1.1), v denotes the inverse of the Reynolds number whenever the variables
are appropriately nondimensionalized. The vectors g; and g» are the given velocities at the inflow I'; and
outflow I'; of the channel, respectively. Along the bottom, I'4, and the top, I's, of the channel the velocity
vanishes. The function ¢ must satisfy the compatibility condition

/ijids:o, (1.4)

where 77 is the unit normal vector along the surface I'.

If some other types of boundary conditions, e.g., natural boundary conditions or outflow boundary conditions,
are specified along the left or right or bottom boundaries, the results given in this paper are formally valid but
some technical details in the analysis should be carefully revised. The set 'y, = {# = (x,2) € R? |z € (a,b),z =
a(z)} C Ty is the shape which is to be determined through the optimization process. In the rest of the paper,
we shall denote the interval (a,b) by I and the domain 2 by Q(«).

There is a substantial literature discussing the set of all possible shapes. Clearly, the function a must belong
to C%1(I) in order to be regular enough to suppress excessive oscillations; see, e.g., [29]. However, a € C%1(I)
may not be sufficient to enable one to explicitly derive a first-order necessary condition. Thus, here, the set of
all admissible controls « is restricted to more regular shapes, namely, to belong to C11(I). In order to have a
regular flow which is shape differentiable, we need a domain with piecewise C'*! boundary and convex corners
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FIGURE 1. The flow domain Q(«) and its boundary; I', denotes the part of the boundary
whose shape is to be determined by the optimization process.

(for details see [17,33]). Furthermore, there are some practical constraints that may be taken into account; for
example, the first derivative at the points x = a and x = b should be specified so that ', is connected smoothly
to the rest of the boundary.

Specifically, we define a set of allowable shapes in the following way. Let cg, doy, c2, and dy be positive
constants and z; and zo be the location of the controlled surface I'y, at z = a and x = b, respectively. Then,
the set

{a(z) e CYI) | ¢ <alD <d; fori=0,2, ala) = z1, a(b) = 29, and aM(a) = oV (b) = 0}

may be a suitable set of allowable shapes, where a(?) denotes the ith derivative of . We have fixed the values
of the first derivatives at x = a and « = b to be zero but they can be adjusted if the boundary segments I'o\T',,
are not horizontal when they meet T',.

In order to enforce the regularity of the boundary, we take a to be the solution of the Poisson equation

d’a
32 =4 on 1, ala) =z, and a(b) = 2o, (1.5)

where co < ¢ < dp for all z € I is an unknown function. The other boundary conditions on «, i.e., &/(a) =
o/ (b) = 0, impose constraints on allowable functions ¢. In fact, if o and ¢ are related by (1.5), then o/(a)
o/ (b) = 0 if and only if

/abq(x) dz=0 and /ab /az (&) dédr =z — 21 . (1.6)

Since ¢ is bounded, we have that o € C'(I) and T is piecewise C*! with convex corners. We note that the
lower bound for «, i.e., a(x) > ¢o Vo € I, is necessary to avoid the intersection of T's and T’y (see Fig. 1) and
that the second derivative bounds are necessary to assure that the curvature on I',, can be computed.

One could examine several practical objective functionals for determining the shape of the boundary, e.g.,
the reduction of the drag due to viscosity or the identification of the velocity at a fixed vertical slit downstream.
To fix ideas, we focus on the minimization of the cost functional, or, in the terminology of shape optimization,
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the design performance function,

T, q,a) =2v D(ﬂ):D(ﬁ)deré/ ¢ dz, (1.7)
Q(a) 2

where @ is the velocity field defined on Q(«), D(@) = 3(Vi + (Vi@)T) is the deformation tensor for the flow @,
and f is a nonnegative constant. For § = 0, the functional (1.7) represents the rate of energy dissipation due
to deformation and physically, except for an additive constant, can be identified with the viscous drag of the
flow. We note that for a solenoidal flow field «, we have 2D(%) : D(u) = Vi : V4.

Formally speaking, the control problem we consider is to find @, «, and ¢ such that the functional (1.7) is
minimized subject to the Navier-Stokes system (1.1)—(1.3) and the relations (1.5) and (1.6) being satisfied.

The plan of the rest of the paper is as follows. In the rest of this section, we introduce some notation and
consider the associated boundary value problem for which the domain is given. In the next section, we give a
precise description of the model optimization problem and then state and prove some results concerning the
existence of optimal solutions. In Section 3, a first-order necessary condition is found through a direct sensitivity
analysis and the adjoint equation method is used to compute the shape gradient for the model problem; the
derivations of this section assume that the standard condition guaranteeing the uniqueness of solutions of the
stationary Navier-Stokes system holds. In Section 4, we use the Lagrange multiplier method to obtain similar
results; although the derivations of this section are not as direct, it does not require that the “uniqueness
condition” holds.

1.2. Notations

In this paper, depending on the context, C' and K denote generic constants whose values also depend on
context. We denote by H*(O), s € R, the standard Sobolev space of order s with respect to the set O, which
is either the flow domain €, or its boundary T, or part of its boundary. Whenever m is a nonnegative integer,
the inner product over H™(0) is denoted by (f, g)m and (f, g) denotes the inner product over H°(Q) = L%(O).

Hence, we associate with H™(O) its natural norm || f{|m.0 = /(f, f)m- For 1 < p < oo the Sobolev space
WmP(0O) is defined as the closure of C*°(O) in the norm

1oy = 3 /o (2)" sy ar.

la|<m

The closure of C§°(O) under the norm || - ||ym.» (o) will be denoted by Wi"*(O). Whenever possible, we will
neglect the domain label in the norm.

For vector-valued functions and spaces, we use boldface notation. For example, H*(Q) = [H*(Q)]™ denotes
the space of R™-valued functions such that each component belongs to H*(Q2). Of special interest is the space

Hl(Q):{vjeLQ(Q) %eLQ(Q) forj,k;:l,2}
k

equipped with the norm ||¥]|; = (Zi:l lvx||2)1/2. We define the space
VQ) ={icH Q)| V-i=0}

and the space of infinite differentiable solenoidal functions by

V) ={decC(Q) | V- d=0}.
For I'y C T’ with nonzero measure, we also consider the subspace

Hi () ={0eH(Q)|7=0 onT,}.
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Also, we write H§(2) = HL(Q). For any ¢ € H'(Q), we write || V]| for the seminorm. Let (Hf. )* denote the
dual space of Hf. . Note that (Hf )* is a subspace of H™'(Q), where the latter is the dual space of HE(Q).
The duality pairing between H~1(Q) and H{} () is denoted by (-, -).

Let § be an element of HY/2(T'). Tt is well known that HY/?(T') is a Hilbert space with norm

il = inf i1,
125 = o dnt el
where 4 denotes the trace mapping yr : H'(Q) — HY2(T). We let (HY?(T'))* denote the dual space of

HY2(T) and (-, -)r denote the duality pairing between (H'/2(T"))* and H'/2(I"). From the definition of the dual
norm, we have

o 5, g)r
$lser = s 0L
ger/2(r); g 20 191172
It is shown in [20] that
§,r¥)r
[flojor = sup 2O
TEH(Q); T#0 1911
provides an alternative and equivalent definition for the dual norm || - [ /2.

Let I'y be a smooth subset of I'. Then, the trace mapping vr, : H'(Q) — HY2(T,) is well defined and
H'/2(Ty) = 7, (H'(Q)).

Since the pressure is only determined up to an additive constant by the Navier-Stokes system with velocity
boundary conditions, we define the space of square integrable function having zero mean over € as

L3(Q) = {pe L39) | /def:oy

In order to define a weak form of the Navier-Stokes equations, we introduce the continuous bilinear forms

2
a(il, 5) =2v Y / D(i@): D(©)dZ  Yi,7 € HY(Q) (1.8)
i,j=1"%
and
b(¥,q) = —/ qV-7dZ Vqe L3(Q), YieHY(N) (1.9)
Q
and the trilinear form
2 Ou;
c(ﬁ;a’,ﬁ):/w’-VU-Udf: Z/wJ — v d¥ V@, @, 7€ HY(Q). (1.10)
Q2 ij=17% O

Obviously, a(-,-) is a continuous bilinear form on H(2) x H*(Q2) and b(-,-) is a continuous bilinear form on
H(Q) x L(Q); also ¢(+; -, ) is a continuous trilinear form on H(Q) x H(Q) x H'(Q2) which can be verified by
the Sobolev embedding of H(2) € L*(Q2) and Holder’s inequality. We also have the coercivity property

a(?,7) > C|d|} V&€ H (Q)
whenever I'y C I has positive measure and the inf-sup condition

b(7,p)

in T Taa— > K.
peLd(©) geny [|7]1[p
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For details concerning the function spaces we have introduced, one may consult [2,5,37,38] and for details
about the bilinear and trilinear forms and their properties, one may consult [10,15,37].

Before continuing, we recall some notations and results about domains that will be of use in the sequel. We
say that a domain 2 has a cusp at # € I if no affine image in Q of a finite cone has a vertex at x. If  is a
Lipschitz continuous domain, the possibility of there being a cusp is excluded and therefore the domain {2 has
the uniform extension property as the uniform Lipschitz sets are the open sets satisfying the cone property;
see [9]. We recall the following extension theorem (Calderon’s extension theorem); see [2].

Theorem 1.1. For every uniform Lipschitz domain Q C R? and positive integer m, there exists a linear
continuous extension operator

E:H™(Q) — H™(R?)

such that for every @ € H™(Q) we have ||EU||m < C|t||m, where the positive constant C' depends only on the
cone imbedded in Q.

We recall also that a solenoidal extension to R? of a solenoidal function defined in €2 can be found as described
in [7]. In the rest of the paper, whenever it is not confusing, we denote the function and its extension by the
same symbol. Since the function a defines I',, we write the corresponding domain and boundary as Q(«) and
I'(«) respectively. A useful result which shall be used in the existence theorem is as follows; see [14].

Theorem 1.2. Let Q(ayy,) be a sequence having the cone property and that converges to Q(«). Let U, €
H'(Q(a,)) be a sequence converging to @ € HY(Q(«)). Assume that ¢(s) is continuous, nonnegative, and
convex for s € R. Then, we have that

$(V@) A < lim inf / O(Vitm) dT. (1.11)
Q(D‘m)

Q(a) m— o0

1.3. The associated boundary value problem

We consider the formulation of the direct problem for the Navier-Stokes system (1.1)—(1.3) for which the
boundary and all the data functions are known. Let I'(«) be the boundary which includes the segment T',, (see
Fig. 1) defined for a given o € H%(I). Given «, we can compute g by using (1.5).

A weak formulation of the Navier-Stokes system is given as follows:

given f € H Y(Q(a)) and § € HY2(D(a)), find (@,p) € HX(Q(a)) x LE(Q(a)) satisfying

a(il, ¥) + c(t@; 7, 7) + b(¥,p) = (f,7) V¥ € H)(Qa))
b(d,q) =0 Vqe Li(Qa)) (1.12)
(i, ) = (7.5)r@ V5e HV3(T(a)).

Existence and uniqueness results for solutions of the system (1.12) are contained in the following theorem; see,
e.g., [37].
Theorem 1.3. Let Q(c) be an open, bounded set of R? with Lipschitz-continuous boundary I'(a). Let f €
H 1 (Q«)) and § € HY2(T'(«)) and let § satisfy the compatibility condition (1.4). Then,

(i) there exists at least one solution (i, p) € HY(Q(a)) x L2(2(a)) of (1.12);

(ii) the set of velocity fields that are solutions of (1.12) is closed in H'(2(«)) and is compact in L?(Q(a));
and

(iii) f

—

v > 1(Q(a), f, ) (1.13)



ON A SHAPE CONTROL PROBLEM FOR THE STATIONARY NAVIER-STOKES EQUATIONS 1239

for some positive vy whose value is determined by the given data, then the set of solutions of (1.12) consists
of a single element.

Note that solutions of (1.12) exists for any value of the Reynolds number. However, (iii) implies that
uniqueness can be guaranteed only for “large enough” values of v or for “small enough” data f and g.

In order to write the first-order necessary condition that optimal solutions must satisfy, we shall need addi-
tional regularity for solutions of (1.12). To achieve the needed smoothness, we have to assume that the data
of the problem is smoother than that assumed in the hypotheses of Theorem 1.3. In that case, we have the
following results; see [15,33,37,38].

Theorem 1.4. Let the hypotheses of Theorem 1.3 hold. Let T'(a) be piecewise C' with convex corners, § €
H3/2(T(a)), and f € L?(Q(«)). Let (@, p) denote a solution of (1.12). Then,
(1) (i.p) € H(Q(a)) x H'(Q(a)) N LE(Q()) and
(i) the set of solutions of (1.12) is closed in H?(2(c)) and compact in H(Q(a)).
2. THE MODEL SHAPE CONTROL PROBLEM AND EXISTENCE OF SOLUTIONS

In this section we give a precise formulation of the shape control problem we consider and prove the existence
of optimal solutions.

2.1. Formulation of the optimal shape control problem
We now formulate the model of the optimal shape control problem. We define the closed convex set
Qua={ae H*(I) | 0<co<a<dy ala)==z1, alb) =z, and o/ (a) = o/ (b) =0}
and introduce the variable ¢ belonging to the set
Baa = {q cL? (I) | c2 < g <dy almost everywhere}

defined by

/ vdx—/dQ—avdx Yo e L*(I) (2.1)
Iq B 7 da? ' '

The constants cz and dy are such that the set Q.4 is not empty. From the Sobolev imbedding theorem, we have
that H2(I) c CY(I) ¢ C%Y(I) and therefore, if & € Quq and q € Byg, then o € C' 11 at least.
The optimal shape control problem can then be stated in the following way:

Given f € L2(Q(«)) and § € H32(D(a)) satisfying the compatibility condition (1.4), find (4, p, , @)
such that

J(u,q,0) < J(U,q,0) (2.2)

for all (@, p,q,a) € H(Q(a)) x HY(Q(a)) N L3(Q(r)) x Baa X Qaa satisfying (1.12) and (2.1) .
The extended domain € is defined to be the rectangle [0,1] x [0, do]. We also assume that f is defined over the

extended domain  and write f| (Q(«)) to denote its restriction to Q(«).
The admissible set of states and controls is given by

Aga = {(@,p, g, ) € H*(Q(@)) N V(Q(a)) x H' () N L§(Q(c)) X Baa X Qad
such that J(u, q,a) < oo and (4, p, q, ) satisfies (1.12) and (2.1)}.
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2.2. Existence of optimal solutions

We now turn to the question of the existence of optimal solutions for the problem in (2.2).

Theorem 2.1. There exists at least one optimal solution (U,p,q,a) € Aq.q of the optimal shape control
problem (2.2).

Proof. The proof follows from standard techniques (see, e.g., [6] or [20]) and here we sketch the main idea. First,
we prove that there exists a solution (i, p, ¢, &) of the optimal control problem in H!(Q(a)) x L3(Q(c)) X Baa X Qad
and then from the fact that the boundary is piecewise C''*! with convex corners, we conclude that this solution
is in H2(Q(a)) N V(Q(a)) x HY(Q(a)) N L3(Q2()) X Baa X Qad-

Let © be the extended domain (in our case for example QO = {(z,2) € R2: 0 <2 < 1,0 < z < dg}). On
Q- Q(a), we can extend the velocity and the pressure fields according to Theorem 1.1 and denote them by
u and P, respectively. Also, on Q- Q(«) we define the extended body force f by substituting the extended

fields into the Navier-Stokes equations. We fix the test functions v in H&(ﬁ) so that they are independent of
boundary variations.

Consider the following procedure to construct the extension (u, p, f) of (u,p, f) Given Q(«) and (4, p, f) we
set © = @ and p = p over Q(«) and zero over Q- Q(«). By using (u,p) and the Navier-Stokes operator we
compute fover the extended domain. Now (u, D, f) satisfies the Navier Stokes system over a fixed domain.

With this setting, the (u,p) satisfies (1.12) on Q for all admissible . The domain Q(«) lies inside the

extended domain and therefore if the test functions v € Hé(ﬁ) N HY(Q(a)) are used, then, over Q(«), (U, D)
satisfies

a(ii, ) + e(@; @) + b(3,p) — (£.0)r, = (F,8) V3 € HY (@) N H'(2(a))
b(@§) =0 Vg e L3(Qa) N LEO) (2.3)

(@,3)r(0) = (3.5)r() V8€H V3 (a),
where ¢ is defined by
t=—pia+2vD®@) i onTy,

with 7 the unit vector normal to the curve I's. It is clear that when f is known over ) then # is known and
vice versa.

Since the set of admissible solutions A,q is not empty and the set of the values assumed by the functional is
bounded from below, there exists a minimizing sequence (g, ) in Bag X Qqq and a corresponding sequence of
solutions over the extended domain (U, D, tm) € Hl(ﬁ) X L%(ﬁ) x H~1/2(T'y) which are uniformly bounded.

Using a standard argument, we can extract subsequences (U, Pn, tn, Gn, 0t ) such that, for some (4, p, 1, q, o) €
H'(Q) x L3(Q) x H™Y2(Ty) x L*>(I) x H?(I), we have

Un - a weakly in H'(Q)

Up, — u strongly in L2 (ﬁ)
T()lin — Ir@U weakly in HY?(D(a))
T(@ln — (@t strongly in L*((a))
Dn — D weakly in L2(Q)

tn - 1 weakly in H™/2(I)
on — @ weakly in  HZ(I)

n — q weakly in L2%(I),
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where the strong convergence results follow from the Sobolev imbedding theorem. The limit (u, p, t.q, «) belongs
to Hl(ﬁ) X L%(ﬁ) x H~1/2 (T'2) X Bag X Qqa since the sets Byq and Qg are convex and closed. We recall that
every closed convex set is weakly closed (see [31]).

Now we wish to show that the restriction of (@, p, , ¢, @) € Hl(ﬁ) x LE(Q) x HY2(T'3) X Bag x Qaa to Q(a) is
a solution of (2.2). It is enough to prove this for all the test functions v € V(ﬁ) and then we claim the result for
all v e H(l)(ﬁ) by a continuity argument. It is possible to show that the limit satisfies (2.3) simply by extending
the integral to Q and by applying standard Navier-Stokes results for fixed boundaries [1,22,37]. For example
for the first term (recalling that @, vanishes on Q- Q(av,) and applying the above convergence results) we have

lim D(ii,) : D(®)d& = lim D(@n):D(ﬁ)df:/ﬁD(@):D(ﬁ)df:/Q( D@ DE) a7,

n—oo Q(Dt ) n—oo ﬁ

for all v € V(ﬁ) The nonlinear term does not present problems since, once we are in the extended domain, the
limit is assured by standard arguments on fixed domains [1,37] if i, converges weakly in Hl(ﬁ) and strongly
in L2(Q).

The formulation in (1.12) and in (2.3) are equivalent when the test functions are taken in Hy(Q()) and
therefore the restriction (4, p, ¢, «) in () of the limit (4, p, g, o) satisfies the Navier-Stokes equations in (1.12).
Using Theorem 1.2, we have that the functional is weakly lower semi-continuous and consequently we have that
(i, p, q,a) is a solution of the optimal shape control problem in H'(Q(a)) x L2(Q(a)) x Bag X Qad-

The regularity required by the theorem follows from simple considerations. From the fact that § € H*(I'(«r)),
it follows that i is in H3/2(Q(a)) and the nonlinear term is in L?(Q(«)) at least. Since the boundary is piecewise
C11 with convex corners, we can apply the regularity results for the Stokes flow in [17,33] and conclude that
this solution is in H2(Q(a)) N V(2(a)) x H*(Q(a)) N L3(Q()) X Bag X Qad- O

3. THE FIRST ORDER NECESSARY CONDITION

3.1. Preliminaries

Let Cyq be the set of @ € Qg such that o € Byg. Let o € Cpq be the function that determines 'y, C I'(«).
After deformation, the domain Q(«) takes a new shape Q(&) with boundary I'(&) corresponding to the function
a € Cqq. The field, defined on I',, transforming I, into I'g is indicated by V and the corresponding variation by
da = a — . For example, in our specific case, if o, € Quq, then doo = @ — v and V= (0, ), where the vector
V is defined on T'y. We note that, as proved in [35], the vector V can always be extended from I', to every
point (,z) € Q(a) or every point in R?, i.e. in our case we can simply take V(z, z) = (0, z6a(z)/a(z)) € R2.

We can generate a family of boundary parameterized by ¢ as

Foe—&-téa = {fa +t‘7(fa) | fa € Fa} (31)

for all ¢ € [0,1]. Let K(a) be a functional on the domain Q(«). We say that K(a) : Ceq — R is Gateaux-
differentiable at « in the direction d« if there is a real number K’ = (DK/Da)da such that

i K8 () = K(Q(a)) —tL'| _
t—0+ t

0. (3.2)

In a similar way, when Y is a Banach Space, the map u(a) : Cog — Y is said to be Gateaux-differentiable at «
in the direction da (V' = (0, dx)) if there exists a function @’ € Y(Q(«)) such that

lim [[1:(Q2(a)) — w@(U)) =t |ly (oa))
t—0+ t

=0. (3.3)
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Before proving differentiability, we need the following lemma [35].

Lemma 3.1. Given o, @ in Coq (0o = & — ), 51 € WHH(R?) and 5o € WH(R?). Let

Koo = / D@ dE  and K = / Ga(s) ds.
Q(a) I'(a)

Then,
D — —
Ko 50— / v. (Vﬂl(f))dfz/ G1(s) (V - ) ds (3.4)
Da Q(a) Ta
DKr B 0%y N S
Da o= /ra( . + kya(s)) (V - ) ds, (3.5)

where V is the vector (0,cx) defined on Ty and k and 7i are the curvature and the unit vector normal to Ty,
respectively.

This lemma has been stated in the context of our particular optimal control situation but a more general
framework can be found in [30] and [35]. We remark that, in order to apply the above lemma, the functions
71 and 7 must be defined on R? or extended outside 2(a) and its gradient must be integrable. This allows
the limit to be represented as a boundary integral over I',. The requirement 7; € W1!(R?) implies a certain
regularity for the solution of the Navier-Stokes system. If such a regularity is not present, we may extend the
previous lemma to a function 7; in L?(R?). In this case, the functional is weakly differentiable in H =2 [35],
which may not imply regular solutions and its representation as a boundary integral on I',.

3.2. Differentiability of candidate optimal solutions and the functional

We shall show that the optimal control solution must satisfy a first-order necessary condition which leads
to a variational inequality. By studying this variational inequality, a possible candidate for the optimal control
solution can be found. In order to obtain this result, we need to prove the differentiability of the functional,
and before that, of functions satisfying the constraints.

Theorem 3.2. Let (1.13) hold so that (1.12) has a unique solution. Let (uU,p,q,a) € Azq. The mapping

(i, p) = (ii(a),p(@)) has a Gateauz derivative (@', p') = (8L - 5o, % -0a) in every direction o = & — « for all

& in Aguq. Furthermore, (@',p') is the solution of the problem

va(ii', v) + c(@; @', 7) + (@’ @, 7) + b(@,p)) =0 ¥ € Hy(Q(a))

b(i',q) =0 Vqe L)) (3.6)

/ g- (a’ + %(V : ﬁ)) ds=0 VYFec HY3((a)),
I'(x)

where the vector V, defined by (0,0a) on T, vanishes on T'(c) — T'o. The unit vector ii is the unit normal to
the boundary I'(«).

Proof. Let Q be the extended domain (in our case Q may be {(z,2) € R2: 0 <z <1,0<z < dy}). On
0- Q(a) we can extend the velocity and the pressure fields by the Calderon theorem and denote them by u
and p respectively. We assume that the body force f € L? ((AZ) and the test functions ¥ € Hé(ﬁ) are defined
over the extended domain so that they are independent of boundary variations.

Let (u,p,q,«) and (u1,p1,q1,@) be given in A,q. We set da = @ — a and oy = « + tda. The domain
Q(a) lies inside the extended domain and therefore, if the test functions v € H(l)(ﬁ) NH(Q(a)) are used, then
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(U, D, q, ) € Aqq satisfies

/ (- v+ @ V)a+ Vp- F) - 0di=0 ¥ Hy(@) N V(Q(a)
0(e)
gV -udf =0 VYge L3(Q) N L3(Q(a)) (3.7)
()
/ (=) -5ds=0 V5eH V2(I(a))
P

and (U, Dt, qt, ) € Aqg is the solution of

V- dZ =0 V§e L2(Q)NL2(QAay)) (3.8)
Q(Oét)

(U —§)-§ds=0 Ve HY2(D())
T(a)

with f the body force defined over Q.
From the definition of Gateaux derivative we have to prove that

Gy — 1 — til’ P —p—tp'
lim (' i |H1<”(a>>> —0  lim ('pt " |L2(Q“X”> =0, (3.9)
t—0+ t t—0+ t

where (¢',p’) satisfies

/ (— vV’ + (@ - V)i + (@ V)i’ +Vp') -0di
Qo)

+/ (V-ﬁ)(—uv2a+(a-V)a+Vﬁ—f’)-ads:o Vo € HY(Q) N V(Q(a))

r
y . . (3.10)
/ qAVﬂ”da’:'Jr/ (Vi) gV -uds=0 VYge L3(Q) N L))
Q(a) Ly
S ou o o e H-1/2
@' - §ds+ —(V-f)-§ds=0 V§e H /*(I'(«a)).
I'(a) To on

It is clear that the formulation in (3.10) implies (3.6) when test functions vanishing at the boundary are used.
Now we write the equations for w = (u;y —u —td')/t and p = (p — p — tp’)/t and show that (u,p) satisfies
the limit in (3.9). By subtracting the first equation in (3.10) and (3.7) from (3.8) we can write

/ (fz/VQQtJr(ﬂyV)ﬁtJrVﬁtff)ﬁda’:’—/ (~vv?a+ @ Vya+vp-J) vaz
Qort) )

—t/ (— vV + (@ )i+ (@ V)i’ + V') D

Q(a)

—t/ (v
Ta

/i) (— vV (@ V)a+ V- ) - 0ds =0,
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If we define w = u; — u, z = py — p, and Fy(w,v) by
RA(@,5) = %L(a)(yv2at+(at.V)at+Vﬁtf) Dd7
+%/Q(a)(—(@-V)@—uv2@+(@-V)ﬂt+Vﬁt—f>-ﬁdf

+/ (Vi) (— V%4 (@ V)i + V- F) - Dds
T

e%

for all ve V(Qa))N H(l)(ﬁ), then we can write
/Q( ) (f YV + (- V) + (@ V)i + vg) 5dT = Fy(®,7). (3.11)
In a similar way, we have
/Q( )gv.adf:Fg(@, Q) Vge LA2(Q) N L)) (3.12)
(3.13)

/ U-5ds = F3(0,5) V¥5e HV3(I())
I'(e)

by defining

1 S L

Fg(@,f]\):——( §v -4, d7 — qV~utdx)+ (V-7)qV - ads
Q) (@) Lo

and
. 1 ~ S o S N
Fg(w,?):——( (Uy — g) - §ds — (ut—g)-sds)—l— (V-i) —-
ENIr(an) r(a) ro on
Now, we use Lemma 3.1 to estimate F}, F5 and F3. In fact, from Lemma 3.1, we have that for every ¢ > 0

there exists a ¢; such that
1 R =N =R =N N | R "N - N -\ L,
’—/ (—uvzut—f—(ut-V)ut+th—f)dx——/ (—VVZut—f—(ut-V)ut+th—f)dx

t Joga) t Jaa)

—/ (V i)~ 9% + (@ 9)i + Ve~ ) Tds| < e (3.14)
Ta
for all t < t1. Therefore, if t < t1, we can write
B@0)|<er| [ Hi@)-sds|+| [ Gu(@) vazl. (3.15)
Ta Q(a)

where H, (@) and G4 (@) are defined by
= 1
Gr(@) - 5dF = g/ (@ - V) D) -5)d

Q)

and
/ﬁl(@)-ads:/ (Vi) ~ V%0 + (@ V)i + @ V)@ + V2) -5 ds
Tw r

a
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for all v € H%)((Al) NV (Q(«)). Furthermore, for every ¢ > 0 there exists a ¢ such that for all ¢ < t2 we have

|F2@ﬁ|<e+|/ )qAV-@d:E’|:e+|/ Hy(w) qdZ| (3.16)
Ta
_ _ 0w TP
|F3(,5) | <e+| [ (V- @)= Fds|=e+| Hs(w) - §ds|. (3.17)
Ta on Ta

We note that the system (3.11)—(3.13) takes the form of a linearized Navier-Stokes system with the right-hand
side terms given by F1, Fg, and F3. The norm of u and p can be evaluated by standard methods and bounded by
the norm of the function Gl, H 1, Hy and H3 We recall that the standard techniques require the condition (1.13)
be satisfied and therefore (1.12) has a unique solution [37].

By using the trace theorem, the properties of the trilinear form ¢(w;u, w), and standard arguments (see,
e.g., [37]), the norms of G, Hy, Hy and Hj can be bounded by the norm of @ and Z. We shall show that these
functions and therefore also the norm of u and p vanish when ¢ tends to zero which proves the theorem.

Now we need to evaluate the norm ||@ || 1/2(r(ay), V@ |, [[VZ]], and [[V?@|| where the vector @ = U —
and Z = p; — p are solutions of

/ (fyv2@+(@~vm+(a.v>@+v2) AT = Fy(t,p,0) Y0 eV(Qa)NHQ) (3.18)
(@)

[ aveadi = B@pe vie B@nLie@) (319)
Qo)

/ G-5ds = Fy(i,pns) ¥5eH V2(D(a)) (3.20)
()
where
Fy(ug, p,0) = —/ —VVQ@-F(@:'V)@:-FV@—JF) -vd¥
Qo)
+/ (~ @ V)@ V2 + (@ V)i + Vo~ ) - 5a,
Q)
F@ped = - [ @V-adi+ [ gv-ad
Qo) Q(a)
and

Fﬁ(ataﬁtag) = 7/

(ﬂtfg’)-é'der/ (@ — §) - §ds.
I(ar) I(a)

Again, we use Lemma 3.1 to estimate Fy, F5, and Fg. It is easy to see that for all € > 0 there is a t3 such that
for all t < t3 we have

Bl < 541 Gi5dE| Vi e V(Q) NHY®)
Q)
. o _
|F5] < §+| Gsqdz| Vg e L§(Q) N L(Q(a))
Q)
Fs| < S| Hy-5d@| Vie H-V2(I(a))
2 I(a)

with ||G4l| 2, ||Gsl| 2 and || Hg| z1/2 bounded by €/2.
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Since € is positive but arbitrarily small, the set (3.18)—(3.20) is a linearized version of the Navier-Stokes
system with regular and arbitrarily small right-hand side. Again, if the condition (1.13) is satisfied (so that
(1.12) has a unique solution), by using standard arguments [37], we find that for all § > 0 there is a ¢4 such
that, for all ¢ < t4, the norms of the solution (@, p) are bounded by . From standard regularity results we can
conclude that ||@||g1/2, ||W]|2, and ||p]|1 can be bounded by arbitrarily small positive constants when ¢ tends to
Zero. (|

Under the hypotheses of the Theorem 3.2, we have the existence of the Gateaux derivative of the map
(@, p) = (d@(a),p(a)). Clearly, the map q = q(«) from Q4 to L?(I) is differentiable at o € Quq in the direction
da and its Gateaux derivative ¢/ = Dg/Da - da satisfies the following equation

dv ddo
! — —dz = Hy(I). 21
/qudx—i—/ldx g de=0 Yve Hy(I) (3.21)

Now, it is easy to show the differentiability of the functional J (@, q, «).

Theorem 3.3. Let the hypotheses of the Theorem 3.2 hold. Let (d,p,q,a) € Aqq have Gateauz derivative
i@ € HY(Q(«)) satisfying (3.6). Let ¢ € L?(I) satisfy (3.21). Then, the functional in (1.7) defines a mapping

I (ti(ex), q(ev), @) © Qag — R. (3.22)

This mapping has a Gateaux derivative J' (U, q, ) in the direction doe = &—« for all admissible &. Furthermore,
we have

ou ou

r, On on

T'(ii(), a(a),0) = =2

~5a:21// Vi -Vi'dZ+v ‘7~ﬁ)ds+ﬁ/qq’dx, (3.23)
Q) I

where V is defined by (0,0c) on Ty, and 7 the unit vector normal to the boundary.

Proof. The results are a consequence of Theorem 3.2 and Lemma 3.1. Let o and a be given in Q,q. We set
da=a—aand oy = o+ tda. We can write

an( / Vi, - Vi, di — VU-V@’df) - nrnZ( / Vi, - Vi, df — va‘t-vmdf)
=0 1\ Jo(ay) (o) =0 L\ Jo(ay) 2(a)

+nm5(/ Vﬁt-Vﬁtdff/ V6~Vﬁd§:')
=01\ Joa) Q(a)

which converges, from Theorem 3.2 and Lemma 3.1, to

2 va-va'df+y/ (V- va) (V - ) ds
Qo) I's

as t tends to zero. The theorem follows by writing

I ou ot , -5
/Fa(Vu-Vu)(V-n)dS— Fa%%(V-n)ds

since @ = 0 on I'y. The derivative of the term involving ¢ is obvious and this completes the proof. ([
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3.3. The optimality system

We show that the optimal control problem implies a first-order necessary condition. If (@, p, g, ) is an optimal
solution, then for every da = & — « such that & € Q,q and for every A € RT, we have, from the definition of an
optimal solution,

J (e + M), g(a + ANda), a + Ada) > T (U, ¢, o).
The above inequality implies

J(@(a + Noa), g(a + Mda), a + Ada) — J (U, q, o)
A

>0 if A>0.

The limit must be non-negative when A tends to zero and this leads to the following first-order necessary
condition.

Theorem 3.4. If (i, p, q,«) is an optimal pair for the problem in (2.2) and the functional in (1.7) is Gateaux
differentiable, then the necessary condition for a to be a minimizer is

J'(u,q,a0—a) >0 (3.24)

for all @ € Quq such that &' € Bay.

We recall that the set of all @ € Qg such that &” € B,q is a convex closed set and is not empty from the
definition of Bgq.

In Theorem 3.7, we shall show that the condition (3.24) can be written explicitly and the solution of the
problem in (2.2) satisfies a system of equations and variational inequalities. In order to do this, we will need
the following interesting preliminary results.

Lemma 3.5. Let a and & be in Quq with 0o = & — v and @' be defined by (3.6). Then, for every h in
H(Q(a)), we have

/ Vhy - Vi'dZ = —v (V-i)ds,
2(a)

where V = (0,da) is defined on Ty, and W is the solution of the linear adjoint problem

va(w, ) + c(v; i, W) + c(i; U, W) + b(v,0) = — Vhy - V#dZ VT e HY(Q()
Qo)
b(w,q) =0 Vg€ L3(Q(a)) (3.25)

<117, §>p(a) =0 Vse H71/2(F(04)) .
Proof. If we write the first equation in (3.25) with test functions in H!(Q(«)), we have
va(w, V) + ¢(T; 4, W) + c(u; U, W) + b(¥,0) + / (ol —v—) -Uds = — Vhy - V#dE VieH(Qa)).
I'(a) on Q(a)

By using this equation with ¥ = @’ and ¢ = p’, we can write

—

— VEQ-V’L_[/df:/ (oﬁ—ya—w)-E’ds—i—ua(u')’,ﬁ’)+c(ﬁ’;ﬁ,1ﬁ)+c(ﬁ;ﬁ’,1ﬁ)—|—b(€[’,o). (3.26)
2(a) r(@) on
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The result follows from (3.6), the weak equation for the Gateaux derivative, with ¥ = & and from b(, p’) = 0.
In fact

ow, 0u - oW\ 0 , -
] - S - Ny 1 - YW, Yv . _ = e Whded N
va(d', @) + c(d'; d; W) + c(u; u’, @) /Fa(on V5 ) 8n( ) ds /1“ ( on—l—uan) o (V-n)ds
ow ou -
. _ 0u _ Ous
smcen-%—E—O(see [29)). O

Lemma 3.6. Let o and & be in Q,q with o = & — a and ¢’ be defined by (3.21). Then, for every q in L*(I),
we have

dp déa
"de= [ £ =24
ﬁ/qu =]

where p is the solution of the linear equation

/I(/Hﬁq)aﬁdx:o Vo € L*(I). (3.27)

Proof. The proof follows easily by combining (3.21), (3.27), and the boundary conditions for a. O
We now write out conditions (3.24) explicitly, using the solution of an adjoint system.

Theorem 3.7. If (i, p,q,a) is optimal for the problem (2.2), satisfying the hypotheses of Theorem 3.2, then «
18 solution of

J' (1, q,0) (W, p,& —a) >0 Va € Qua, (3.28)
where
. ., ouou Ouow\ -~ . dp d¢
I — S — . —_—

The vector ‘7(() s simply (0,¢), 7 is the unit normal to Ty, and p+ Bq = 0, where q € Baq and the function
W is solution of the adjoint system
va(wW, V) + c(0; @, W) + c(u; U, W) + b(v,0) = —2v fﬂ(a)(Vﬂ' V) dE VT e H(Q())
b(w,q) =0 Vqe L§(Q(a))
w=0 Viel(a).

(3.30)
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Proof. Let (4, p,q,«) be an optimal solution of the problem (2.2). By Theorem 3.3 we compute the Gateaux
derivative of the functional J (i, ¢, ) and then Lemma 3.5 completes the proof. We have

ou ou
Ta 8n8

DJ (i 3}
J'(i@(a), (@), o) = % ~6a:21// Vi Vi di + v (V - 7) ds+ﬂ/ qd dz,
2(a)

where @’ is a solution of (3.6), ¢’ solution of (3.21), V defined by (0,¢) on I'y and 7 the normal unit vector.
Now, by using Lemmas 3.5 and 3.6, we obtain

dp déo 1// (8u8u 8u8w)(‘7(6a)-ﬁ)ds,
r

P = [ %00

Ondn  On on
where @ is the solution of (3.30). Now, the theorem follows from Theorem 3.4 and ( = dav = @ — o d
To summarize, in order to solve the optimal problem for (4, ,0,q, b, ) by using the adjoint equation

method, we have to solve the Navier-Stokes system

va(il, ©) + e(i@; @, 9) + b(¥,p) = (f,7) V7€ Hy(Q(a))
b(d,q) =0 Vg€ L§(Qa)) (3.31)
(@ 5@ = (G.8r@  ¥§e H*(I(a),

the adjoint system

va(@, ) + o(@: @, 5) + o(@ @, 7) + b(7, 0) = 721,/ Vi Vidi Ve HyQ()

Qo)
b(w,q) =0 Vqe L)) (3.32)
(@, 8)r@ =0 V&¥e HV2(I(a)),

and the inequality
L' (o) (b, a —a) >0 (3.33)

for all & € Cyq. The function L'(@, o) (W, ¢) is defined by

d%a d2 il 0 0 DY
!/ -z Tz =4
L, 5/ ”/Fa (anan an an) V(e) - ds,

with boundary conditions a(a) = 21, a(b) = 22, and &/(a) = o/(b) = 0. The quantities ¢ and u can be computed
through

da dv 1
/quda:ff/ad—d Vv € Hy(I) (3.34)

and p + (g = 0, respectively.
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3.4. The shape gradient

We now have two methods for computing the shape gradient. Given a direction da and a candidate optimizer
(4, p,q,a), we have that the shape gradient is given in terms of the sensitivity variables by (3.23), where
V= (0,0c) and where the flow sensitivity @’ is determined from (3.6). Alternately, the shape gradient is given
in terms of adjoint variables by (3.29), where the adjoint variables @ and p are determined from (3.30) and
i+ Bq = 0, respectively.

It is important to note that the sensitivity equations (3.6) involve da through the appearance of V. Thus,
if one changes the direction dcr, one must recompute the sensitivities. On the other hand, the adjoint system
(3.30) is independent of the choice of da. This can have a profound effect on the cost of determining optimal
solutions through methods that use the shape gradient. For any candidate optimizer (,p,q, ), the shape
gradient can be computed for multiple directions da with a single linear adjoint system solution. On the other
hand, the sensitivity equation must be solved for each distinct direction da.

Of course, flow sensitivities are of interest in their own right. They describe how and where changes in the
parameters that determine the shape of the boundary affect the flow. However, in the optimal control setting,
it seems that using the adjoint equation approach to determining the shape gradient is more efficient.

4. THE LAGRANGE MULTIPLIER METHOD

4.1. Preliminaries

In this section, we show that the Lagrange multiplier technique is well posed and can be used to obtain the
first-order necessary condition. Further, the Lagrangian map can be shown to be strictly differentiable for all
values of the external force and this allows us to apply the Lagrange multiplier method to a wider range of
problems and completes the theoretical treatment of the problem for arbitrary values of the viscosity. Also,
this method gives a different and better theoretical insight into the control process, allowing us to write the
inequality constraints in a different form.

First, we introduce auxiliary variables that allow us to transform the inequality constraints into equalities
and then invoke well-known derivations for equality constrained minimization problems; see, e.g., [3] or [39].

We begin by replacing

co < a<dy and co < q<ds Ve el (4.1)

by
o — o> —a?, +s2 = 0 Ve el (4.2)
lg—ql* —q4 +s5 = 0 Ve el (4.3)

for some sy € L%(I) and sop € H?(I), where ag = (co + do)/2, g0 = (c2 + d2)/2, am = (do — c0)/2, and
gm = (d2 — c2)/2. Clearly, if (4.2)—(4.3) are satisfied, then so are (4.1). Also, note that if (@, p, ¢, ) is a solution
of the optimal control problem, then there exist sg, s2 such that «, ¢ and sg, so satisty (4.2)—(4.3).

In this section, we let I'(a) be piecewise C'! in agreement with the proposed model problem and § €
H3/2(T(a)) where Jo(ay G- 7ids = 0 with § = OonTyNTy, §=g1 € HY2(T)) on T and § = G, € H¥2(T'y)
on FQ.

The Lagrange multiplier method proposed here is based on an embedded technique method. We write the
Lagrangian on a larger domain and then choose the solution that fits our domain forcing the boundary values
as a constraint.
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Let Q be an open bounded domain with boundary [ € C'! with convex corners which contains Q(«) for

all . We use the “hat notation” for functions on Q. Also let f € L2( ) be the body force on the extended
domain as previously discussed.

Let By = (H2(Q) N HY()) x (L3(Q) N HY(Q)) x Bag x Qaa x HA(I) x LX(I), By = H1(Q) x L3(Q) x
H'/2(I) x H'/?(D(a) = Ta) x L*(I) x H*(I) x L'(I) and Bs = H-1(Q) x L(Q) x HY/2(I) x HY/2(I'(a) — Ty X
L2(I) x W2Y(I) x LY(I). We equip B;, B, and B3 with the usual graph norms for the product spaces involved.

We define the nonlinear mapping M : B, — B; by M(u,p,q,c,so,82) = (11,12,13,14,15,16,17) for
(W, p, q, o, o, $2) € B; and (Z_i,lg,l_;,,l_;;,l5,lg,l7) € Bj if and only if

va(t,0) + c(@; 0, 0) + b(©,p) — f-adf:/jl.adf Vo e HY(Q)
Q

fo)}

b, 3) = /A L2dF VZe L2(@)
Q
/ a-gds:/fg-gds vse H™Y2(I)
Fa
sds—/ Iy-5ds  VSe H Y2(D(a) —T4)
T'(a)— do d I'(a)-T
/quer/—a—vda:—/lg,vd:p Vv e HA (D)
I

I dx dz
(a—ap)?—a? +si=1ls Vel

(- @) —¢ +s3=1; Vael

with a(a) = 21, a(b) = 22, and (a) = o/(b) = 0. The set of constraint equations in the optimal shape
control problem can be expressed as M (u,p, ¢, o, S0, S2) = (6, 0,0,0,0,0, 0) when the test functions v,z vanish
outside Q.

Given (u1,p1,q1, 1) € Aqd, we define another nonlinear mapping @ : B; = RxB; by Q(u, D, q, @, So, S2) =
(a,11,12,13,14, 15, lg, I7) if and only if

j(aaqaa)ij(ﬁlﬂqlaal) - a (45)
M(ﬁ,ﬁ,q,a,so,sQ) (Z_i,lg,l_;g,,l_;;,l5,lﬁ,l7) . -

4.2. Differentiability

These mappings are strictly differentiable, as is shown in the following lemma. We recall the notion of strict
differentiability (see [39]). Let X and Y denote Banach spaces, then the mapping ¢ : X — Y is strictly
differentiable at = € X if there exists a bounded, linear mapping D from X to Y such that for any € > 0 there
exists a 0 > 0 such that whenever ||z — z1||x < ¢ and ||z — x2||x < ¢ for z1,22 € X, then

lp(z1) — p(x2) — D(z1 — 22)|ly < €ll71 — 22| x -
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The strict derivative D at the point x € X, if it exists, will often be denoted by D = ¢'(x). The value of this
mapping on an element = € X will often be denoted by ¢'(x) - Z. In the next theorem we can identify X = B,
and Y = Bas.

Lemma 4.1. Let the nonlinear mappings M : B, — B; and Q : B; — R x Bj be defined by (4.4) and (4.5),
respectively. Then, these mappings are strictly differentiable at a point (U,p, q, o, S, s2) € By and its strict
derivative is gwen by the bounded lmear operator M’(u s 4, e, s0, s2) : By — Ba, where M'(u,p,q, «, so, $2) -

(11712713,14,15,16,17) € B2 if and only if

va(@, ) + (i 8, 5) + c(@: 1, 5) + b(B, ) = [ I, 5d7 Vi e HY)
Q

b(ii, 3) = [ L2di Vze 2O
Q

—

a.g'ds+/ (‘7(&)~ﬁ)(k+§)ﬁ'~§'ds:/73~§'ds V5 e HY2(I)
T I

n
/ u-5ds = Iy-5ds  V§e H Y2(D(a) —T,)
I'(a)-Tq 5 d I'(a)—-Tq (46)
~ a AU
/qud:nJr/Iaadxf/llg,vdx Yo € HY(I)

20(a —ag) + 25050 =1 Vel

2G(q—qo) + 28289 =17 Vaxel

d(a) =a(b) =& (a) = &'(b) =0,

where ‘7(~) (0, @), K denotes the curvature, and i is the normal vector to T',. Moreover, the strict derivative
of Q at a pomt (u D, q, a, So, 82) € B, is gwen by the bounded lmear operator Q' (u p.g, @, 50, 52) B; =R x B2,

j/(aaqv ) (ﬂ ﬁa aaa §0;32) o a (4 7)
M'(u,p,q, , s0,52) - (U, D, q, @, 50, 52) (I, 12,1314, 15,16, 17) |’ '

where

ouou , -
J' (4,q, U, P, q, @, 80, 52) ﬁ/qudx—i—V V(a ds—|—2/ Vu - Vu)dz).
(@ g.0) - ( 03) =1 | (. nan V@7 (78 VD))

Proof. The linearity of the operator M'(u, p, q, c, So, $2) is obvious and its boundedness follows from the conti-
nuity of the forms a(,-), b(-,-), and ¢(-, -, ) combined with the trace theorem for Sobolev spaces. Likewise, the
linearity and boundedness of the operator Q' (u, p, ¢, o, S0, s2) are obvious. The fact that M'(u, p, q, «, so, $2) is
the strict derivative of the mapping M (u,p, q, «, So, S2) also follows from the continuity of the trilinear form
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~
*

c(+,+,+). Indeed, we have that for any (@, D, q, @, so, $2) € B, and for all (w,T, g, 7, Wy To, T2) € B3,

<(@,?,é:77,u,To,Tz),M(ahﬁhthq,801,821) — M (U, P2, 2, a2, S02, S22)
*Ml(aaﬁa q, @, S0, 52) - (U1 — U2, P1 — D2, 1 — G2, 01 — (2, S01 — S02, 521 — 822)>
= va(tiy, @) + c(Uy; U1, @) + b(@, pr) — (f, @) + (@, 7)

— (valiz, @) + el 2, ®) + b(@, 52) — ([, @) + b(iiz, 7))

—(va(uy — Uz, @) + c(Uy — Uz; U, W) + c(U; Uy — Uz, W) + b(W, p1 — P2) + b(Ur — Uz, ?))
@ [ @ gds
I(a)—Tq, T'(a)—Ta,

7/ ﬁ~(ﬁ17ﬂ2)ds+/ §~ﬁ1ds—/ 0ty ds
I'(a)—Tq Ca, Loy

7/ 9_'~(ﬁ17ﬂ2)dsf/ (V(alfag)-ﬁ)@(kJri)ﬂds
I ., on

+ To((a1 — a0)2 + 581 — (g — a0)2 — 832 —2(a — ag) (a1 — az)

~

—2s0(s01 — 802)) + T2 ((fh —q0)* + 53 — (¢2 — q0)° — s3,

—2(¢ — 90)(q1 — q2) — 252(521 — 822))d36,

where V(z) = (0, 2). From Lemma 3.1 we have that for every €|lay — || g2/4 > 0 there exits a 6, > 0 such
that

‘/ 5-@(13—/ 5-@(13—7:/ (Flow—a) - 70) (e + L)@ @) ds | < Sl — asll=n
Fai Ta Ta an 4

for i = 1,2 for all ¢ < §;. Therefore, we have

|<(@,?,§,77’M770,T2)’M(al’ﬁl,m,al,sm,sm) —M(a27172,Q2,042,802,822)

—M'(@,p,q, v, S0, 52) - (U1 — Uz, 1 — P2, q1 — g2, 01 — 2, So1 — S02, S21 — 822)>|
€ -~ ~ ~ ~ — ~ ~ ~ ~ —

<5 llon — aollm2(r) + le(Uy — Ua, U — Uy, W) + c(U — Up, Uy — U, W)]

+t(/r (V(an — a) - 7) (s + a%)(al ) - Gds

e%
—

+ [ (Ve = an) i)+ 5@ - 1) Gas)

+/To((oz1 —ag)(a1 — a4+ s — a) + (s01 — S02)(S01 — So + So2 — 80))
I

+7’2((Q1 — @)1 — g+ q2 — q) + (s21 — 22) (821 — 82 + S22 — 82)) dx
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for all t < §7. Then, by using the continuity of the form c(, -, ), the Sobolev imbedding theorem, and the trace
theorem, we have, for some constants C1, Cs, Cs,Cy > 0, that

| M (@1, p1,q1, 00,501, 521) — M (U2, D2, g2, 02, 502, 522)

—M'(4,p, q, a, s0,52)) - (U1 — U2, P1 — P2, q1 — g2, 1 — A2, S01 — S02, 521 — 522)||g,

IN

€ —~ —~ ~ —~ ~ ~ —~ ~
5 lon — azllz + Cr([[ur — w2y |w — @l + [[ur — w2l || — u2)
+Cs (|l — alla2f[ur — w2l + |l — az|l2]|a — uz|)
+C:3(||041 —ag|la(l|a — aill2 + [Ja — azll2) + lgr — q2[|([lg — q1ll + llg — g2]])

+[s01 = s02||(llso — so1 |l + [[so — sozll) + [[s21 — s22||([|s2 — s21| + [|s2 — 822||))

IN

€ ~ ~ o~ ~
5 lar — azll2 + Cul|(@1 — U2, p1 — P2, @1 — g2, 1 — @2, S01 — S02, S21 — S22]|g,
(H(@*ahﬁ*ﬁlafI*(h,Oé*Oél,So*801,82*821)||]§1

+1(@ — U2, P — P2,q — g2, ¢ — @2, 82 — 02, 82 — 822)H]§1)

for t < 61. Then, for any € > 0, by choosing § = eCy4/2, we have that, whenever ||(¢ — U1,p — p1,q — q1, @ —
a1, 80 — o1, 2 — s21)||g, <6 and [|(U — U2,p — P2,q — g2, — @2, S0 — So2, S2 — s22)||g, <,

| M (w1, p1,q1, 1, 801, 821) — M (U2, P2, g2, 2, S02, S22)
—M’(@,ﬁ,q,a,so,SQ) : (@1 - a2,151 —§27Q1 — g2, — Q2,501 — S02,521 — 822)H]§2

< el (ur — Uz, p1 — P2, g1 — g2, 01 — @2, S01 — S02, 821 — 522)| g, -

Thus, the mapping M is strictly differentiable on all of ]§1 and its strict derivative is given by M’.

Using the strict differentiability of the mapping M and Lemma 3.1, it is then easy to show that the mapping
Q is also strictly differentiable and that its strict derivative is given by @Q’. O

From the mapping (4.6) we can write the Gateaux derivative for our Navier-Stokes system and recover the
results of the previous sections. In fact, the solution (i, p) of the Navier-Stokes system with boundary defined
by I'(«) can be seen as the restriction to Q(«) of the function (u, p).

Let By and By be the space generated by all the restrictions from Q to Q(«) of the functions in ]§1 and ]§2

respectively. With test functions in H(Q(«)) we write the mapping M’ (i, p, q, @, S0, 52) as

va(@, §) + e(i @, §) + c(it; T, §) + b(7, ) :/ L-5d7 V7€ HA Q)
()
b(u, z) = / lozdZ Vze Li(Qa))
Q)

u-5ds+ (V-ﬁ)(k+ai)ﬁ-§ds:/73-§ds v§e HV2(I)
1

To Ta n
/ - 5ds = l,-5ds Ve H V2(T(a)—T.) (4.8)
I'(a)-Tq a)—Tq

r
/vq~dx+/d—z@dx: Isvdx Vv € Hi(I)
I I

with a(a) =0, a(b) = 0 and &' (a) = &'(b) = 0.



ON A SHAPE CONTROL PROBLEM FOR THE STATIONARY NAVIER-STOKES EQUATIONS 1255

From (4.8), we note that the regularity of the Gateaux derivative cannot be the same as the solution of the
Navier-Stokes system. In fact, the boundary conditions for the Gateaux derivative implies a different degree of
regularity.

Also, we note that the map M'(4, p, ¢, a, o, $2) in (4.8) assumes exactly the same values of the restriction of
M'(u,p,q, a, so, s2) to Q(«a) since no further information is necessary to identify the function over the domain
Q(a). The use of (4.8) or (4.6) over the domain Q(«) is equivalent and therefore in the rest of the paper we always
work with these operators on the domain Q(«) and use the notation M’(i, p, q, a, so, s2) and Q' (4, p, ¢, a, S0, S2).

Next, we prove some further properties of the derivatives of the mappings M and Q.

Lemma 4.2. Let (i, p,q, a, so, s2) € B1 denote a solution of the optimal control problem. Then we have
(i) the operator M'(,p, q, o, So, $2) has closed range in Ba;
ii e operator Q'(i, p, q, e, S, $2) has closed range in R x Boy;
ii) th t (@ has closed in R x B

(iii) the operator Q' (i, p, q, v, So, S2) is not onto R x Ba.

Proof. In order to show (i), we shall show that the range of the last three equations in (4.8) is (L*(1) x HZ(I)N
H}(I)x L?(I)) and the range of the other equations is closed. At the moment we focus our attention on the last

&'(a) = &’ (b) = 0, then the range of the last three equations is clearly a subset of (L?(I)x HZ(I)NHa (I)x L*(I)).
Also, for all (I5,ls,17) € (L*(I) x H3(I) N HY(I) x L*(I)) we can find an element (g, &, 50, 52). In fact, since
(@, p,q,a, S0, s2) is an optimal solution, then the equation (o — ap)? = a2, — s3 implies that the quantities
(o —ap) and sp cannot be zero at the same time so that we can always solve the sixth equation with 55 = 0 and
a = lg/2(a — ap) or with & = 0 and 5 = lg/2sq for all ls € HZ(I) N H}(I). In an analogous manner, this can
also be done for the last equation in (4.8). Also, we note that if so = 0, the solution is & = ¢y or a = dp and
if so = 0 the solution is ¢ = ¢o or ¢ = dz. The definition of B,4 and the corresponding choice of the constants
co, dp, c2, and ds imply the existence of solutions also when sy and sy are both zero.

Thus, the question of the closedness of the range of the operator M’ : By — By reduces to the like question
for the inhomogeneous Stokes operator S : H2(Q(a)) N HL(Q()) x HY(Q(a)) N L3(Q(a)) — HL(Q()) x
LE(Q(a)) x HY?(T(a)) defined as follows: S (@,p) = (lh,l2,15) if and only if

va(@,9) + b(0,p) — (¥, f) = (h,7) V7€ Hy(Q(a))

b(w,z) = (I2,z) Yze L*(Qa))

[ @-gesas= [ hesds seH VAT,
I'(a) I'(a)

(4.9)

where f € L2(Q(a)), § € H¥2(I'()), and I'(a) is piecewise C! with convex corners. The fact that the
operator S has closed range in H™1(Q(a))) x L2(Q()) x HY2(I(a)) follows easily from well-known results for
the Stokes equations; see, e.g., [37]. We can then conclude that the operator S has closed range in B, and,
since the operator M'(u, p, q, o, So, s2) is a compact perturbation of the operator S , we have, from the Fredholm
theory, that M’(u, p, q, o, g, $2) itself has closed range in By. Starting from (i), the proof of (ii) and (iii) can
be found easily by using the standard techniques in [18,19,21, 23]. O
The first-order necessary condition follows easily from the fact that the operator Q' (i, p, ¢, a, so, s2) is not
onto R x By; see, e.g., [18,22,23].
Theorem 4.3. Given (4, p,q,c) € Aqq. If (4, p,q,a,s0,82) € By is a solution of the optimal shape control
problem, then there exists a nonzero Lagrange multiplier (\,0, r,éﬁ,u,To,Tg) € R x B} satisfying the Euler
equations

(4.10)
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where (-,-) denotes the duality pairing between By and Bj.

4.3. The optimality system

Next, we examine the first-order necessary condition (4.10) to derive an optimality system from which optimal
states and controls may be determined.

Theorem 4.4. Let (4, p,q, a, So, $2) € B1 denote a solution of the optimal control problem. Then, if sg # 0
and s # 0, p is the solution of

dp d¢ 8u 8u 8u 8w _ . B 1
/(,u—i—ﬁq)vdxzo Vv € L3(I) (4.12)
I

for all « € H*(I) with a(a) = z1, a(b) = 22, and o/(a) = o/(b) = 0, where (@,r) € H{(Q(a)) x LE(Q(c))
satisfies the adjoint problem

va(w, V) + c(v; U, W) + c(u; U, W) + b(v,r) = 721// Vi -Vids Ve H Hy(Qa))
Q(a)
b(w q) =0 Vge L3(Q(a)) (4.13)

If so = 0 we have o = ¢o or o = dy. If s2 = 0 we have g = ca or ¢ = do which gives o through (2.1) and the
appropriate boundary conditions.

Proof. We write (4.13) in the following way

=/ (=ri+v_—) vd¥ —2v Vii-Vidi Ve HY(Qa)) (4.14)
Ta n Q(a)

The first-order necessary condition (4.10) is equivalent to

e L ou o - . ~
/\(QV/Q(Q)(VU'V’U,)dI—FV . B O (V(a) - n)ds—i—ﬁ/}qqdw)
+ va(i, @) + (i, @) + (i, i, @) + b, B) + b(ii,r) + /F G (P(@)- 1) g ds

- da d
_|_/ ﬁ'Ud3+/quI+/d dud +2/ o(a (o — ag) + 5080) + 72(q (¢ — qo) + s282)dz =0
T'(a)— I

Choosmg p=a=¢q=35) =52 =0 in the ﬁrst—order necessary condition yields (4.14), 0 = rii — 1/‘3—“’ on

I'n, and 77 = 0 on I'(a) — T'y. Choosing u = 0,0 =35 = & = 3, = 0 we recover (4.12) and, for w = 0,
D =39 =¢q= 352 =0, we recover (4.11). Thus, we have shown that this theorem holds for s; # 0 for ¢ =0, 2.

If s; = 0 for some i we have that a(® = ¢; or a9 = d;. For example, if sg = 0 we have a = ¢y or a = dp.
If s = 0 over an interval I then « should be parabolic with boundary condition determined by « outside I.
Starting from the value of (¥, all the quantities and in particular 7; can be easily determined. O
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It is obvious that the first-order necessary condition obtained in the previous section, when applicable, is
the same as that obtained by the Lagrangian formulation. The introduction of the variable sy and sy gives
an insight to the structure of the optimal solution but it is clear that it is not convenient in the numerical
computations. Numerically it is difficult to evaluate the variables sy and s; and many local extremal points can
be introduced in such an attempt.

As a consequence of the optimality system we have to solve

va(i, V) + c(@; @, ) + b(T,p) = (f,¥) VTeHQa))
b(i,r) =0 Vre L2(Qa)) (4.15)
(U, $)r(a) = (G, 5)r(ay V5 € HY3([(a))

va(w, V) + c(V; 4, W) + c(t; v, W) + b(v,r) = 721// Vi -Vidd Vi e Hy(Q(a))
()
b(iw,r) =0 Vre L3(Q()) (4.16)

du d¢ / QUOU _ QUOWY v oy g 1
/Idx ol (anan 8n8n)(v(<) A)ds=0 V(e HLI) (4.17)
da dv ., 1
—/Iaadx—/lqux Vv € Hy(I) (4.18)

with a(a) = 2z¢ and a(a) = 21, and

.qu+uﬂi—®20 (4.19)

for all @ € Quq and for all ¢ € B,y. The numerical solution of this system of variational equations and inequalities
is a rather important question and thus we propose a simple projected gradient algorithm (see [11,24]). In
practice, one cannot solve the system simultaneously and at each iteration the method requires the sequential
solution of the Navier-Stokes system (4.15) and the adjoint system in (4.16). The solution of the two Poisson
equations (4.18) and (4.19) is not very expensive but care should be taken to check that the shape « is in Cyq.
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