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Shape optimization for surface functionals in Navier-Stokes flow
using a phase field approach

HARALD GARCKE
Fakultdt fiir Mathematik, Universitdit Regensburg, 93040 Regensburg, Germany
E-mail: harald.garcke @ mathematik.uni-regensburg.de
CLAUDIA HECHT
Fakultdt fiir Mathematik, Universitit Regensburg, 93040 Regensburg, Germany
E-mail: claudia.hecht@mathematik.uni-regensburg.de
MICHAEL HINZE

Schwerpunkt Optimierung und Approximation, Universitdt Hamburg,
Bundesstrafie 55, 20146 Hamburg, Germany

E-mail: michael.hinze @uni-hamburg.de

CHRISTIAN KAHLE

Schwerpunkt Optimierung und Approximation, Universitdt Hamburg,
Bundesstrafie 55, 20146 Hamburg, Germany

E-mail: christian.kahle @uni-hamburg.de

KEI FONG LAM
Fakultdt fiir Mathematik, Universitdit Regensburg, 93040 Regensburg, Germany

E-mail: kei-fong.lam@mathematik.uni-regensburg.de

[Received 22 April 2015 and in revised form 12 November 2015]

We consider shape and topology optimization of an object in fluid flow governed by the Navier—
Stokes equations. Shapes are modelled with the help of a phase field approach and the solid body is
relaxed to be a porous medium. The phase field method uses a Ginzburg-Landau functional in order
to approximate a perimeter penalization. We focus on surface functionals and carefully introduce
a new modelling variant, show existence of minimizers and derive first order necessary conditions.
These conditions are related to classical shape derivatives by identifying the sharp interface limit with
the help of formally matched asymptotic expansions. Finally, we present numerical computations
based on a Cahn—Hilliard type gradient descent which demonstrate that the method can be used to
solve shape optimization problems for fluids with the help of the new approach.
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1. Introduction

Shape optimization problems are a very challenging field in mathematical analysis and has attracted
more and more attention in the last decade. One of the most discussed and oldest problems is
certainly the task of finding the shape of a body inside a fluid having the least resistance. This
problem dates back at least to Newton, who proposed this topic in a rotationally symmetric setting.
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Nowadays, there are a lot of important industrial applications leading to this kind of questions.
Among others we mention in particular the problem of optimizing the shape of airplanes, cars and
wind turbine blades in order to have the least resistance or biomechanical applications like bypass
constructions. The wide fields of applications may be one of the reasons that shape optimization
problems in fluids received growing attention recently. Nevertheless, those problems turn out to be
very challenging and so far no overall mathematical concept has been successful in a general sense.

One of the main difficulties certainly is that shape optimization problems are often not well-
posed, i.e., no minimizer exists, compare for instance [20, 23, 28]. There are some contributions
leading to mathematically well-posed problem formulations, see for instance [25], but the geometric
restrictions are difficult to handle numerically. The most common approaches used in practice
parametrize the boundary of the unknown optimal shape by functions, see for instance [6, 24].
However, those formulations do not inherit a minimizer in general. For numerical simulations
typically shape sensitivity analysis is used. Here, one uses local boundary variations in order to
find a gradient of the cost function with respect to the design variable, which is in this case the
shape of the body. The necessary calculations are carried out without considering the existence or
regularity of a minimizer. But in the end one obtains a mathematical structure that can be used for
numerical implementations.

In [14], a phase field approach was introduced for minimizing general volume functionals in
a Navier—Stokes flow. For this purpose, the porous medium approach proposed by Borrvall and
Petersson [4] and a Ginzburg—Landau regularization as in the work of Bourdin and Chambolle [5]
were combined. The latter is a diffuse interface approximation of a perimeter regularization. This
leads to a model where existence of a minimizer can be guaranteed, and at the same time necessary
optimality conditions can be derived and used for numerical simulations, see [15]. In particular, this
approach replaces the free boundary I'" of the body B by a diffuse interface. Hence, it is a priori not
clear how to deal with objective functionals that are defined on the free boundary I'.

In this work, we study the following boundary objective functional:

[ vup, vy, (1.1

where & is a given function, u denotes the velocity field of the fluid, p denotes the pressure, V is
the inner unit normal of the fluid region, i.e., pointing from the body B into the complementary
fluid region E = B¢. The velocity u and pressure p are assumed to obey the stationary Navier-Stokes
equations inside the fluid region E, and the no-slip condition on I', namely,

—dive+(u-V)u=finE, (1.2a)
divu=0inE, (1.2b)
u=0onT, (1.2¢)

where 6 := 1 ( Vu+ (Vu)T) — pI denotes the stress tensor of the velocity field u, 1 > 0 denotes the
viscosity of the fluid, f denotes an external body force, and I denotes the identity tensor.

An important example of £ is the hydrodynamic force component acting on I" with the force
direction defined by the unit vector a:

h(x,Vu,p,v)=a-(ov)=a- (,u(Vu+ (Vu)T) —pI)v, (1.3)
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and so (1.1) becomes

fra-(av)d’}-ld_l :a-(frovd%d‘l). (14)

If a is parallel to the direction of the flow, then (1.4) represents the drag of the object B. If a is
perpendicular to the direction of the flow, then (1.4) represents the lift of the object.

In the work at hand we propose an approach on how to deal with boundary objective
functionals in the phase field setting. To be precise, we aim to minimize an appropriate phase field
approximation of the functional (1.1), and also the functional (1.4), which can be considered as one
of the most important objectives in the field of shape optimization in fluids. The fluid is assumed to
be an incompressible, Newtonian fluid described by the stationary Navier—Stokes equations (1.2).

For this purpose, we first discuss how we model the integral over the free boundary I' if it is
replaced by a diffuse interface and how the normal v can be defined in this setting, see Section 3.
Afterwards, we analyze the phase field problem for both (1.1) and (1.4) and discuss the existence of
a minimizer and optimality conditions, see Section 4. In Section 5, we focus on the hydrodynamic
force functional (1.4) and the corresponding phase field problem is then related to the sharp interface
free boundary problem with a perimeter regularization by the method of matched formal asymptotic
expansions. We find that the formal sharp interface limit of the optimality system gives the same
results as can be found in the shape sensitivity literature.

We then solve the phase field problem numerically, see Section 6. For this purpose, we derive
a gradient flow equation for the reduced objective functional and arrive at a Cahn—Hilliard type
system. After time discretization, this system is treated in every time step by a Newton method. We
numerically solve shape optimization problems involving drag and the lift-to-drag ratio.

2. Notation and problem formulation

Let us assume that Q cR?, d ¢ {2,3}, is a fixed domain with Lipschitz boundary. Inside this fixed
domain Q we may have certain parts filled with fluid, denoted by E, and the complement B:= Q\ E
is some non-permeable medium. In the following we will denote by v the outer unit normal of B,
i.e., the inner unit normal of the fluid region. The aim is to minimize the functional, given by (1.1),
where I':= dBNQ, subject to the Navier-Stokes equations (1.2). We additionally impose a volume
constraint on the amount of fluid. For this purpose we choose 8 € (-1, 1) and only use fluid regions
E c Q fulfilling the constraint |E| = @ 1.

We prescribe some inflow or outflow regions on the boundary of Q and choose for this purpose
gc H: (9Q) such that [, 8- Voo dH?! =0. Additionally, we may have some body force f € L*(Q)
acting on the design domain. Note that throughout this paper we denote R?-valued functions and
spaces consisting of R?-valued functions in boldface.

As already mentioned in the introduction, problems like this are generally not well-posed in the
sense that the existence of a minimizer can not be guaranteed. Hence, we use an additional perimeter
regularization. For this purpose, we add a multiple of the perimeter of the obstacle to the cost
functional (1.1). In order to properly formulate the resulting problem we introduce a design function
@ :Q — {£1}, where {¢ =1} = E describes the fluid region and {¢ = -1} = B is its complement.
The volume constraint reads in this setting as [, @ dx = B[Q|.

The design functions are chosen to be functions of bounded variation, such that the fluid region
has finite perimeter, i.e., ¢ € BV(Q,{x1}). We shall write Po(E) for the perimeter of some set of
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bounded variation E ¢ Q in Q. Besides, if ¢ is a function of bounded variation, its distributional
derivative D@ is a finite Radon measure and we can define the total variation by [D¢|(Q). For
@ € BV(Q,{+1}), it holds that

Do[(Q) =2Pa({@=1}). (2.1)

For a more detailed introduction to the theory of sets of finite perimeter and functions of bounded
variation we refer to [11, 17]. We hence arrive in the following space of admissible design functions:

@, = {(peBV(Q,{il})|fg(pdx:ﬁ|Q|}. 2.2)

Let ¥ > 0 denote the weighting factor for the perimeter regularization. Then, we arrive at
the following shape optimization problem for the functional (1.1) with additional perimeter
regularization:

. 1 Y
Ji = [ —n d|Dol|+ £ Dol (Q 2.3
(min o(@,u,p) [gz (x,Vu,p,ve)d| <P|+2| ?1(Q), (2.3)

subject to @ € ®°, and (u, p) € H'(E) x L*(E) fulfilling

—pAu+(u-V)u+Vp=finE={¢p=1}, (2.4a)
divu=0inE, (2.4b)
u=gondQndE, (2.4¢)
u=0onT=QnJE. (2.4d)

Here, we used the relation (2.1) to replace the perimeter of E with % |De|(Q). Furthermore, by the
polar decomposition

Do = v,|Dg| for ¢ € BV (Q,{1}), (2.5)

of the Radon measure D@ into a positive measure |D¢@| and a §9=1_valued function Vo €

L'(Q, |D(p|)d, see for instance [1, Corollary 1.29], we replace the product of the normal and the
Hausdorff measure in (1.4) by %V(p d [Do|. In particular, v, can be considered as a generalised unit
normal on JF.

We remark that the shape optimization problem (2.3) for the hydrodynamic force component
(1.3) have been studied extensively in the literature. In the work of [2], the boundary integral (1.4)
is transformed into a volume integral. This is also done in [7, 25], but in the latter, the compressible
Navier—Stokes equations are considered. We also mention [21], which utilises the approach of
Borrvall and Petersson [4] and the volume integral formulation. The shape derivatives for general
volume and boundary objective functionals in Navier—Stokes flow have been derived in [26]. Finally,
we mention the work of [3], which bears the most similarity to our set-up. Under the assumption
that the set E = {¢ = 1} is C* and that there is a unique, sufficiently regular solution u to (1.2), the
analysis of [3] obtained, via the speed method, that the shape derivative of

J(E) = fra. (,U(Vu+(Vu)T) _pI)Vde—l
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with respect to vector field V is given by (see [3, Theorem 4, Equation 39])"

DIE)V]= [(V(0).V)(F-a+udvg:dyu)dH’™, 26)
where q is the solution to the adjoint system (see [3, Equation 33.2]):
~uAg+(Vu) qg-(u-V)g+vr=0inE, (2.7a)
divg=0inE, (2.7b)
g=aonl, (2.7¢)
qg=00ndQnJE. (2.7d)

Here, we denote the normal derivative of a scalar o and of a vector 8 as
ova:=va-v, of:=(VB)v. (2.8)

We note that as u satisfies the no-slip boundary condition (2.4d), u has no tangential components on
QnJE. Thus, we obtain

Vu=odyu®vonI'=QndE. (2.9)

Using the divergence free condition (2.4b), and the no-slip condition (2.4d), we obtain on I":

d
0=divu=tr(Vu) = dyu;vi = dyu-v = (Vu)" v=(dyu-v)v=0, (2.10)
i=1
which in turn implies that
J(E)=fra-(o'v)d7-[d_1 =/l:a~(/.LVu—pI)vd7-[d_l. 2.11)

This is similar to the setting of [26, Remark 12] and by following the computations in [26] one
obtains (2.7) as the adjoint system and the shape derivative of (2.11) for a C> domain in the direction
of V is”

DJ(E)[V] = fr(V(O),w(—uav(avu)-a+avp(a-v)+uavq-avu) apd-!
—fr(V(O),v)divr(u(Vu)Ta—pa) dnt, (212

where divr denotes the surface divergence. We introduce the surface gradient of f on I" by Vrf
with components (D, f)1<k<q4, and with this definition we obtain divrv = 22:1 D, vy for a vector field
v. Moreover, in components, we have

d
8v(8vu) ‘a= Z vic9,-(vj8juk)ak.

i,j,k=1

' We remark that in [3], the normal n is pointing from the fluid domain to the obstacle, i.e., in comparison with our set-up,
n=-Vv.

2 We remark that in [26, Remark 12] the term divy(u(Vu)a) appears instead of divr(u(vVu)”a), which we believe is
a typo.
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REMARK 2.1 In [26, Remark 12], the term pdy (dyu)-a appearing on the right hand side of (2.12)

2
is originally given as Zf-l k=1 vi%vjak. This is related to dy(dyu) - a by the formula
s 10x;

d azuk d
Vi—Via; = 9y (dyu)-a- V0,V 0 upa, (2.13)
i!jyzkal l&x,’ax]‘ J V( v ) i7]£1 vy

where V = (V;)1<;<q denotes an extension of v off the boundary I to a neighborhood U > T" with
|[V|=1nearT"and V |[p=V.
By (2.9), we see that djuy = dyugv; on I, and so

d d d
Z via,-f/jc?jukak = Z v,»&,-\?jvj(?vukak = Z %v,-&,-( |\~/j|2 )8vukak =0. (214)
ijk=1 ij k=1 ijk=1

Thus, the last term in (2.13) is zero and we have the relation

i b LW (dvu)-a (2.15)
e laxia_Xj jlk = Ov\ Oy ) .

whenu=0onT.

Based on Remark 2.1, if (u, p) are sufficiently regular, then a short computation involving (2.15)
shows that on I,

-u divr((Vu)Ta) —uoy(dyu)-a+dyp(a-v)+divr(pa)

d d
:—uzgi(&uj)aj—p. Z v,-&k(8,~uj)vkaj+Vp-a
i=1 ijk=1

=—UAu-a+Vp-a=f-a+(u-V)u-a=f-a,

where we have used the no-slip condition (2.4d), and hence (2.12) is equivalent to (2.6).

3. Derivation of the phase field formulation

The problem derived in the previous section has several drawbacks. First, it is not clear if this is
well-posed, i.e., if for every @ ¢ @2 4 there is a solution of the state equations (2.4) and if there exists
a minimizer (@,u,p) of the overall problem (2.3)-(2.4). Second, optimizing in the space BV (Q)
is not very practical. Deriving optimality conditions is not easy and it is not clear how to perform
numerical simulations on this problem. Hence, we now want to approximate the complex shape
optimization problem (2.3)—(2.4) by a problem that can be treated by well-known approaches. To
this end we introduce a diffuse interface version of the free boundary problem by using a phase field
approach.

3.1  The state equations in the phase field setting

In this setting, the design variable ¢ : Q — R is now allowed to have values in R, instead of only the
two discrete values +1, and inherits H'(Q) regularity. In addition to the two phases {¢ = 1} (fluid
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region E) and {@ = —1} (solid region B), we also have an interfacial region {-1 < @ < 1} which is
related to a small parameter € > 0. By [22], we know that the Ginzburg—Landau energy

1
Ee:H' Q) =R, E&(9)= [ ZIvol+ v(p)dx 3.1)

approximates @ — ¢o|D@|(Q) =2¢oPo({¢ = 1}) in the sense of I'-convergence. Here,

1 1
co ::E[1 2 (s)ds (3.2)

and y: R — R is a potential with two equal minima at +1, and in this paper we focus on an arbitrary
double-well potential satisfying the assumption below:

ASSUMPTION 3.1 Let y e C!(R) be a non-negative function such that w(s) = 0 if and only if
s €{£1}, and the following growth condition is fulfilled for some constants cy,c;,f >0 and k > 2:

atf <yt) <t Vi 21.

Additionally, we use the so-called porous medium approach for the state equations, see also
[14, 15]. This means that, we relax the non-permeability of the solid region B outside the fluid
by placing a porous medium of small permeability (@;)~' < 1 outside the fluid region E. In the
interfacial region {-1 < ¢ < 1} we interpolate between the equations describing the flow through the
porous medium and the stationary Navier—Stokes equations by using an interpolation function ¢
satisfying the following assumption:

ASSUMPTION 3.2 We assume that o € C!*' (R) is non-negative, with ot (1) = 0, 0 (~1) = @ >0,
and there exist 54,5, € R with s, < -1 and 55, > 1 such that

o (s) = 0 (s4) for s < sq, (3.3)
o (s) = ag(sp) for s > sp. ’

Moreover, we assume that the inverse permeability vanishes as € \ 0, i.e., limg\ o &g = 0.

In particular, we have that

0<ae(s)< sup oe(t)<oo VseR,
t€sa,sp ]

i.e., o € L*(R). The resulting state equations for the phase field problem are then given in the
strong form by the following system:

O (Q)u—pAu+(u-V)u+Vp=finQ, (3.4a)
divi=0 in Q, (3.4b)
u=_gonadQ. (3.4¢)

Later we add [, %ag((p) |u|2 dx to the objective functional and this ensures that in the limit £ \ 0,
the velocity u vanishes outside the fluid region, and hence the medium can really be considered as
non-permeable again. In the following, we will use the following function spaces:

H) 5(Q) = {v e H)(Q) | divw=0}, H} (@)= {veH'(Q)|v]so - g. divv =0},
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and for the pressure we use the space L3(Q) := {p eL*(Q)| [opdx = 0}. The function space of
admissible design functions for the phase field optimization problem will be given correspondingly
to (2.2) as

u={oet'(@)] [ pax-plal}.

3.2 The cost functional in the phase field setting

We are now left to transfer the boundary integral in (2.3) to the diffuse interface setting where
the free boundary I' is replaced by an interfacial region. To this end, we apply a result of [22]
and approximate the perimeter regularization term with ﬁé’g (¢). Meanwhile, keeping in mind the
polar decomposition (2.5) and the relation (2.1), we consider the vector-valued measure with density
%V(p as an approximation to vd#H¢~!. Thus, for functions / that are positively one homogeneous
with respect to its last variable, we may approximate (2.3) with

1 Y
fQ Eh(x, Yu,p,vVo)dx + 27058((”-

Alternatively, we may appeal to the property of equipartition for the Ginzburg—Landau energy, i.e.,
it holds asymptotically that (see for instance, (5.28) in Section 5, or [9, Section 5.1]):

1 €
fgz‘gll/(%)—glwpdz dx ~0as €\ 0.

Hence, together with (2.1), and the fact that T-limit of £ (@) is the functional ¢ [D@|(Q), defined
for functions with values in {£1}, and +oco otherwise, we have loosely speaking

_ € 1 2
2coH! ]LFNCO|D(P|NE|V(P|2+E‘I’(‘P)NEV’((PX (3.5)

where §|V(p|2 + él//((p) and %l[l((p) are interpreted as measures on Q, by using their values as
densities. Here, we have identified I' = d{¢ = 1} nQ with its reduced boundary, then it holds that
% Do| = |Dx{q,:1}| =H? 1T, see for instance [1, Theorem 3.59].

The generalised unit normal v can be approximated by ‘g—%. To rewrite this into a more
convenient form, which is in particular differentiable with respect to ¢, we use equipartition of

energy and replace |V ¢| by é\ /2y (@), and obtain the approximation

1, Ve 1 _Jw(e)
covVdH g\/WgW((P)dx_ 5 Vedx. (3.6)

Hence, we may also approximate (2.3) with

L AT v
Con 2 (Vi p, V@) dx+ 5 - Ee(@), 3.7)

when we have again used that % is positively one homogeneous with respect to its last variable.
We note that in the bulk regions {¢ = £1}, we have y(¢@) = 0 and hence the functional (3.7) is
not differentiable with respect to ¢. Hence, we add a small positive constant J, to y in order to have
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Yy (s)+ 6 >0 forall s e R. However, we neglect the addition of this constant for the Ginzburg-Landau
regularization £ (@) in the objective functional because adding a constant to the cost functional will
not change the optimization problem.

In fact, for the analysis of the phase field problem, it is only important that & > 0. In Section 5
where we perform a formal asymptotic analysis, we will require limg-,o 8 = 0 at a superlinear rate
(see Remark 5.1).

3.3 Optimization problem in the phase field setting

Combining the above ideas, we arrive in the following phase field approximation:

. h o l 2 l(g ) l )
(g};g)Js(¢7u7p).——/S;zag(q))hd +2cO 2|V(p| +81I/((P) dx
h d 3.8
+ [ M(9)h(x,vup,v9)dx, (33)

subject to @ € D,y and (u, p) € Hy 5(Q) x L3(Q) fulfilling

/rog((p)u-thuVu-Ver(u~v)u-v—pdivvdx:fgf-vdx VveH)(Q). 3.9)

Notice, that (3.9) is a weak formulation of the state equations (3.4). Moreover, based on the
discussions in Section 3.2, the function M (¢) can be chosen to be

1 1
M(q)):ior/\/t(<p):a\/7"’(‘”2)+5f. (3.10)

The phase field approximation for the shape optimization problem with the hydrodynamic force
(1.3) is obtained from (3.8) by substituting

h(x,Vu,p,ve)=ve-(u(vVu+(vu)')-pl)a.

That is,

: 1 2 7 (8 > 1 )
J, P (= - d
(min, c(o,u,p) fgzae(fp)Iul * e 2|V<P| +8w(<p) X

+/g;/\/l((p)Vq%(M(Vu+(Vu)T)—pI)adx, (3.11)

subject to @ € @, and (u,p) € H;’G(Q) x L3(Q) fulfilling (3.9).

Let us point out the main novel contributions of the present paper when compared to earlier
works of [14, 15]. We now consider surface functionals which are important for many applications.
This was not possible with the earlier set-up in [14, 15], and leads to severely new difficulties as we
first of all have to approximate surface integrals with the help of the phase field diffuse interfacial
layer. Secondly, we now also need to approximate the surface normal with the help of the gradient
of the phase field variable. The additional highly non-linear terms lead to serious new difficulties
with respect to the analysis, asymptotics and numerical simulations.
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3.4 Possible modifications

3.4.1 Double obstacle potential. ~We could also use a double obstacle potential y: R > Ru{+oo}
instead of the double-well potential in Assumption 3.1, i.e.,

;(1-9%) if@e[-1,1],

3.12
+00 if |o|> 1. ©-12)

V(o) ={

Then, one has to treat the constraint |@| < 1 a.e. in the necessary optimality system either by
writing the gradient equation in form of a variational inequality or by including additional Lagrange
parameters. Numerical simulations could be implemented by a Moreau- Yosida relaxation as in [15].
A Moreau-Yosida relaxation also leads to a differentiable double-well potential, and here we
restrict ourselves to a differentiable potential where both settings can then be included in the above
mentioned way.

3.4.2 Inequality constraint for fluid volume. Another possible modification of the problem
setting would be to replace the equality constraint [, @dx = B|Q| by an inequality constraint
Jo 9 dx < B|Q]. This would make sense in certain settings, if a maximal amount of fluid that can be
used during the optimization process is prescribed and not the exact volume fraction. This would
not change anything in the analysis, only that the Lagrange multiplier for this constraint would have
a sign and an additional complementarity constraint appears in the optimality system.

3.4.3 Objective functionals with no dependency on the unit normal. We may also consider
objective functionals with no dependence on the normal, i.e., the boundary objective functional
(2.3) takes the form

fl_k(x, Vu, p)dHI". (3.13)

An example of (3.13) is the best approximation to a target surface pressure distribution in the sense
of least squares:

1 2
k(xvvuap) = §|p_pd| s

where p; denotes the target surface pressure distribution. Then, using (3.5), we deduce that the
phase field approximation of (3.13) is given by

1 1
a 0f v (@)k(x,Vu,p)dx.

If k(-,-,-) satisfies similar assumptions to Assumptions 4.1 and 4.2 (see below), one can adapt the
proofs of Theorems 4.6 and 4.10 to obtain existence of a minimiser and the corresponding first order
necessary optimality conditions.

4. Analysis of the phase field problem

In this section we want to analyze the phase field problem (3.8)—(3.9) derived in the previous section
as a diffuse interface approximation of the shape optimization problem of minimizing (1.1) for
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a Navier-Stokes flow. For this purpose, we introduce some notation for the nonlinearity in the
stationary Navier—Stokes equations. We define the trilinear form

b:HY(Q)xH (Q)xH' (Q) >R,

d
b(u,v,w)::fg(u'v)v-de: > fguiaivjwjdx.

ij=1

From this, we directly obtain the following properties, which are also used in [14].

Lemma 4.1 The form b is well-defined and continuous in the space H)(Q) x H' (Q) x H)(Q).
Moreover we have:

[b(u,v, w)| < Ko | Vil 2 ) [V 20y [ VW2 (o) Vuwe Hy(Q)ve HN(Q), (4.1

with
1/2 .
[z =2, w
22101 ifd=3.
Additionally, the following properties are satisfied:
b(u,v,v)=0 VueH'(Q),divu=0, veH\(Q), 4.3)
b(u,v,w)=-b(u,w,v) VuecH' (Q), divu=0, v,weH)(Q). (4.4)

Proof. The stated continuity and estimate (4.1) can be found in [13, Lemma IX.1.1] and (4.3)—(4.4)
are considered in [13, Lemma IX.2.1]. O

Next, we have the following important continuity property.

Lemma 4.2 Let (1) nent, (Vi )nents (Wa)new € HY(Q), u,v,w € H'(Q) be such that u, — u, v, —~ v
and wy, —w in H' (Q) where v,|yq = v|yq for all n € N. Then

Tim b(u, v, W) = b(u,v, W) vweH' (Q). (4.5)
Moreover, one can show that
H' (Q)xH'(Q) 3 (u,v) ~ b(u,-,v) e H ' (Q) (4.6)
is strongly continuous, and thus
nlirgob(u,,,vn,wn) =b(u,v,w). 4.7)
Proof. We apply the idea of [32, Lemma 72.5] and make in particular use of the compact

embedding H' (Q) — L*(Q) and the continuous embedding H' (Q) — L°(). The strong continuity
of (4.6) follows from [32, Lemma 72.5]. In addition, from the boundedness of the sequences
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(un)nENa (vn)neNa (Wn)neN: and (4.6), we have
|b(tn, Vi, Wn) —b(u,v,w)]
=|b(uy—u, vy, wy) | +0(u, vy, wy —w)| + |b(, v, — v, w)|

< uy, —MHLS(Q) HVWH[}(Q) HWnHL6(Q) + ”“”[ﬁ(g) ”VVHHH(Q) lwn _W”L3(Q)

n—oo 0 SC SC n— oo 0

+1b(u,v, —v,w)|.
—_—
25 0by (4.6)

4.1  Existence results

In this section, we want to analyze the solvability of the state equations (3.9). Afterwards, we will
show existence of a minimizer for the overall optimization problem (3.8)—(3.9).

Lemma 4.3 Let Assumption 3.2 hold. Then, for every ¢ € L'(Q) there exists at least one pair
(u,p) e H;’G(Q) x L5 (Q) such that the state equations (3.4) are fulfilled in the sense of (3.9). This
solution (u, p) fulfils the estimate

HuHHI(Q) + HPHLZ(Q) < C(Na aé‘afagag)a (48)

with a constant C = C(UL, 0, f,8,Q) independent of ¢.

Proof. We refer to [14, Lemma 4], where the existence of the velocity field u is discussed. We point
out, that the restriction to functions ¢ € L' (Q) with |@| < 1 a.e. in Q used in [14] is only necessary
because the function @, in [14] is only defined on the interval [-1,1]. But of course, the same
arguments apply to our case where @ is bounded and ¢ € L' (Q).

Now for every @ € L' (Q), there exists a u H;’G(Q) fulfilling

[Qag((p)u-v+,uVu~Vv+(u-v)u~vdx = fo-vdx VveH(lm(Q).
Since g € H% (dQ) with fagg'VanHd_l =0, by [13, Lemma IX.4.2] or [14, Lemma 3], for any

N > 0, there exists some & = §(n,g,v,Q) >0 and a vector field G = G(J) such that G € Hé}G(Q)
and

‘fgv-VGvdx <n|lLg YYeHMQ). 4.9)

Then, w:=u-Ge¢ H(IM(Q) satisfies

[g oe(@)w-v+uvw-vvdx +b(w,w,v) +b(w,G,v) + b(G,w,v)

:foov—ag((p)Gov—,uVG-Vvdx—b(G,G,v) VveH(lm(Q).
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Testing with v = w and using (4.3) so that b(w,w,w) =0, b(G,w,w) =0, and (4.9) with 1 = &,
v=w so that |b(w,G,w)| < & [vw|?

) Ve obtain after applying Holder’s inequality, Poincaré’s
inequality, and Young’s inequality

Q, 7 Q,
[9#|w|2dx+§u\|vw|iz(g)ﬁfg e(9) GI* dx +2C2| 1%, o, + 21| VG

2
2 HLZ(Q)

@
3
+2(Cp+ 1)*[G- VGl g + gunwuiz(m.

Rearranging and applying the triangle inequality, we obtain that

4
190132 ) < (o ae(s) + 201G s g 231 1o )

4
- (2(c,+1)?1G-vGl, +2|vG (4.10)

2
’1(9)) HLZ(Q)'

Furthermore, by [27, Lemma I1.2.1.1] we find a unique p € L(z)(Q) such that (3.9) together with
IPl 2@y <C(Q)| e (@)u—pAu+(u-V)u-flg-1q)

is fulfilled. Combining this with (4.10) and the Poincaré inequality yields the estimate (4.8). U

This motivates the definition of a set-valued solution operator
Se(@) = {(u,p) € Hy -(Q) x L5(Q) | (u, p) fulfil (3.9)} for p e L'(Q). (4.11)

REMARK 4.1 If there is some u € S¢ (@) with [V 2 g, < KLQ, where Kgq is defined in (4.2). Then

Se(¢) ={(u,p)}. That is, there is exactly one solution of (3.9) corresponding to ¢ (see for instance
[18, Lemma 12.2] or [14, Lemma 5]). From (4.10), the condition HV“HLZ(Q) < ;—Q can be achieved
for sufficiently large viscosity y or small data f and g.

Lemma 4.4 Under Assumption 3.2, assume that for (@)geny € L' (), (u)reny € L*(Q) and ¢ €
LY(Q), ueL*(Q),

klinolo o=@l =0, o~ @ae and kliglo Huk—u“Lz(Q) =0.
Then it holds that
kl_iglo/g;ae((pk) |uk\2 dx = v/g(xg((p) |u|2 dx and klirglo H(Xe((Pk)uk—(Xe((P)uHLZ(Q) =0.

Proof. Using the ideas of [18, Theorem 5.1] and [14, Theorem 1] we find that

| ool - e (@)luf” ax| = [ aeCoo) (-’ Yax + [ (a1 - ae(9) ” ax.

and from o € L*° (R) we obtain

k— o0

2 2
[ e o) (e = ) i < |ty 1+ 1 2y =l 2 ) =01



232 H. GARCKE, C. HECHT, M. HINZE, C. KAHLE AND K. F. LAM

Moreover, the uniform bound on ¢, yields by Lebesgue’s dominated convergence theorem

tim [ (a0 -ac(e)) P dx -0,
which combined with the previous step yields the first assertion. Using a similar idea we find

| ote (@i s — ote (@)ull 2 ) < [l e (i) (i =) [ 12 ) + | CACHE O‘S(Q’))“HLZ(Q)

k— o0

< e HL°°(R) ey — uHLZ(Q) +] ((Xs((Pk) - ae(‘P))uHLZ(Q) —0,
where we applied Lebesgue’s dominated convergence theorem in order to deduce from o, € L* (R)
that limy, o ”(as((/’k)_ae(q’))uHLZ(Q) =0. O
With the help of the above lemma, we show a certain continuity property of the solution operator.

Lemma 4.5 Under Assumption 3.2, assume (@ )ren € L' (Q) converges strongly to @ € L'(Q) in
the L' -norm and (uy, pi)ken € H' (Q) x L*(Q) are given such that (uy, py) € Se (@) for all k € N.
Then there is a subsequence, which will be denoted by the same, such that (Ui, pi)reN converges
strongly in H' (Q) x L>(Q) to some element (u, p) € Se(@).

Proof. Let (@r)ren and (uy,pip)reny be chosen as in the statement. By passing to another
subsequence, denoted the same, we can without loss of generality assume that ¢ — ¢ almost
everywhere. Invoking (4.8), we obtain a uniform bound on (u,py) in H'(Q) x L*(Q) because
(ur, pr) € Se(@r). And so there is a subsequence, which will be denoted by the same, such that
u; converges weakly in H'(Q) and strongly in L?(Q) to some limit element u ¢ H ;_’G(Q) and py

converges weakly in L?(Q) to some limit element p € L3(€2). We now aim to show that
Fi:Hg 5 (Q) - R,
e [ 2 M0
k(v) = o Eas((Pk) V" + 5 [VV|™+ (ue- V)ug-v = f-vdx,
I-converges in H ;,G(Q) equipped with the weak topology to
Foo i Hy 5(Q) > R,

1
Foo(v) := fgiag((p)|v|2+%|Vv|2+(u~v)u-v—f-vdx,

as k — oo. To see this we first notice that for any sequence (v )reny € H ;,_’ - () converging weakly in
H' (Q)tove H;,G(Q), by Fatou’s lemma it holds that

[ ee(o)vf? dx <timinf [ (o) el dx.

Applying the boundedness and continuity properties of the trilinear form b(:,,-), see Lemma 4.1
and 4.2, we can deduce that limy_, oo b(uy, ui,vi) = b(u,u,v). As the remaining terms of F; are
weakly lower semicontinuous in H ! (Q) and independent of ¢, we directly obtain

Foo(v) < 1ikmiank(vk).
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LetveH ;76(9) be chosen. We will show, that the constant sequence (v)ey defines a recovery
sequence. For this purpose, we notice that due to the boundedness and continuity of o, we have
from Lebesgue’s dominated convergence theorem

. 2 2
fim [ ae(@f dx = [ ae(e)vf dx. @.12)

Invoking (4.5) in Lemma 4.2, we deduce that

klim b(ug,u,v) =b(u,u,v),

and thus, we obtain that limy_, . F;(v) = Feo (v). This shows that the T'-limit of (F} )iy in H;AG (Q)
with respect to the weak topology equals Fo.

Now we notice, that u; is exactly the unique minimizer of F; in H é’c(Q), as it fulfils per
definition the necessary and sufficient first order optimality conditions for the convex optimization
problem minueHéﬂ(Q) Fi(u). Hence, the weak H' (Q) limit of (u)ger, Which is u € Héyc(Q), is the

unique solution of min, g1 () Foo (u). Thus it holds that
8,0

fgag((p)u~v+,uVu'Vv+(u-v)u'vdx:fgfvdx VveH(l)_’G(Q). (4.13)

By [27, Lemma I1.2.1.1] we can associate to (4.13) a unique p € L%(Q) such that (3.9) is fulfilled,
and hence p = p. Altogether we have shown (u,p) € S¢ ().

To show the strong convergence in H'(Q) x L>(), we note that from the I'-convergence of
(Fi)ken to Foo we obtain additionally that limy_, o, Fi (4 ) = Foo (). Invoking Lemma 4.4 we find

lim [Q 0t (@) e dx = [Q e (@) uf’ dx.

In addition, by means of (4.7) from Lemma 4.2 we have
klim b, uy uy) =b(u,u,u).

These two results allow us to deduce from the convergence of the minimal functional values of
(Fi)ken that 1imy o0 [, [Va|* dx = [,|Va|” dx. Then, together with u; — u in H'(Q) this yields
that limy oo | — | g1 g = 0.

Subtracting the state equations (3.9) written for ¢ from the state equations (3.9) written for ¢,
we find from Lemma 4.4 and (4.5) that

[)(pk—p)divvdx:fQ(ag((pk)uk—ag((p)u)-v+/.LV(uk—u)~Vvdx+b(uk,uk,v)—b(u,u,v)

< ”as((Pk)uk—as((P)“”Lz(g) HVHL2(Q) +U ”uk_uHHl(Q) HVHHI(Q)

———
k—o0 k— o0
—>0 —>0

+ (b Coare, i, ) = b(u, u,-) HH’I(Q) Hv”Hl(Q)'

k—oc0
—0
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Thus limy_, o |V (P = P) || -1 @) = 0. Using now the pressure estimate, see for instance [27, Lemma
11.1.5.4], we find

k— o0

lpe=rliz@) <clV(pe=P)lg-10) — 0
Therefore, we deduce that (py)ey converges strongly in L2(Q) to p. O
We make the following assumption regarding 4.

ASSUMPTION 4.1 Leth: QxR¥>*4xRxR? >R bea Carathéodory function, which fulfils

1. h(-,A,s,w):Q — R is measurable for each w e R? s e R,A e R¥*¢, and

2. h(x,-,-,-) : R4 xR xR? - R is continuous for almost every x € Q.

Moreover, there exist non-negative functions a € L'(Q), by,by,b3 € L (Q) such that for almost
every x € Q it holds

|h(x,A,s,w)| < a(x) + b1 (x) |A] + b2 (x) s + b3 (x) W],

for all we R?, s € R,A e R¥*¢_ Furthermore, the functional X : H' (Q) x L*(Q) x H' (Q) — R defined
as

H(w,p.9):= [ M(@)h(x.Vu.p,Tp)dx,

satisfy the following properties
1) H |H1 (Q)xL2(Q)x®,y is bounded from below, and
8.0 0 a

(i) forall @, — ¢ in H'(Q), u, - u in H'(Q), p, - p in L*>(Q), it holds that
H(u,p,¢) <liminfH (u,, pr, @n)-

We then obtain the following existence result for (3.8)—(3.9).

Theorem 4.6 Under Assumptions 3.1, 3.2 and 4.1, there exists at least one minimizer of the optimal
control problem (3.8)—(3.9).

Proof. We may restrict ourselves to considering ¢ € ®,; with @ € [s4,5,] a.e. in Q. In fact,
we define as in [22, Proof of Proposition 1] for arbitrary ¢ € ®,, the truncated functions @ :=
max{s,, min{@,s,}} and find & (P) < E: (@), where &, is defined in (3.1). Moreover, by (3.3),
we have @ (@) = 0tz (@) and hence also S¢(¢@) = S¢(@). Therefore we obtain

‘,Z:l((Pvuvp) SJQ((P,M,]?) for all (uvp) ESg((P) :SE((p)
By Assumption 4.1, H |4 (Q)XI2(Q)xPyy is bounded below by a constant Cy, and so J! : ®,y x
8,0 a

H ;G(Q) x L3(Q) is bounded from below by a constant Cy. Thus, we can choose a minimizing
sequence (@, Uy, Pn)neN € Pag xHép(Q) x L3(€) with (4, py) € Se(¢,) for all n and

nlirgojg(q’naumpn)z Jél((Pauap)>_°°-

in
9e@yq,(u.p)eSe(P)
In particular, from the non-negativity of ¥ and o, we see that for p > 0, there exists an N such that
n> N implies

€
Co+4LCOHv<ani2(Q) <T¢(QuUn, Pn) < Je(@.u,p)+p.

inf
9ed4q,(u.p)eSe (¢)
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Thus, {V @, }ney is bounded uniformly in LZ(Q). Moreover, without loss of generality, we may
assume that @,(x) € [s4,55] for a.e. x € Q and every n € N. And so, we deduce that {@,} ey is
bounded uniformly in H' (Q) nL> (L), and we may choose a subsequence (¢, )xen that converges
strongly in L?(Q) and pointwise almost everywhere in Q to some limit element ¢ € ®,.

Using Lemma 4.5 we can deduce that there is a subsequence of (u,,, pn, )ken, denoted by the
same index, such that

Tim g1y =0, Jim |py—pliay =0 (4.14)
and (u,p) € S¢(¢@). From Lemma 4.4 we deduce additionally that

. 2 2
dim [ ae(g) un, [ ax = [ ae(9) uf ax. .15)

As supen [W(@n)[ L (@) < oo we can use Lebesgue’s dominated convergence theorem to deduce

iMoo [ W(@s,)dx = [, w(@)dx. Finally, the weak lower semicontinuity of H'(Q) > ¢ ~
3 .

Jo Ve[ dx yields

€ s 1 .. f & 2 1
= += dx <1 f| = +— dx. 4.16
[ 2190l + Zw(gyax <timint [ 2]vg,, [+ Zw(g,)dx (4.16)
Together with the lower semicontinuity assumption on H from Assumption 4.1, we deduce that

Je (@1, p) <TMInEJg (@ Uy ) = ACNO

in
(Peq){,d,(u,]])GSg((P)

and so (@, u, p) is a minimizer of (3.8)—(3.9). O

By the same arguments, one can show an analogous existence result for the optimal control
problem {(3.9),(3.11)} involving the hydrodynamic force (1.3).

Theorem 4.7 Under Assumptions 3.1 and 3.2, there exists at least one minimizer of the optimization
problem {(3.9),(3.11)} involving the hydrodynamic force (1.3).

Proof. We will prove the assertion for the choice M (@) =1/ M, and the analogous assertion

for the choice M (@) = % follows along the same lines.
We first show that {J:(@,u,p) | ¢ € Dy, (u,p) €S: (@)} is bounded from below. We may restrict
ourselves to considering ¢ € ®,; with @ € [s4,s5] a.e. in Q as in the proof of Theorem 4.6.
Now let ¢ € ®,, be arbitrarily chosen with ¢ € [s,,s,] for a.e. x € Q and choose (u,p) € S ().

From (4.8), we find a constant C; > 0 independent of ¢ such that

[l 0y + 1Pl2gy <o

By construction, we have
¢ € [sa,5] = | W (@)1= (@) <C3s

for some constant C3 > 0 independent of ¢. Then, using the Cauchy-Schwarz inequality, and
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Young’s inequality we have

1
5 fg\/@V(P'(H(Vu+ (Vu)T) —pI)adx

1
2 T VoV w(@)+ 8 2q) I (Vur (Vu)T)a—Pa”LZ(Q)
0

1 [e+5 YE
> “w B IVl 2uC+Cr) > 8o HV‘PHiz(Q) -Gy,
2.2
where C4 = % (C3+ &) > 0 is independent of ¢. The non-negativity of o, and y yield that

1 £
Je(Q,u,p) > fQ C—O\/ WVQ(M(VH (vu)")-pl)a+ ﬁi IVo|* dx

(4.17)
ye 2 ve 2 _YE 2 Cu>-—
2—%HV(PHLz(Q)—C4+EHV(P||L2(Q) —87COHV‘PHL2(Q) Ca2-Cy.

This shows that {Je (¢, u,p) | ¢ € oq, (u,p) €S: ()} is bounded from below. Hence we may choose
a minimizing sequence (@, Uy, Pn)nen € Pyg x H;G (Q) x L3(Q) with

nllrgo‘]8((pnaul’l7pﬂ): JE((p,u,p)>—<>O.

inf
QDECDad ) (u,p)eSg ( (P)

As before, we deduce that { @, } . is bounded uniformly in H!(Q) nL>*(Q), together with Lemma
4.5, we have subsequences ( @y, , Un,, Pn, )ken that satisfy

Jim [[@n —@lli2) =0, lim Jun —ulg1q) =0, lim |pn —pli2(a) =0,

and (u,p) € S¢(). To deduce that (¢,u, p) is a minimizer of {(3.9),(3.11)}, we only need to show
that

timint [y (900 + 39 9n,- (1 (Tan, + (T )T) = i, 1)
Zfg\/llf(q))+5eV§D'(IJ(VIH(Vu)T)—pI)adx, (4.18)

as the other integrals in (3.11) are shown to be weakly lower semicontinuous in the proof of Theorem
4.6. We apply now an idea of [22] and define

0= [ VW) 8ds, iy (x) 1= 00 ()

Then we see that

D, () = 0’ (90, ()P, (x) = (\/ w(ne (x)) + 8¢ ) Dy ().

By the uniform boundedness of (@, )xey in H' ()L™ (Q), we find that (W¥(@y, ) )ken is uniformly



SHAPE OPTIMIZATION FOR SURFACE FUNCTIONALS IN NAVIER-STOKES FLOW 237

bounded in L*° (L), and so by the Cauchy—Schwarz inequality,

@
o gy < [ 0 =s)( [ (W) + 65 ) ax
< sup (y(s)+0) f|(p,,k sa| dx,

S€[Sa,8p]

[Dway HiZ(g) < ing (W(@n,) + )| D@y, ‘|22(g)-

Thus, we deduce that (W, )ker is bounded uniformly in H'(Q), and hence there is a subsequence,
denoted by the same index, that converges weakly in H'(Q) and pointwise almost everywhere in Q
to some limit element w e H' (Q). Since ¢ is continuous and limy_, e @y, (x) = @(x) for almost every
x € Q, we know that w = ¢(¢). In particular, the weak convergence of Dw,, to Dw implies that

V() +8:V 0, ~ V() +8:Ve  inL*(Q). (4.19)

Combining (4.14) and (4.19) we obtain from the product of weak-strong convergence:

klilllo/g) v lV((Pnk)+5£V(pnk-(,u(Vu,,k+(Vunk)T)—p,,kI)adx
:/Q\/llf(q))+5gV(p~(u(Vu+(Vu)T)—pI)adx. (4.20)
Using (4.20), (4.15) and (4.16), we deduce that

Je(@,u,p) <liminfJ JUp, = inf Je(Q,u,p),
el @) SHEe(Onistnss Pr) = g lyess ™47

and so (@,u, p) is a minimizer of {(3.9),(3.11)}. O

REMARK 4.2 Note that, for the choice M (@) = %, the proof of Theorem 4.7 is completed once
we showed that J; is bounded from below, which can be shown similarly as in (4.17), and (ii) in
Assumption 4.2 has been verified. This follows the product of weak-strong convergence:

lim fQVq)nk-(u(Vunk+(Vunk)T)—pnkI)adx:fQV(p-(u(Vqu(Vu)T)—pI)adx. 4.21)

k— o0

4.2 Optimality conditions

This section is devoted to the derivation of a first order necessary optimality system for the optimal
control problem (3.8)—(3.9). For this purpose, we first show Fréchet differentiability of the solution
operator. We will only be able to show differentiability at certain points where the solution to the
state equations is unique. Otherwise we cannot apply the implicit function theorem in order to
deduce the statement. In the following we will use Remark 4.1 and the condition |Vue |2 Q) <

to ensure the uniqueness of solutions to the state equations for a given @¢ € H'(Q) nL>®(Q). From
(4.10), this is achievable for large viscosities ¢t or small data f and g. To be precise, we obtain the
following result.
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Lemma 4.8 Under Assumption 3.2, let @ € H'(Q) nL*(Q) be given such that there is (ue, pe) €
Se(@g) with | Vue HLQ(Q) < ;—Q Then there is a neighborhood N of Qe in H' (Q) N L™ (Q) such that
for every @ € N the solution operator consists of exactly one pair, and hence we may write S¢ : N C
H'(Q)nL®(Q) - H' (Q) x L*>(Q). This mapping is then differentiable at @¢ with DS¢ (@) (@) =:
(u,p) € H)(Q) x L3(Q) being the unique solution of the linearized state system

0 (@) Que + e (@ )u— AU+ (u-V)ug + (e -V)u+Vp=0in Q, (4.22a)
divu=0in Q, (4.22b)
u=0o0ndQ. (4.22¢)

Proof. As already mentioned, we want to apply the implicit function theorem to prove the
statements of the lemma. For this purpose, we first note that, by [13, Lemma IX.4.2], there exists a
Ge H;G(Q), i.e., G satisfies

divG=0inQ, Glyo=g

We define
F:(H'(Q)nL™(Q))xHy(Q) xL§(Q) » H ' (Q) xL§(Q), F=(F.F),

by

Fl((p,u,p)v::fgocg((p)u-er,uVu-Vv+(u-V)u-v—pdivv—f-vdx
+fg(u~V)G-v+(G-V)u-v+ag((p)G-v+uVG-Vv+(G-V)G~vdx,
Fz(‘P,“,P) = diVu,

for all v e H)(Q). Hence, F(¢@,u—G,p) =0 if and only if (u,p) € S¢(¢). Thus in particular we
have F(@g,us — G, pe) = 0. Besides, we directly see that the Fréchet differential Dy, p)F exists and
is given at (@¢,us — G, pe) as

D(u’p)F1((pg,u£—G,pg)(u,p)vz/g;ag((pg)u-VhLLVu'VV-ﬁ-(u-V)ug-vdX
+fQ(ug-V)u'v—pdivvdx Vve H)(Q),
D(u7p)F2((P€,u£ —G,pg)(u,p) = diVu.

The assumption | Vug|| 12(Q) < ;—Q equations (4.1) and (4.3) ensure that, after taking divv = 0 into
account,

H},’G(Q) xH(lw(Q) 5(u,v) ~ /gzae((pe)u-v+uVu-Vv+ (u-V)ug-v+(ug-V)u-vdx

defines a coercive, continuous bilinear form. Hence, we may use the Lax—Milgram theorem and
standard results for the solvability of the divergence operator, see for instance [27, Lemma I1.2.1.1],
in order to obtain that D, ,)F (@e,us — G, pe) is an isomorphism.

Next, we want to consider the differentiability of F' with respect to its first argument. For this

purpose, we have to consider o : L°(Q) — L} (Q) as a Nemytskii operator, making in particular
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use of the embedding H'(Q) < L°(Q). The results in [29, Section 4.3.3] ensure that o : L5(Q) —

L (Q) defines a Fréchet-differentiable Nemytskii operator, which follows from the assumption
ae € L°(R) nCH!(R). We can then conclude directly that F is Fréchet differentiable with respect
to its first argument with

DoFi(p.u-G,p)(9)v= [ ai(9)pu-vdx, DyFs(9.u-G.p)=0.

Additionally, we need that F is Fréchet differentiable in a neighborhood of (@g,ue, pe). To show
this, we will use [31, Proposition 4.14], i.e., we show that the partial derivatives are continuous in
order to conclude that F is Fréchet differentiable. Thus, let (@, ug, pi)en € (H' () N L= (Q)) x
H{\(Q) x L3(Q) be sequences with

Jim g —ul g1y =0, Im [pi=plpgy =0, Im [@ =@y )nr=(q) =0-

As o LO(Q) - L (Q) defines a continuous Nemytskii-operator, making additionally use of the
continuity properties of the trilinear form as stated in Lemma 4.2, we can deduce that

Jim Dy p) F (@k ke P) =D p) F (@8 P) | £t @) x12(0) 1 () x12(0)) = O-

Moreover, from a/ € C%! and standard results for Nemytskii operators we find that L6(Q) »
@ — al(p) € L°(Q) is continuous. And thus we also find by direct calculations that
im0 [|Dp F (Qk, Uk, i) _D¢F(‘Pa"ap)‘|c(yl(g)ﬂ-1(Q)ng(Q)) = 0. Therefore, we obtain that F
is Fréchet differentiable.

Finally, applying the implicit function theorem, we obtain for |@ — @¢ |z @nL= (@) < 1 the
existence and uniqueness of a pair (u,p) such that F(@,u—-G,p) =0, i.e., (u,p) € Se(¢). This
implies the first part of the statement. The second part of the lemma is a consequence of the
differentiability statement of the implicit function theorem:

-1
DSe(¢:) = —(D(u,p)F(‘P&“s—GvPS)) oDy F(@e,ue —G,pe),

which reads in our setting as divu =0 and

fgaé(fps)wus-v+ae(<ps)u-V+Wu-Vvdx
+ /Q(wv)u8 v+ (ue-V)u-v-pdivedx =0 Vve H\(Q). (4.23)
O
We denote by D;h(x,A,s,w) forie{1,2,3,4} as the differential of
QxR xRxR? 5 (x,A,s,w) — h(x,A,s,w)
with respect to the i-th variable, respectively.

ASSUMPTION 4.2 In addition to Assumption 4.1, assume further that x — i (x,A,s,w) is in W1 (Q)
for all (A,s,w) e R¥ xR xR? and the partial derivatives

Dz/’l(x,',S,W), D3h(x,A,‘7W), D4h('x7A7S3 )
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exist forall we R?, s e R, A e R?*?_and almost all x € Q. Moreover, we assume that
IDih(x,A,s,w)| < d@(x)+by(x)|A|+by(x)|s| +b3(x) |w|, forie{2,3,4}, (4.24)
for some non-negative d € L2(Q), by, b2, b3 € L= (Q).
From Assumption 4.2 we see that
(L2(2))" 54 > Doh(- A,5,w) € LX(Q),
L*(Q) 35+ D3h(-,A,s,w) e L*(Q),
(L2(Q))" 5w > Dah(- A, 5, w) € LX(Q),

are well-defined Nemytskii operators for A € (L2(Q))?*?, s e L*(Q), and w ¢ (L*(Q))¢ if and only
if (4.24) is fulfilled. Moreover, the operator

)dXd

(L))" < L2(Q) x (L2(Q))" 5 (A,5,w) = h(,A,5,w) € L' (Q)

is continuously Fréchet differentiable.
Next, by Assumption 3.1, y € C1!(R), we have that Dy(1/w(y) + &) is locally Lipschitz and
thus the Nemytskii operator

L=(Q)2 ¢ /y(9) + 5 €L¥(Q)

is continuously Fréchet differentiable. Hence, we find that
”H=H'(Q)XLZ(Q)X(Hl(Q)ﬂL""(Q))a(u,p,fp)HfQM(fp)h(x,Vu,p,pr)dx

is continuously Fréchet differentiable and its distributional derivative is given as

DH (u,p,@)(v,s,n) = fQM(<p)(Dzh,D3h,D4h) |, vup,ve) “(VV,5,V1)dx
+fgh(x,Vu,p7v<p)M’(<p)ndx. (4.25)

We note that for the choice M (@) = %, the second integral on the right hand side of (4.25) vanishes
as the Fréchet derivative of % is the zero functional. On the other hand, for the choice M (@) =

%\/ M the Fréchet derivative is given as

oy L v'(9)
STV TOr S ) 20

Before formulating the optimality system we want to discuss the adjoint system. The pair of adjoint
variables (g,, ) € H)(Q) x L2(Q) is the weak solution of the adjoint system, which is given as
follows: find (g,, 7 ) € H)(Q) x L*(Q) such that

0te (9e) (g —te) ~ udiv (Vg + (Vg,)") + (Vite) e — (ue - V) g + Ve
= _div (M(@¢)Dah) nQ, (427
divg, = ~M(@e)D3h+ B¢ inQ,  (427b)
q.=0 ondQ, (4.27¢)
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where Dy, D3h are evaluated at (x, Vg, pe, V@ ) and

Bei= f M(¢e)Dsh(x, Vite,pe, Ve dx. (428)

REMARK 4.3 The parameter 9, € R can be interpreted as a Lagrange multiplier for the constraint
fQ pdx =0. By carrying out the formal Lagrange method as described for instance in [19, 29] and
appending the mean value condition on the pressure p with some Lagrange multiplier 9 to the
Lagrangian, one obtains that ¥, appears in the adjoint system as in (4.27).

The next lemma shows that the system (4.27) is uniquely solvable.

Lemma 4.9 Let Assumptions 3.1, 3.2, and 4.2 hold, and let ¢ e H' (Q)nL>® (Q) and u € H;’G (Q)
such that |Vue| 2 gy < KLQ be given. Then there exists a unique solution pair (qg,Te) € Hj () x
L2(Q) of the adjoint system (4.27).

Proof. First, we notice that by definition of ¥, (4.28), it holds that
LM(¢£)D3h(x7vu£up87v¢8) - 19’ng = O
As @z € L7 (Q), we have M (@) € L= (Q) for either choices. Thus, by Assumption 4.2, we obtain
that M (¢@:)D3h € LZ(Q). So, from standard results, see for instance [27, Lemma I11.2.1.1], we
deduce the existence of some w € H) () such that
divw = - M (@e)D3h+ ;.

Note that, by the density of C7%(Q) := {v e (C(Q))4 |divw = 0} in H(IJ,G(Q) (see [27, Lemma
11.2.2.3]), for any v € H(I)J(Q), there exists a sequence {v"},en © Cj 6 (£2) such that

an_vHHl(Q) i 0 as n — oo.
Thus, for any y € H(I)(Q), veH (1)’ - (), we find that by the commutativity of second derivatives,
f vy-(vv)! dx = lim / vy-(vv")Tdx
Q n—oo JQ

d
lim Z fa,-yja,-vl’-'dx
j=17¢

]’l—)ooil i
’d 4.29)
. n d-1 n
:nlirglo”z::] (/;Qyjajvi Voq dH" " - /g;yj(Qjaivi dX)
“tim [ (y- V)V vyqdHd! —[y-v(divv”)dx ~0.
n—oo JoQ Q
We define the bilinear form a : H(I)J(Q) XH(I)’U(Q) - (H(ILG(Q)), by
a(u,v):= f ot (Qe)u-v+uvu-(Vv+ (V)1 + (Vue) u-v—(ue - V)u-vdx
2 (4.30)

= /g;ag((pe)u'v-r/.LVwVv-r(Vug)va—(ug'v)wvdx,
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where we have used (4.29) for u,v € H(I)J(Q). Making use of HVugHLz(Q) < Iy—g (4.1), (4.3), and

the Poincaré inequality, we can establish that a(-,-) is a coercive bilinear form, i.e., there exists a
constant c(i,|Q|) > 0 such that,

a(u,u) = fg 0 (Q¢) |u|2 +U |Vu|2 dx +b(u,ue,u) —b(ug,u,u)
— ——
>0 =0 by (4.3)

> 11Vl )~ Kol Va2 g | Ve |2 0y > Chs ) 3y

Meanwhile, the boundedness of the bilinear form a(-,-) in H(lm(Q) x Hé’G(Q) can be shown using
(4.1), the boundedness of o, Holder’s inequality and the assumption |Vug| 2@ < ;—Q Thus, by

the Lax—Milgram theorem, we obtain a unique ¢ € H (1)7 & (Q) such that

a(?},v):[rog((pg)ug~v+/\/l((pg)(D2h-Vv)dx—a(w,v) v e H) o (Q). 431

We note that the integral terms are well-defined due to Assumption 4.2 and the boundedness of 0.
We set g, = g+w. The existence of 7 ¢ LZ(Q) follows from standard results, see for instance [27,
Lemma I1.2.2.1]. Thus, (g,, %) is the unique weak solution of the adjoint system (4.27). O

Now we can formulate necessary optimality conditions for our optimal control problem.

Theorem 4.10 Let (Q¢,ue, pe) € (Pug L (Q)) xHé’G(Q) x L3(Q) be a minimizer of J! such that
|Vue |2 @) < 1% Then, there exists a Lagrange multiplier A¢ € R for the integral constraint such
that

I
(aé(fpe) (E e - e ~qe) eV (904 +M,<(p€)h(x’wg’p£’v%)’C)Bm)

€
+(M(¢€)D4h(x7vu8ap€7v(p€)+ y V(Pevvc)
2C() LZ(Q)

=0 VCeH' (Q)NL®(Q). (4.32)

Here, (q,,me) € H)(Q) x L*(Q) is the unique weak solution of the adjoint system (4.27).

Proof. We rewrite the problem (3.8)—(3.9) as a minimizing problem for a reduced objective
functional defined on an open set in H' (Q)nL*°(Q) by making use of Lemma 4.8. In particular, at
least in a neighborhood N ¢ H'(Q)nL**(Q) of ¢, the solution operator S, is not set-valued, but
for every @ € N we have S¢(¢) = {(u,p)}. Thus we may define the reduced functional j#: N - R
by

Jé(@) = (9.5:(9))-

Then, @ is also a local minimizer of j?. Hence, the gradient equation
DjA(@e)(§) =0 VEeH (@)nL™(@), [ fax-o, (4.33)

would be fulfilled if j# would be differentiable.
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We will show in the next step that j/ is differentiable at @, as a mapping from H' (Q)nL>®(Q) to
R. Lemma 4.8 already ensures that the solution operator S is differentiable from H'(Q)nL>(Q)
to H' (Q) x L*(Q). Thus we now look at dependence of J” on the first variable. For this purpose we

find first as in the proof of Lemma 4.8 that o : LO(Q) — L (Q) is a Fréchet differentiable Nemytskii
operator, and hence

H' (Q)3 ¢~ fgocg(@)lul2 dx

is Fréchet differentiable for any u ¢ H ! (). With similar results, i.e., by making use of [29, Section
4.3.3], we also find that

L2(Q)39- y(9) cL™(Q), ()30~ [ y(p)dx,
H\(@)29-VeelX(Q),  H'(Q)39~ [ [vof ax
are differentiable. Combining these results and the Fréchet differentiability of 7, we find that ;" :

N — R is differentiable. Hence we may conclude by the minimizing property of ¢, that the gradient
equation (4.33) is fulfilled. Then, from (4.33) we find that

0-Dj(ge) (¢~ £ £ax) =Djkge)(§)+2e [[Lax VEeH'(@NL™(Q), (434
where we defined
Aei=—|Q ' Dje(@e) €R. (4.35)

In particular, we interpret A¢ € R as a Lagrange multiplier for the integral constraint [, ¢dx = Q.

We now want to rewrite (4.34) into a more convenient form by using the adjoint variable g,
which is defined as the solution of (4.27). For this purpose we start calculating the derivative of j’g.
We find for every { € H' (Q)nL*°(Q) the following formula:

, 1
Dj(9e)(8) = [ S0t(e)E el + e (e )ue-udx
v L
"2 Joevoe Vs v e ax (436)
+ [ M(9e) (D2t D3h.Dah) | 7 e 7 (V. VE) e

+ fgh(xvvu&PaV(PE)M,((PS)CdX-

where S¢(@¢) = {(ue,pe)} and (u, p) :=DS: (@) (&) is the solution of the linearized state equation
(4.22). Now we use the adjoint state g, as a test function in the linearized state equation (4.22) and
find that

fgaé(%)(pue-qgme((pe)u-qg +UVu-vVgq,dx

+fg(u-v)ug.qe+(ug~v)u-qg+p(M(<pg)D3h—198)dx:0, (4.37)



244 H. GARCKE, C. HECHT, M. HINZE, C. KAHLE AND K. F. LAM

where D3h is evaluated at (x, Vug, pe, Ve ). Then we use the linearized state u € H(lm(Q) as a test
function in (4.31) and obtain

fgaﬁ((Pg)qg~u+,UVq£~Vu+(Vus)qu-u—(us-v)qg-udx
:fgae((Pe)ue'“+M((Ps)(Dzh'vu) dx, (4.38)

where Dyh is evaluated at (x, Vug, pe, V@ ). Comparing (4.37) and (4.38) yields the following
identity

v/Q(xé(q)a)(Pus g + Ol (Qe )ute -u+ M(@e) (D2h-Vu+ pD3h) dx =0, (4.39)

where we have used that p € L%(Q), divue =0in Q, u =g, =0 on dQ, and thus

fgpzslgdx _ ﬁgfgpdx -0,
A(ua~V)qg-u+(us-V)u-qux = fQue-V(qg~u)dx =0.
Hence, by using (4.39), we can rewrite (4.36) as follows:
. 1 Ye Y
Die(9)() = [ 0b(e)C (5 e e ) + 2-ve-vC+ v (g an
+\/SZM((pS)D4h(xaqu7p8av(P8)'VC+h(x7vu€7p€7v(p8)M,((p€)ng' (440)

Together with (4.34), this yields the statement of the theorem. O

The analogous optimality condition for the optimization problem {(3.9),(3.11)} involving the
hydrodynamic force (1.3) is given as follows.

Theorem 4.11 Let (Qg,ue, pe) € (Pug L= (Q)) x Hé,G(Q) x L(Q) be a minimizer of optimization

problem {(3.9),(3.11)} involving the hydrodynamic force (1.3) with |Vug HLZ(Q) < thus in

s
Ko’
particular, S¢(Q¢) = {(ue,pe)}. Then, there exists a Lagrange multiplier A¢ € R for the integral
constraint such that

1
(a£(¢s)(*|us|2_ue'qe)+ ! V/((Ps)*'ls+M,((P8)V(P£'(G£a)7C)
2 2co€ L2(Q)

Ye
+ (M((Pe)o'ea"' %V(P&VC)LZ(Q)
=0 VEeH' (Q)NL®(Q), (4.41)

where G¢ = U (Vug + (Vug)T)) —pel, and (qg, ) € H)(Q) x L*(Q) is the unique weak solution
of the adjoint system

e (Pe) (g —ue) — V- (Ve +(Vge)") + (Vue) e — (ue - V) g + Ve
=~ (div (M(@e)VPe)a+V (M(pe)Vee)a) inQ, (4.42a)

divg, = M(9e)Ve-a- ]lQM((pg)V(pg adx inQ,  (442b)
q.=0 ondQ.  (4.42¢)
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Proof. Note that for the hydrodynamic force (1.3), we have

h(x, Vg, pe, VPe) = Ve - (U(Vue + (Vus)T) _Pel)a7
and so we compute that

Doh=pu(Voe:®a+a®ve:), Dih=-a- Vg,
Dyh = (u(Vue +(Vue)T) -pel)a.

As a is a constant vector, (4.24) in Assumption 4.2 is satisfied and the statements follow from the
application of Theorem 4.10. O

REMARK 4.4 After using integration by parts, we find that we can rewrite the gradient equation
(4.41) for the hydrodynamic force formally in the strong form as

1 1 . .
_Tzo(gmpg - gl//'((pg)) +kg+aé((pg)(§ jue* - ue-g.) - M(ge)div(cea) =0inQ,  (4.43)

with the boundary condition

§V(pe~vag+/\/l(<p€)vag'(oea) _0on dQ. (4.44)
0

Moreover, with sufficiently smooth solutions, we can make use of the state equation (3.4a) to rewrite
(4.43) as:

- l(":Aq’e— é‘lfl((l’s)) +)*s+aé(q’e)(% |“8|2_“£ '45)

2C0
+ M(@e) (f — e(Pe)ue — (ue-V)ue)-a=0. (4.45)

REMARK 4.5 We note that the above analysis of (3.8)—(3.9) can be modified to include a Dirichlet
condition for the design function @ on d€, for instance @ = 1 on dQ. This amounts to changing
the space of admissible design functions to

@ud:{(peHl(Q)|[Q(pdx:ﬁ|Q| and ¢ =1 0n 0Q}.

Then, in the optimality conditions (4.32) and (4.41), and also in (4.33) and (4.34), we use test
functions ¢ € Hy (Q)NL>®(Q). Moreover, from Remark 4.4, the strong form of the resulting gradient
equation (4.41) remains as (4.43) (or (4.45)), but now with the boundary condition

@0z =1 0ondQ.

5. Sharp interface asymptotics for the hydrodynamic force

In Section 3, we introduced the diffuse interface problem (3.8)—(3.9) as an approximation of the
shape optimization problem (2.3)—(2.4) for a general functional 4. In Section 4, the existence of a
minimizer (Q¢,ue, pe) to (3.8)—(3.9) for every fixed € > 0 is guaranteed by Theorem 4.6, and the
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first order necessary optimality condition is given in Theorem 4.10. The analogous results for the
hydrodynamic force problem {(3.9),(3.11)} are also presented in Theorem 4.7 and Theorem 4.11.

In this section, we focus only the hydrodynamic force problem {(3.9),(3.11)} and carry out
a sharp interface limit of the system {(3.4),(4.42),(4.45)} by the method of formally matched
asymptotic expansions. We hereby recover the optimality conditions expected from the classical
shape sensitivity analysis presented in Section 2 in the limit £ \ 0. For an introduction and more
detailed discussion of the techniques and basic assumptions used in the method of formally matched
asymptotic analysis we refer for instance to [12, 16].

In the asymptotic analysis, we assume there are sufficient smooth solutions to the system
{(3.4),(4.42),(4.43)}, and hence we consider (4.45) instead of (4.43) in the sequel as the analysis
is comparatively easier.

ASSUMPTION 5.1 We assume that for small &, the domain Q can be divided into two open
subdomains Q* (&), separated by an interface I'(¢). Furthermore, we assume that there is a family
(Qe,ue, Pe.q,, e, A, O¢ )e>0 Of solutions to {(3.4),(4.42),(4.45)}, which are sufficiently smooth
and have an asymptotic expansion in € in the bulk regions away from I'(€) (the outer expansion,
see Section 5.1), and another expansion in the interfacial region (inner expansions, see Section 5.2),
see also [12, 16] for a detailed formulation.

The general idea is to show that the leading order expansions (g, %o, po,qo, o, Ay, Op) satisfy
(2.4), (2.7) and the strong form of (2.6) with additional perimeter regularization and volume
constraint. For the remainder of this section, we will make use of the following assumptions
extensively.

ASSUMPTION 5.2 The correction constant 8 and the interpolation function a fulfill
1
68:8k7k>1a ag(t):gd(t),
where & € C1"! (R) nL> (R) satisfies
a(-1)>0, a(l)=a'(1)=0, a(t)#0fort+1. 5.1)
Moreover, we assume that the potential y € C*(R) satisfies

y(£1) = y'(£1) =0. (5.2)

For the terms involving the square root, we make use of the following expansion for a = ag +
ga; + £2a2 +..., which holds due to Taylor’s theorem,

1
\/a+3£:\/a0+£a1+...+£k(ak+1)+...:\/a_0+27\/%[8a1+...+£k(ak+1)+...]
1 2
- [ear+...+e"(a+1)+...] +.... (5.3)
4 ag

5.1  Outer expansions

We assume that for ve € { @, e, pe, Ae, U¢, 4, e |, the following outer expansions hold:

Ve=Vo+EV]I+....
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Applying Taylor’s theorem and (5.3), for the choice M(¢¢) = ﬁ\/‘l/(q)g)"’ag, we obtain
0
following outer expansion

M(@e) = M(@o+€Pr+...)

:\/%CO(\/q/((po)+y/’((po)(8(p1+...)+...+y/(k)((p0)(£(pl+...)k+...)

(5.4)
= ¢;q)(\/ v(go)+ W +O(82)) = Mo(¢o) +eMi (o) @1 + ho.t..

2 /v

We remark that, for the classical smooth double-well potential y(¢) = %(1 - ¢?)?, one can compute
that , ,
Vi) 5o g V()

= im =-2,
V(s) 71 w(s)

and so M (x1) is well-defined for the smooth double-well potential. We denote ()g to be the order
B outer expansions of equation (). To leading order (3.4a),' gives

a(@o)ug = 0. (5.5)

lim 2, 1
sN—1 K

By (5.1), if ¢y # 1, we then obtain u( = 0. Similarly, to leading order (4.4251)51 gives
&(P0)qo = &(Po)uo- (5.6)
Thus, if @y # 1, then g, = ug = 0. Meanwhile, (3.45)?, (3.4¢)2), and (4.42¢)9 give
divug =0in Q,
up=8, qo=0o0ndQ.

To order —1, (4.45)! gives

N 1
o (o) (5 ol - 0-40) = =5 ¥/ (4. )
co
If @y # 1, then from (5.5), (5.6), and (5.1), we have that

-¥'(g) =0. (5.8)

Hence, @y must be a piecewise constant function that takes values equal to the roots of y’(+). The
stable solutions to (5.8) are @y = +1. In particular, we can define the fluid region and the solid region
by

E:={xeQ|g(x)=1}, B:={xeQ|qy(x)=-1},

respectively. Moreover, from (5.5) and (5.6) we have
uy=¢,=0inB. 5.9

Furthermore, as ¢y = =1, we have V¢ =0 in E and B, and so, 9% = 0 by the definition (4.28). From
(4.42b)2, we have
divgy=0in EUB. (5.10)
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The next order (3.4a)?) gives
a'(@o)@ruo + (o) uy — LAug + (uo-V)ug+Vpo = f. (5.11)
By (5.1), for ¢y = 1, we obtain
—UAug+ (ug-V)up+Vpo=finkE. (5.12)
Similarly, (4.42a)? gives
&' (90) @1 (go ~ o) +&(@0) (g ~u1) ~ 1 div (Vo + (Vo))
+(Vuo) gy (9-V)qo + Vo =0. (5.13)
For ¢ = 1, we obtain
—qu0+(Vuo)TqO—(uo~v)qO+Vﬂ:o =0inE,

where we have used (5.10) to simplify the divergence term. Thus, we have recovered (2.4a), (2.4b),
(2.4¢), (2.72), (2.7b), and (2.74d).

5.2 Inner expansions and matching conditions

To recover the boundary conditions (2.4d), (2.7¢) and the strong form of the shape derivative (2.6)
with additional perimeter regularization and volume constraint, we now consider the interfacial
region, i.e., near some free boundary I' = dE n dB which is assumed to be the limiting hypersurface
of the zero level sets of ¢,. For studying the limiting behaviour in these parts of Q we introduce
new coordinates with the help of the signed distance function d(x) to I" and set z = % as the rescaled
distance variable. Here we use the sign convention d(x) >0 if x€ E and d(x) <0 if x € B.

Let y(s) denote a parametrization of I" by arc-length s, and let v denote the outward unit normal
of I'. Then, in a tubular neighborhood of T, for sufficiently smooth function v(x), we have

v(x) =v((s) +ev(1(5)) =V (5.2).
In this new (s,z)-coordinate system, the following change of variables apply, see [16]:
1
ViV = E@VV +VvrV + hot.,

where Vrf denotes the surface gradient of f on I" with components (D, f);<k<4 and h.o.t. denotes
higher order terms with respect to €. Moreover, if v is a vector-valued function, then we obtain

1
div,v= EBZV -v+divrV + ho.t.,

where divr denotes the surface divergence. In particular, using the fact that the normal Vv is
independent of z, we have

1 1
Av = divy(Vyv) = =0V + — divp(d;V V) + ho.t,
£ £ e e
=—kd.V
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where K = —divrV is the mean curvature.
We denote the variables @, ug, pe, g, e in the new coordinate system by ®,, U, P, Q, I1e.
We further assume that they have the following inner expansions:

Ve(s,2) =Vo(s,2) +eVi(s,2) +.. .,
for Ve € {®¢, U, Pe, Q;, I }. We then obtain,
M(Cpg) = MQ(CD()) +8M1(¢‘0)CI>1 + h.o.t.,

where My, M are as defined in (5.4) if we consider M(¢) = % M We remark that, for a
sufficiently smooth function f independent of &,

f(x)= f(}/(s) + szv(s)) = f(}/(s)) + Ssz(}/(s)) -v+ h.o.t.
=:Fo(s)+&eF(s,z)+ h.o.t.,
for x in a neighborhood of I". As a consequence, we see that
d.Fy=0. (5.14)

As the Lagrange multipliers A and ¥ are constants by definition, we assume that their inner
expansions are the same as their outer expansions. In particular, the leading order inner expansions
of the Lagrange multipliers do not depend on z, as in (5.14). Furthermore, the assumption that the
zero level set of @, converge to I" implies that

P (0) = 0. (5.15)

In a tubular neighborhood of I' the solution (@, Ue, Pe,qe, e, Ae, U¢ ) is represented by an outer
and an inner expansion. Thus, we require that these two expansions match. In order to match the
inner expansions valid in the interfacial region to the outer expansions of Section 5.1 we employ the
following matching conditions (for the derivation we refer to [ 16, Appendix D]),

liIin Vo(s,z) =V§, (5.16)
z—>+o00

liin 2;Vo(s,2) =0, (5.17)
7—>+00

liin o.Vi(s,2) =Vv5 -V, (5.18)
7—>+00

where v :=limg g vo(p + 8V) for p e I. For vector-valued functions (5.18) read as
im .V 1(s,z) = dyvj.
As divug =0, we can rewrite
Aug = div(Vue + (Vue)T).
For a tensor A, let £(A) = %(A +A"). Then we can compute
Mg = 5 0(E(2.U: 0V)V) + 22.(E(VTUV) + 2 divr(E(QUc 0V)) + ..

1 1 2 2 .
= ?azng + ?az(aZUgv)V‘f‘ Eaz(g(VrUg)V) + EleF(g(aZUé'@v)) +....
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We note that the same expansion holds for the divergence term in (4.42a). The goal in this section
is to deduce properties satisfied by the inner expansions and to relate these properties to boundary

conditions on I for the outer expansions on I" by matching. As in Section 5.1, we will denote ( )Iﬁ
to be the order  inner expansions of equation (-).
5.2.1 Inner expansions of the state equations. To order —1, (3.4b);! gives
d.Up-v=0,(Uy-v) =0, (5.19)
while to leading order (3.44);? gives
~19.(3.Ug+(d.Ug-V)V) =-1d..Uy =0, (5.20)

where we have used (5.19). Integrating with respect to z and applying the matching condition (5.17)
leads to

2;Uy(s,2) =0, .21
and so U is independent of z. Integrating once more with respect to z and by the matching condition
(5.16), we hence find that

Uo(s,2) =uy =0, (5.22)
where we made use of (5.9) for the second equality. This implies that
ui =uy =0, (5.23)
which is the no-slip condition (2.4d). Since Uy = 0, to first order (3.41))? gives
o.U-v+diviUg=0,U;-v=0. (5.24)
Using (5.22) and (5.24), to first order (3.4(1)1’1 gives
-ud U +3d.Pyv=0. (5.25)

5.2.2  Phase field equation to leading order. To leading order (4.45);"! gives

—2*7;)(3&‘1’0— W' (@) +& (@o) (3 [Uol* ~Uo-Qy) ~ M(Po)t(P9)Uo-a = 0. (5.26)
Using (5.22), the above simplifies to

0.:®o -y (o) = 0. (5.27)
Along with the following matching conditions (5.16) for @,

Dy (s,z==%00) =1,

we can choose @y to be a function independent of s and as the unique monotone solution to
(5.27) satisfying ®o(z =0) =0 (recall (5.15)). Moreover, taking the product of (5.27) with ®{(z),
integrating with respect to z and applying matching (5.16) and (5.17) leads to the so-called
equipartition of energy

1
5 1) (2)| = w(Po(2)) for |2| < oo. (5.28)

Moreover, a short calculation using (5.28), the monotonicity of ®¢, and a change of variables s —
@ (z) shows that

CO:%f_;\/mds :%fR\/zw(%(z))cpg(z)dz = %fR|¢()(z)]2dz. (5.29)
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5.2.3 Inner expansions of the adjoint equation. Before we analyze the adjoint equation, we first
compute the following expansions

div (M () v 0,) = éaz(/w(cpg)achg) . divr(M(fbg)(;azCng . chbs)) 5:30)

+ h.o.t.,

and forany 1 < j<d,

M=~

(V(M((PE)V‘PE)G)/-: 31’(/\/1(%)8/'%)@1'

I
—_

1
€

Me

I
—_

l

Viaz(M(q)s)(iaijevj +Dj¢)£))ai

+Di(M(q)8)(iazq)8Vj +qu>s))aj + h.o.t.,
so that
1
V(M(pe)Ve)a= E(wa)vaz(M(cpe)achg)

+ (V- @M@ Tree) + Tr(M (@) 2.0 v)a)
+Vr(Vr®e)a+ hot. (5.31)
To leading order (4.42b);! gives
2.Q0- v = Mo(Po)D(v-a), (5.32)
while to leading order (4.42a);? gives
~110,Q) - 19(9.Qp - V)V = — 19, (Mo (Do) @) ((V-a)v +a), (5.33)

where we have used (5.30), (5.31) and that v is independent of z. Integrating (5.33) with respect to
z and using the matching condition (5.17) leads to

azQO + (BZQO : V)V = MO(CDO)CI)()((V ~a)V + a)a
and upon adding the product of (5.32) with Vv leads to
9:Q(5,2) = Mo(Po)Pha. (5.34)

Then, integrating (5.34) with respect to z and using the matching condition (5.16) and g; = 0 (see
(5.9)) leads to

Qy(s.y) = ( [ ;MO(CIJO(Z))CD()(z)dZ)a V| < oo. (5.35)

In particular, the right hand side is independent of s, and so we can deduce that Q, is also
independent of s. Using the matching condition (5.16), we hence have

4 = ( [l; /\/10(@0(2))‘1’6(Z)dz)a- (5.36)
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For the choice M(¢) = 5, we see that

1
27

fRMo(QJO(Z))CD()(z)dZ :%fbeé(z) dz =1, (5.37)

while for the choice M () = 1/ ¥L2*% we see that by (5.4), (5.28), and (5.29),

1 1 1 1 2
® d)’d:—f— @ d)’d:—ffdb’ dz =1.
JoMo(@0@)@h(@de= - [ o Sue@)ehar = [ SR o
Thus, in both cases, we obtain
q5 =a, (5.38)

which is the boundary condition (2.7c). To the next order, we obtain from (4.4219)?
9:Q1 -V = Mo(P0)0.P1(v-a) + M (Do) P1P;(V-a), (5.39)

where we used that Q, and @y are functions of z only, and ¥y = 0 from the outer expansions.
Meanwhile, from (5.30) and (5.31), and the fact that U = 0, we obtain from (4.426[)1_1

&(CDO)QO _.uazzQI _uaz(azQI : V)V _2“ diVF(S(Q(I) ® V)) + aZHOV
=—p(a+(v-a)v)od.(Mo(P)d.®1 + M (Do) D1 D)
— pdivp(Mo(Po)PyV)a - uvr(Mo(Po)Pyv)a.  (5.40)

Moreover, applying the product rule, we have

2divr(E(Q@y@V)) = Vr(Qy) v+ (divrv) Q)+ (Vrv) Qo+ (divr@y) v
=-kQ)+(Vrv)Q),
din(Mo(CDQ)CD6V) = —./\/lo((bo)q)(l) K,
Vr(Mo(Po)P4v) = Mo(Po)PyVrv.

Then, using the relation (5.34) for Q('), we obtain from (5.40)
a(®0)Qp~ 1920y ~ 1, (9,Q - V)V +uKkQ) ~ 1(VrVv) Q)+ Ilov
=—p(a+(v-a)v)d,(Mo(Po)d. @1 + M (Po)P1Py) + uQok - u(Vrv)Qy, (5.41)
and thus, upon cancelling the common terms, we have
&(CDO)QO - .uazzQI - “az(azQI : V)V + azHOV
=—p(a+(v-a)v)o.(Mo(Po) P + M, (Do) D Dp). (5.42)
5.2.4  Phase field equation to first order. Using (5.22), we obtain from (4.45)? to first order:

271/0( = 0., @1 + KD+ Yy (Do) Py ) + Ao — &' (Do) U1 - Qo+ Mo (Do) (Fo—0(Po)U1)-a=0. (5.43)
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Making use of (5.34), after taking the product of (5.43) with ®{ we have

e

e ( = 0D, B} + Dy (Y (Dp)) + K| DY’ ) + M@l — (6(®)) U1 - @y + @) (Fo - 0(Po)U, ) = 0.

(5.44)
Integrating by parts leads to

z=+o00

- [ (@(@0) U1-0ydz = [ a(@0)(U1-)+3:U1-Qy)dz - [(@0)U1-Qy]

z=—o00’
We use that &(1) =0, Qg(z=—00) = g; =0 to deduce that the jump term is zero. Hence,
- [ (&)U 1-0ydz = [ &(@0)(U1-Q+0.U1-Qy)dz. (545)

So, from integrating (5.44) over R and using (5.45) we obtain

2 N
fR 2—1’0 (~0:®1 @) + @1 (' (o)) + | @) + Aol dz + fRa(d)O)azUl -0y +0))-Fodz =0.
(5.46)
We find that, after integrating by parts and applying matching conditions (5.16) and (5.17) for @y,

Aﬁ(—azz¢l¢g+¢,(w'(q>0))'+;<|q>()|2)+Aoq>(’)dz
_ Y "o v
=5 [ 0@ (@ -~y (@) + 5L

Y 2
+K2—COfR|cI>{)| dz+AOqu>{)dz:;<y+2zo, (5.47)

~———— —_——
:260 =2

[y (Po) @) — D0, P1 5%

==

where we made use of (5.27), the relation (5.29), and that k is independent of z. Thus it remains to
identify

fRFo-c)ZQO+éc(d>0)8ZU1 .0, dz. (5.48)
To this end, we take the scalar product of (5.42) with d,U1 and use (5.24) to obtain
0 (P0)Qy- .Uy — 0.0, -9.Uy = -pu(9.U1-a)d.( Mo(Po) 9.1 + M, (Do) P1D)).  (5.49)

Integrating (5.49) over R with respect to z, and applying integration by parts leads to
fR &(P0)Qy- U1 dz = ch?zle QU1 (.U -a)d. (Mo (Do) .01 + M, (Do) DD} ) dz

=
= 1[0:0,-0:U1 - (9-U1 @) (Mo(D0) 2By + M (o) @10
—
~i [ 22U+ (3.1 - a(Mo(0)2.1 + M (B0) @1 ) ) dz.
(5.50)
Using (5.2), the matching conditions (5.16), (5.17), and (5.18) for &g, and (5.18) for @ and U, we
see that the jump term is

Z=+o00
[9zQ1 -0.U1 - (9.Uy-a)(Mo(P)d. Py +M1(<D0)‘1>1‘1>6)L= [Ovgy-dvuo]t, (5.51)

— 00
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since, in the case M (@) = % we have Mo (Pg) = % M (P)®; =0, and so [(d,U-a)0. P |:Z1% =

0. While for the case M(¢) = %\/ W using (5.4), (5.28) and the matching conditions, we
have

[(3zU1 -a)(Mo(Do) 0. P, +/\/11(‘13’0)‘:I>1<I’6)]Z '

7=—00

: VAC ORI o
(0.U, a)(\/mazcbl V2 \/W)l

1
B V2c

Meanwhile, using (5.39) and (5.25), the integral term is

7=—00

[RﬂazzUl (0:01 — a(Mo(P0) 9Py + M (Do) P D)) ) dz
- fR ~3.Pyv (.0, - a(Mo(D0) 2Dy + M (D) D1 D)) )dz =0.  (5.52)

Together with (5.14), i.e., Fy is independent of z, we obtain from (5.51), (5.52) that (5.48) can be
expressed as

fRFO'azQO +0(Pg)d.U, ‘Qpdz = fo'[qo]:r +u[&vq0-8vu0]f

(5.53)
= fo-a+udvqg - ovug,
where we have used g; = u; =0, and g = a from (5.38). Thus, we obtain from (5.46)
200+ KY+ fo-a+1dvg] -oyu; =0onT, (5.54)

which is the strong form of (2.6) taking into account the volume constraint and the additional
perimeter regularization.

5.2.5 Sharp interface limit. In summary, we obtain the following sharp interface limit,

—UAug+ (ug-V)ugp+Vpo=finkE, (5.55a)
~uAgy+ (Vi) gy - (ug-V)qy+Vmo=0inE, (5.55b)
divip =0, divgy=0inkE, (5.55¢)
uy=¢,=0in B, (5.55d)
up=g, ¢qo=00ndQnE, (5.55e)
up=0, gy=aonT, (5.55%)
together with the gradient equation
KY+2A0 + Udygy-Ovup+f-a=0onT. (5.56)

REMARK 5.1 (Linear scaling for the correction constant 8;) Suppose 8, = €, then we observe from
(5.3) that

"(Dy) Dy + 1
V' (@)D + +ho

2v/y(Po)

V(@) +e=/y(d)+¢
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That is,
1 1 l//,(cbo)q)l-i-l
Mo(Dg) = Vv(®y), Mi(Pg)P; = .
0(®o) V2co v(do) 1(Po) Py N v(@0)

The presence of this extra factor of 5 \/m in M (®g)d; alters the jump term of (5.50) to

z=+00
[9zQ1 .U - 0.U 1 -a(Mo(P0)d:P1 + M, (<I>o)<131¢‘6)]
7=—00
O ) . P Y7 PP I
—[3v40 8vu()]_ 20 [\/Wazul]z__m—gvﬂ) vl 20 dviy,

where we have used (5.28). Thus, instead of (5.54), we obtain

KY+2A0 + 1dyq, - Ivup + 2L8vu0~a+f'a =0onT.
o

Thus, to formally recover the strong form of (2.6), we need to choose ¢ ~ O(sk ) for k> 1.

6. Numerical computations

In this section we investigate the phase field approach numerically. We minimize the drag and
maximize the lift-to-drag ratio of an obstacle in outer flow and apply both phase field approximations
of the corresponding surface functionals. Concerning numerical results in the literature we refer
to the minimization of the drag functional in [6, 26], where a sharp interface approach is used.
In [21] the porous medium approach is used, where the authors argue, that the term oz 1, is a valid
approximation for the hydrodynamic force.

Let us start with defining the free energy y. Here we use

P() = 2 (max?(0,y— 1) + min®(0.y+ 1)) + £ (1-y?),
2 2
. 6.1)

2(s—-1)"

v(y) = li/(ﬁy)+

Note that § can be obtained by using a Moreau—Yosida relaxation of the double obstacle free energy
(3.12) with the relaxation (or penalization) parameter s > 1, and the scaling of the argument and the
shifting are chosen such that y has its minima at y = +1 with y(£1) = 0. We further introduce the
convex—concave splitting

Y=Yy,

v, (y) = %(maxz(o,s_%y— 1) +min2(0, S_%ywt 1))7

s 12
TR .
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where v, is the convex part of y and y_ is its concave part. Next we define the interpolation
function o as

0 ify>1,

if1>y>0, (6.2)

ae(y) = g

1
Toee 01’

min(1+325,1-5%(y+1)) if0>y,

where @ is a given constant, and we choose 0 = 0.99. This function o, (y) describes a linear function
between y = -2 and y = 0 and has a quadratic extension between y = 0 and y = 1. We fulfil Assumption
3.2 with s, = -2 and s, = 1. Note that we do not fulfil the regularity o € C""'(R) at s,. But this is
not a severe violation since in practice it holds that -2 < ¢, and we can control the violation of the
bound -1 < ¢, by choosing an appropriate relaxation parameter s.

For solving the optimization problem (3.8) one can use a gradient flow approach. Introducing
an artificial time variable 7, the gradient flow of j(¢) = 7" (¢,Se(¢@)) is given by

(0 0e,C)x = _ng((Pe)(C)

for all § € H'(Q)nL>(Q) with [,dx =0 with an inner product (-,-)x. Due to the volume
constraint, we choose the mass conserving inner product

(0.0)x = fQ ((-8)"'@)ndx,
which leads to the well-known H~'-gradient flow approach. In turn, we obtain the following system
from (4.32) (see also [15] for more details),

at(Pg :AWg,
1
We = —YVEAQ: + g‘lfl((Pe) + 0t (e) (5 |“8|2_ue‘qg) +Jo, (6.3)
Jo = M (@e)h(x, Ve, pe,VPe) - diV(M((Ps)D4h(x7Vueyl?s,V(Ps))y

where ue is obtained from (3.4), g, is obtained from (4.27) and J, abbreviates the terms arising
from the differentiation of the functional 4, as shown in Theorem 4.10. Note that we include the
factor ﬁ into the parameter y. The gradient flow approach allows us to use nonlinear parts of the
gradient, for example the derivative of ., implicitly in time in a time stepping scheme, which for
the chosen free energy is favorable in view of stability reasons.

After time discretization with variable time step size T°*! we at each time instance solve the

following problem. Given (pé‘, find (p§+1, w’é“, Ug, De, 4., and T fulfilling the primal system

ocg(<p"e‘)u‘g —UAug + (Ug-V)ug +Vpe = f in Q,
divag =0 in Q, (6.4)
u; =g ondQ,
the adjoint system
e (95— pdiv (Vg + (V)" )+ (Vue) g, — (ue- V) g, + Ve

= e (@F Jue — div (M(@F)Dah(x, Vue, pe, VoE"))  inQ,

divg, = -M(@f)Dsh(x, Vi, pe, VOE") + 0¢ in Q,
q.=0 on dQ,

(6.5)
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and the Cahn—Hilliard system
(P§+l _ Tk+1Awl§+1
k+1 k1, Y ’ k+1 ’ k
A A A UACAD R ACD)

+of inQ,

1 2 .
+§0‘£((P§+1)|"8| —af(0Fue-qe +Jo in Q,

(6.6)
Jo = M’((pé‘)h(x, Vg, pe, V‘Pﬁ“)

- le (M((pé)D;;h(x, Vug,pg7 v(pé<+1)) )

0= ysvgof” Vo +M((p§)v,m -Dyh(x, Ve, pe, Vgoé‘“) on 0Q,
0=vuwilvyg on dQ.

As noted above, we evaluate . at the new time instance for stability reasons.
For the spatial discretization piecewise linear and globally continuous finite elements are used

for the variables (pé‘” , w’é“, Pe, and e, while piecewise quadratic and globally continuous elements
are used for u; and q,.. The meshes are adapted using the jumps of the normal derivative of (pfrl

and wk*! over edges of the underlying discretization mesh, see [8, 30], together with a Dorfler

marking [10].

6.1  Minimization of the hydrodynamic force of an obstacle

We investigate the minimization of the drag of an obstacle of fixed area in a channel flow with block
inflow profile.

The computational domain is Q = (0,1.7) x (0,0.4). The initial phase field ¢° is defined as a
circle of radius r = 0.05 with center at M = (0.5,0.2). The boundary velocity is set to g(x,y) =
(1,0)". We fix 8; =0, s =1 x 10°, £ =0 and set

o Emin(hr [VwEL ),

where the minimization is carried out over all triangles 7. Here, the diameter of triangle T is denoted
by hr, and & is a positive scaling parameter typically set to & = 5. This CFL-like condition prevents
the interfacial region from moving too fast for the adaptation process.

We restate the definition of the phase field approximation of the hydrodynamic force in a
direction a as

F¢ ;:fQM((pS)V(pg~<‘li(Vug+(Vug)T)—PeI)adX- ©.7

When a is equal to the direction of the flow, i.e., a = (1,0)”, we denote the resulting approximation
as FP, which corresponds to the drag of the obstacle. Meanwhile, if a is perpendicular to the
direction of the flow, i.e., a = (0,1)7, then we denote the resulting approximation as F~, which
corresponds to the lift of the obstacle.
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FIG. 1. Result for minimizing the drag using M (@¢) = %\/ %. In the left plot we show the obstacle (i.e., ¢¢ < 0) and
streamlines of u¢ in black, and the pressure outside of the obstacle in gray. Darker gray means higher pressure. On the right
we show |ug| in gray, where darker gray means lower velocity. The isoline @ =0 is shown in white and again streamlines
are displayed in black. The results for M(@¢) = % are visually indistinguishable from these results. Note that we only show

the computational domain in the neighborhood of the obstacle.

From (4.42) and (4.45), the terms arising from the derivatives of / in systems (6.5) and (6.6) in
the present setting are given as

(~div (M(<p§)D2h),v):ufQM(fpﬁ)Wpﬁ-(VH(Vv)T)adx VveH)(Q),
(Mg D3+ 0em) = [ (M(e)vet-a- £ M(gh)vet-adx)nax  vneLi(@).
U ©)= [ M(0h) (~0e(9hue ~ (e VIue)-aldx  VEeH' (@),

Next, we report on the numerical results for the case of minimizing F”. The parameters are chosen
as € =0.00025, @ =0.03, u =0.001, and y=0.01. We note that we use path-following with respect
to the value of u, starting from ¢ = 0.01, and also for the value of 7, starting from y =0.1. In Figure
1 we show the results obtained with our approach.

The drag for M(ge) = L\/¥) is given by FP =3.9454x 1072 (3.9492x 1072), and for
M(¢¢) = % we have FP =3.9117 x 1072 (3.9499 x 1072). In brackets we give the drag obtained by
evaluating the surface formulation (1.3) over the isoline ¢ = 0. We see that both formulations give
very similar results.

6.2  Maximization of the lift-drag ratio of an obstacle

Based on the results of the previous section we now investigate the maximization of the lift-to-drag
ratio given by

R:=FL/FP,
To this end, we consider replacing [, M (@¢)h(x, Vg, pe, V@e)dx in (3.8) with

_fQM((PS)V‘Pe'(IJ«(Vue +(Vue)') - pel)atdx
JoM(@e)V@e - (U(Vue +(Vue)T) - pel)adx

where a = (1,0)” and a* = (0,1)7.
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lul lul
2.098e+00 72.044e+00

16 . = 16

4.226e-02 3.528e-02

FIG. 2. Result for maximizing the lift-to-drag ratio using M (@¢) = \/ "'(% (left) and M(@e) = 5 L (right). The obstacle
(i.e., @¢ <0) and streamlines are shown in black and the velocity magmtude in gray. Darker gray means larger velocity. Note
that we only show the computational domain in the neighborhood of the obstacle.

The numerical set-up is the same as in the previous section and the parameters are chosen as
€=0.0005, @=4, u=1/15, and y=0.3. In this example we fix the y-coordinate of the center of mass
of the obstacle by a Lagrange multiplier approach in order to keep it fixed at the initial position. We
define the center of mass of the obstacle as

Jo s

com =

1‘P£
dex

In Figure 2 we show results for this parameter set. We observe the expected optimal shape for both
formulations, but for M (@) = Cl\/ ¥(2e) we obtain a longer and thinner obstacle. The lift-to-drag

ratio for M (@) = %\/ ¥(9e) js R = 1.1104, and for M(pe) = % it is R =0.9885. We stress that,
here we calculate with a rather small value of viscosity £ = 1/15 and that the minimal magnitude
of velocity inside the obstacle is 4 x 10‘2, which is rather large. However, we think that the results
serve as a promising starting point for further investigations.
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