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Introduction

In this thesis we consider optimal control problems constrained by partial differential equa-
tions in fluid mechanics. In particular, we treat optimal Dirichlet boundary control prob-
lems for the standard equations of fluid mechanics, such as the stationary Stokes equations
and the stationary Navier—Stokes equations. We can imagine such a problem, for instance,
in the following way: Let us consider the flow around an obstacle, for example an airfoil,
where on a part of the boundary a control boundary is considered. On this control bound-
ary we are able to control some inflow or outflow. The aim is to find the optimal control
on the control boundary, such that the lift of the airfoil becomes maximal.

Another example would be to find the control in such a way, such that the flow around the
airfoil approximates some given desired velocity best. We present such an example. There
are several other interpretations of optimal control problems in fluid mechanics, which are
reasonable and necessary, see for example [11, 16, 18, 19, 34]. For a mathematical overview
on fluids we refer to [7, 12, 13, 15, 20, 26].

More generally, we can describe such optimal control problems by the minimization of
certain cost functionals, where the constraint is a partial differential equation. In our case
these partial differential equations are either the Stokes equations or the Navier—Stokes
equations. This means that the control and the state, i.e. the velocity, are both coupled
by a partial differential equation. Furthermore, such an optimal control problem leads to a
system of coupled partial differential equations, which we are going to solve. This will be
done by the finite element method, see [4, 6, 15, 26, 31]. Actually, we do so by using stabi-
lized finite element methods, which gives us the latitude of using arbitrary elements. These
methods, have been developed for the Stokes equations, see for example [3, 9, 14, 21, 22, 25],
and for the Navier—Stokes equations, see for example [8, 10, 17, 24, 32, 33]. But they can be
used also for other partial differential equations, for example advection—diffusion equations
or convection dominated problems.

In most cases the boundary control for an optimal control problem is considered in the
space [La(I')]". We will show, that in most cases it is more reasonable to consider the
energy space [HY/2(I')]" instead, see also [23]. For an overview on these Sobolev spaces we
refer to [1, 15, 31]. In particular we will show how to realize the energy space in a finite
element approach and discuss the difference of the two control spaces.

This thesis is organized as follows: In the first chapter we start with the description of
optimal control problems in fluid mechanics and describe the problem about the different
control spaces. In the second part we consider the optimal control problem for the Stokes
equations in more detail. We repeat the existence and uniqueness results for a solution of
the Stokes equations and prove the unique solvability of the corresponding optimal control
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problem, which ends by the derivation of the optimality system as an equivalent problem.
In the third part we consider the optimal control problem of the Navier—-Stokes equations.
We comment on uniqueness results for the Navier—Stokes equations and derive the corre-
sponding optimality system.

In the second chapter we consider stabilized finite elements methods. In the first part, these
methods are considered for the Stokes equations, where we prove stability of the methods
and some error estimates. Moreover, we give some related numerical results, where we
focus on the choice of the stabilization parameters. These results confirm the theoretical
error estimates. In the second part, we introduce a stabilized finite element formulation
for the Navier—Stokes equations and give some numerical results.

In the third chapter we combine the ideas of the first and second chapter. First we consider
a stabilized finite element method for the optimal control problem of the Stokes equations.
We present some related numerical results and discuss the difference of a realization of the
control in [Ly(T)]", and in the energy space [Hl/z(F)}n. In the second part we consider
a stabilized finite element method for the optimal control problem of the Navier—Stokes
equations. We give some related numerical results and again focus on the difference of
the control spaces. Afterwards, we consider a more realistic example, where the optimal
control of an airfoil is considered. Again we focus on the difference of the realization of the
control in [Ly(I')]", and in the energy space [H/*(I")]".



1 An optimal control problem

In this chapter we consider some optimal control problems in fluid mechanics. We already
mentioned in the introduction the meaning of these kinds of problems. In the first section
we describe optimal control problems for different state equations, such as the Stokes or
the Navier—Stokes equations. In the second part we treat the optimal control problem for
the Stokes equations. We first give a short review on results on the unique solvability
of the Stokes equations itself. Afterwards we prove existence and uniqueness of the solu-
tion for the optimal control problem. Furthermore we derive the adjoint equations and
the corresponding optimality system. In the third section we consider the Navier—Stokes
equations. Here we comment on the existence and uniqueness of the solution under certain
assumptions. In addition we derive the corresponding optimality system.

1.1 Model problems

Let Q@ € R" (n = 2,3) be a bounded Lipschitz domain with boundary T' = 09Q. We
consider the stationary Navier-Stokes equations, with four different types of boundary
conditions, which are formulated at mutually different parts of the boundary: I'y for a
noslip boundary, I';, for an inflow boundary, I'y,; for an outflow boundary, and I'. for a
control boundary, where we assume [' = T, UL, Ul UT.. In the following we denote
by u and p the velocity and the pressure, respectively, and the control by z. Our aim is
to determine the control in such a way, such that the velocity, i.e. the state, is the best
possible approximation of a given desired velocity w. Such an optimal control problem is
given as follows: Minimize the cost functional

T 2) = 5 = Tl o + 5004z 2)r, (1)
under the constraint
—vAu+ (u-V)u+Vp=f in ,
V-u=0 in Q,
u=>0 on [,
;:é onT, . (1.2)
v(Vupn —pn =0 on oy,
u=z on I'c,
and where the control satisfies the box constraints
Zai < 2 < 2y ae.onl, 1=1,...,n. (1.3)
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The constraints z, and gz, are assumed to be smooth enough. The given constant o > 0
denotes the cost coefficient, and v > 0 is the viscosity constant. The former can be
understood as measure of the costs to realize the control, or from the mathematical point
of view as a regularization. The operator A will be chosen in such a way, that the duality
product induces either the [Ly(I.)]" norm, or the [HY?(T;)]" semi-norm, this will be
discussed later in more detail.

Since the constraint, the Navier—Stokes equations (1.2), is nonlinear, we will introduce
a linearization of this problem. If we consider instead of the nonlinear term (u, - V)u,
where u, is given, we obtain the Oseen equations. If we neglect the nonlinearity, the state
equations become the Stokes equations:

—vAu+Vp=f in Q,
V.ou=0 in Q,
u=20 on [y, (1.4)
u=g  only,
v(Vu)p —pn =0 on Ty,
u=z on I

This linearization makes sense when we consider fluids with slow motion and with high
viscosity, i.e. a low Reynolds number. An overview on different fluid low models can be
found, for example, in [7].

Remark 1.1. If we consider the weak formulation of (1.2) or (1.4), then w is considered
in [HY(Q)]" or in an appropriate subspace, depending on the boundary conditions. By the
trace theorem, see for example [31], the trace of a [H'()]" function is in [HY/*(I)]™. From
this point of view, we need to find an optimal control in [HY*(I)]*, and that is why the
operator A in the cost functional (1.1) should be a map A : [HY?(T)|* — [HY/2(T")]", such
that the duality product on the boundary is well defined. Such a mapping can be realized,
for e.g., by the so called Steklov—Poincaré operator S, see for example [31]. This operator
induces the following semi—norm
’é‘leﬂ(F)]" = <S§7 §>F

In many cases the operator A is just realized by the identity and so we find the optimal
control in [Lo(D)". The difference of considering the control in [Ly(I)]" or [HY*(I)]"
is also discussed in the current paper [23], where the Poisson equation is considered. For
a polygonal or polyhedral bounded domain it turns out that, if the control is going to be
considered in Ly(I"), it vanishes in each corner point of the domain, but not for a control
in HY2(T'). So there is also a difference from a physical point of view. Moreover, this
effect has an influence on the order of convergence of the control, when we discretize this
problem, see [23]. We will see that there are similar effects for optimal control problems
for the Stokes and the Navier—Stokes equations. Furthermore, we describe the Steklov—
Poincaré operator in the case of an open subset of the boundary, which we need to consider
mixed boundary value problems.
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With reference to the cost functional (1.1), there are several other choices possible and
reasonable, for example:

- 1
J(u,z) = V/ > IV dx + 19/ 2= g’z n ds,,
Q5 r -
see [11], and

1
I (w,2) = Flup) + 50|zl + 1217, mopr):

with some appropriate functional F(-,-), see [18]. More details can be found in [11, 16, 18,
19].

In the following we will consider the optimal control problem for the Stokes and Navier—
Stokes equations in more detail.

1.2 Stokes equations

In this section we focus on the linearized optimal control problem, where the state is
described by the Stokes equations. We consider the boundary I' = T'p U Ty U T with a
Dirichlet boundary I'p, a Neumann boundary I'y, and a control boundary I'.. For this case
the optimal control problem for the Stokes equations is given as follows: Minimize the cost
functional

1 _ 1
J(u,z) = ) lu— 2”[21;2(9)]“ + §Q<S§> 2)r. (1.5)
under the constraint
—vAu+Vp=f in €,
V-u=0 in €,
u=g on I'p, (1.6)
v(Vun —pn=0  onIYy,
u=z on I'c,
where the control satisfies the box constraints
Zai < 2 < 2 ae.onle, 1=1,...,n. (1.7)

The aim of this section is to prove the unique solvability of the optimal control problem
(1.5)—(1.7) and to derive the corresponding optimality system.

1.2.1 Unique solvability of the state equations

In the following we derive the variational formulation for the Stokes equations and prove
the existence and uniqueness of the solution. This will be done for a mixed boundary value



12 1 An optimal control problem

problem, where I' = T'p U I'x with meas(I'p) > 0 and meas(I'y) > 0, which is given by

—vAu+Vp=f in Q,

V-u=0 in €,
(1.8)
u=g on I'p,
v(Vu)n —pn =0 on I'y.

Remark 1.2. Note that in (1.6) the control boundary condition w = z on T'. can be
interpreted as a Dirichlet boundary condition. Due to this reason it is enough to consider
problem (1.8).

The derivation of the corresponding variational formulation can be found for example in
4, 6, 15, 26, 31] and is given as follows: Find (u, p) € [H}(Q)]" x Ly(2) with u = gon I'p,

such that
al\u,v U
(u,2) ~ ble,p) = {f, b o)
b(u, q) =0
is satisfied for all test functions (v,q) € [H} (£, Tp)]" x Lo(Q), where the related bilinear
forms are given by
a(u,v) = V/ ZVUZ- -Vu; dr and b(v,p) = /p Vv de. (1.10)
QS Q

These bilinear forms are both bounded, i.e.
a(u,v) < ¢ ||H||[H1(Q)]n HQH[Hl(Q)]” and  b(v,q) < ¢ ||Q||[H1(Q)}" ||QHL2(Q)

are satisfied for all u,v € [HY(Q)]" and g € Ly(Q). In addition the bilinear form a(,-) is
[H (9, Tp)]"—elliptic, see for example [31], i.e

2
a(v,v) > cf 0]l {1

for all v € [Hj (2, Ip)]" :=={v e [H(D]" |[v=0 onTp}.

Remark 1.3. If we consider the Dirichlet problem, i.e. T' = I'p in (1.8), we have to
assume the solvability condition
/ g-nds, =0.
L2

Moreover, the pressure p is only unique up to an additive constant. For this reason we
introduce Lao(2) C Lo(Q), where p € Lao() satisfies the scaling condition [,p dz =0,
see [31].

In the following we prove the unique solvability of the problem (1.9). Therefore we need
the following result on the inf-sup condition.
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Lemma 1.1. Let €2 be a bounded and simply connected Lipschitz domain. Then the inf-sup
condition

b
Csllllpyy < sup b (1.11)

for all g € Ly o(R2) is satisfied with a positive constant cs > 0.
Proof. From the Necas inequality, see [5],
HQHLZ(Q) < cN HVQH[HA(Q)]"

for all ¢ € Lyo(€2), and the norm definition of the space [H~1(Q)]" we get

VQa w)a —b w, q

iy Sox swp vl gy, D
orwe[my@)]" 12l @ orwe[mi@)]" 1€l @y

for all ¢ € Lo (€2). We obtain the inf-sup condition (1.11) by setting v = —w. ]

Remark 1.4. The inf-sup condition is also valid for spaces [HY(Q,Tp)]" and Ly(Q) as
needed for the mized boundary value problem (1.9), see for example [6].

Lemma 1.1 and Remark 1.4 are important results to show the unique solvability of the
variational problem (1.9).

Theorem 1.1. Let Q be a bounded, simply connected Lipschitz domain, [ € [ﬁ_l(Q)]n

and g € [HY*(Tp)]". Then there ezists a unique solution (u,p) € [H*(Q)]" x La() with
u=g on I'p of the problem (1.9) and the stability estimates

CA
o < 23 M o+ (14 ) @l 012

and

1 cy
Wl < 5= (145 ) (Il + o Mol pogy) 139

are satisfied.

Proof. For g € [H'/?(I'p)]" there exists an extension g € [H'/*(I')]" with

\@H[Hl/z(r)]" < HQH[HI/Q(FD)]n '

By the inverse trace theorem there exists a bounded extension u; € [H'()]" such that

|| gH H1/2(F Cg HQH[Hl/z(FD)]n
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is satisfied. For the variational problem (1.9) we now obtain the following formulation:
Find (ug, p) € [HL(Q,Tp)]" x Ly(Q), such that

a(ug, v) — b(v,p) = {f,v)o — a(ug, v),

(1.14)
b(uy, q) = —b(uz,q)

is satisfied for all test functions (v,q) € [H (2, Tp)]" x Ly(Q). The bilinear forms af(-, -),

b(-,-) are bounded and a(-,) is in addition [H3 (2, I'p)]"—elliptic. The bilinear form b(-, -)

induces an opterator B : [H}(Q,T'p)]" — Ly() with

ker B:={v € [Hy(Q,Tp)]": Vv =0} C [Hy(2,Tp)]",

from which we conclude the ker B—ellipticity of a(-,-). Now, all assumptions of the ab-
stract theorem of saddle point problems are satisfied from which we conclude existence
and uniqueness of the solution, see [31, Theorem 3.11]. Furthermore, we get by this theo-
rem the desired stability estimates (1.12)—(1.13), see also [4, 6, 15, 26]. O

1.2.2 Unique solvability of the optimal control problem

Now we are in a position to prove the unique solvability of the optimal control problem
for the Stokes equations, which is given by (1.5)-(1.7) for a control in [HY*(T'.)]". Let
fe [ﬁ_l(ﬂ)] , W€ [Ly(Q)]" and z,,2, € [HY*(T)]" be satisfied. Moreover we set

the operator A = S in the cost functional (1.5), where S denotes the Steklov—Poincaré
operator, see Remark 1.1. More precisely, we realize this operator by solving the following
homogeneous boundary value problem

—Au=0 in €,
u=0 onlp, (1.15)
(Vu)n =0  on I'y,
U=z on I'..

The corresponding variational formulation is given as follows: Find u € [H}(Q,'p)]" with
u = z on I'¢, such that

/ZVUZ--VUZ» dr =0
Q=1

is satisfied for all v € [H}(Q, Tp UT.)]". Thus the Steklov—Poincaré operator is given by
Sz=(Vu)n  onl,,

which realizes the Dirichlet to Neumann map.
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Remark 1.5. Another possibility would be to realize the Steklov—Poincaré operator via the
solution of a homogeneous boundary value problem of the Stokes equations. In this case the
operator is given by

Sz=v(Vun—pn  onT,
with some additional pressure term.

For the mixed boundary value problem (1.15) we have to distinguish different situations,
which leads to different spaces for the control:

(i) If the complete boundary is considered as a control boundary, i.e. I' = I';, we consider
the control in [H'/2(T")]" and the Steklov—Poincaré operator is given by the mapping
S [HYAD)" — [H(D))"

(ii) If the control boundary is an open subset of the boundary, ie. I'e C I' and I' =
I'p UT'y UT. such that I'p UT'. # @ and I'y UT'. = @ holds, we consider the control
in [H)P(TH" == {v =d|r, 1 0 € [HY*(I)]" ,supp(8) C Tc}. The Steklov—Poincaré
operator is then given by the mapping S : [Hal*(To)]” — [H~V2(T)"

Here we restrict ourself to these two cases, since we only need those later on. In a similar
way we can treat also the cases IpUTL, =0, I'nUT.# 0 and Tp UT. # 0, Iy UT. # (.
Now we introduce the space Z which is either [H'/?(I')]", if we consider case (i), or

[Héé2(l“c)]”, if we consider case (ii). It is important to mention that the dual space
Z* = [H Y%(T.)]" for both cases, see for example [31].

Lemma 1.2. The Steklov-Poincaré operator S : Z — Z* is bounded and self-adjoint.

Proof. We consider v € Z with an extension v € [H (9, T'p)]". From the boundary value
problem (1.15) and the inverse trace theorem we obtain

o= sup Ve o (Ve Ve

0£veZ ||Q||[H1/2(rc)]” Bl 0#veZz ||Q||[H1/2(FC)]"

15|

U » [|Ev n
< su ||—||[H1(Q)] | _||[H1(Q)]

T 0#veZ vl [H1/2(0)]"

S C Hé” [Hl/Q(FC)]n

for all z € Z. Moreover we introduce a solution operator H : Z — [H}(€,I'p)]". For

zZ,w€E Zlet u = 7‘~(§, V= ﬁw be solutions of the related boundary value problem (1.15).
Then there holds

(Sz,w)r, = ((Vw)n, w)r. = / > V-V da = — / u-Av dr + /u (Vu)n ds,
(R Q

= (z, (Vu)n)r, = (z, Sw)r,

for all z,w € Z. O
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In the following we split the solutions of the state equations (1.6) into a homogeneous and
an inhomogeneous part. Those are given by the following two problems. We first consider
the problem

—vAu; +Vpp = f in €,

Vou,=0 in §,
up=g  onlp,
v(Vugn —pm=0  onTy,
up=0 onT,

with the corresponding variational formulation: Find (u;, py) € [Hg(Q,Tc)]" X Ly(€2) with
uy = g on I'p, such that

a<ﬂfay> - b(y,]ﬁ) - <i,Q>Q,
b(ﬂfﬂ) 0

is satisfied for all test functions (v,q) € [HE(Q,TpUT)]" x Ly(Q). Furthermore, we
consider the problem
—vAu, +Vp, =0 in €,
0 in €,
u, =0 on I'p,
v(Vu,)n—p.n=0  onTy,
z on I'..
By the inverse trace theorem, see [31], for z € Z there exists a bounded extension
Ez € [Hy(Q,T'p)]". We introduce u, = u, + €z, thus the variational formulation for
the homogeneous problem reads: Find (ug, p.) € [H}(Q,Tp UT.)]" x Ly(Q), such that

a(ug,v) — b(v, p.) = —a(€z,v),
b(uy, q) = —0(€z,q)

is satisfied for all test functions (v, q) € [Hg (9, Tp UT.)]" x Lo(€). Now the unique solution
of the state equations (1.6) can be written as u = u, + uy and p = p, + py.

Due to the compact imbedding [H'(2)]" C [L2(9)]" we introduce the solution operator
H : Z — [La(Q)]" such that u, = Hz holds. Now we can introduce the reduced cost
functional

7 1 2 1
J(2) =5 [z + u; _QH[LQ(Q)]" + §Q<S§7§>Fc
1 42 1
=5 IHz = @, 0y + §Q<S§, 2)r.

where we used w :=u — u;. If we define the set of all admissible controls as

Zog =42€7Z 24, <2z <z,; ae onl. i=1,...,n},
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the optimal control problem (1.5)—(1.7) can be written as the following reduced minimiza-
tion problem: Find the optimal control Z € Z,4 such that

J(2) = min J(2). (1.16)
Eezad

The following theorem shows the existence and uniqueness of an optimal control of the

reduced minimization problem (1.16).

Theorem 1.2. [34, Theorem 2.14] Let (Z,(-,-)z) and (X, {(-,-)x) be real Hilbert spaces,
and Z,q € Z a nonempty, closed, bounded and convexr subset. Moreover, let 0 > 0, w € X
and H : Z — X, A . Z — Z* be linear, continuous operators, where A is in addition
positive semi—definite. Then for the reduced minimization problem

~ 1 1
win 7(e) = min { 51z - TR + oAz 2) e

26244 2€244
there exists an optimal solution. If o > 0 or H is injective, the solution is unique.

For the existence and uniqueness of the solution of the reduced minimization problem
(1.16) and accordingly of the optimal control problem (1.5)—(1.7), we have to check the
assumptions of Theorem 1.2. The solution operator H : Z — [HE(€,T'p)]" is linear and
bounded, where the latter follows from the stability estimate (1.12). The properties of the
Steklov—Poincaré operator follow from Lemma 1.2. It remains to prove the assumptions
on the set of admissible controls 7,4, which are given by the following lemma.

Lemma 1.3. [34] The set of admissible controls Z,q is a nonempty, closed, bounded and
convex subset of Z.

Now all assumptions of Theorem 1.2 are satisfied and we can conclude the unique solvability
of the reduced minimization problem (1.16), and of the corresponding optimal control
problem (1.5)—(1.7) for a cost coefficient ¢ > 0.

1.2.3 Optimality system

In this part we derive the optimality system, which is an equivalent problem to the optimal
control problem (1.5)—(1.7). First of all, the following theorem provides an equivalent
formulation of the reduced minimization problem.

Theorem 1.3. [34, Theorem 2.22| Let (Z,(-,-)z) and (X, (-, )x) be real Hilbert spaces.
Under the assumptions of Theorem 1.2, and if in addition the operator A : Z — Z* is self
adjoint, the following two statements are equivalent:

Eezad

~ =~ 1 1
i) F = min 7 = min {51z -+ Gel4z Doz

(1)) (Hz—w, H(z—2))x +0{AZ,z2—2) 75z >0 forall z € Zu,.
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Next we introduce the corresponding adjoint operator H* : [Ly(Q)]" — Z*, which is needed
for applying Theorem 1.3. The following theorem details on the adjoint problem of the
Stokes equations and the adjoint solution operator H*.

Theorem 1.4. Let z € Z and ¢ € [Ly(Q)]" be arbitrary but fived. For u, = Hz we
consider the unique solution (u_,p.) € [HE(Q,Tp)]" x La(Q) of the boundary value problem

—vAu, +Vp, =0 in €,
V-u,=0 in €,
u, =0 on I'p, (1.17)

V(ng)ﬂ —pn= on FN)

1O |

u, = on I'..

2z

Furthermore, let H*) = —v(Vw)n — rn on T¢, where (w,r) € [Hj(Q,Tp UT.)]" x Ly(2)
18 the unique solution of the adjoint boundary value problem

—vAw —Vr =1 in €,

V-w=0 in €
@ s (1.18)
w=0 onI'pUT,,
v(Vw)n+rn =0 on I'y

Then (Hz,¥)a = {2, H*Y)r, is satisfied.
Proof. For the application of the solution operator we have Hz = u, = u, + £z, where
uy € [HF(Q,TpUT)]" and £z € [HY(Q,Tp)]" denotes the extension of some z € Z.
For the problem (1.17) we obtain the following variational formulation: Find (uy,p.) €
[H3 (2, Tp UT,)]" x Ly(R2), such that

a(ug, v) — b(v, p:) = —a(€z,v),

b(uy, q) = —b(€z,q)
is satisfied for all (v,q) € [HJ(Q,TpUT.)]" x Ly(Q). By using v = w in the above
variational formulation we get the following variational equations

a(ug, w) — b(w,p.) = —a(€z, w),

b(uy, q) = —b(€z,q)

for all ¢ € Ly(2). Analogously, we obtain for the adjoint problem (1.18), with v = w,,
a(w, uy) + b(uy, ) = <%7 Ug) e,
b(w, q) =0

for all ¢ € Ls(©2). Now we can subtract the respective first equations and apply the
symmetry of the bilinear form a(-, ), this yields

—b(&z,1) = a(Ez,w) + (¢, yy)a.
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By applying integration by parts we obtain
(W, up)0 = —a(Ez,w) — b(Ez,7)
= /(VAwwL Vr)-Ez dr — /(I/(Vw)@+ rn) - €z ds,
= —Q@, Ez)a + (—v(Vu)n — ;@ 2)Tes
which completes the proof by using Hz = u, = u, + €z, i.e.
(H*Y, 2)r. = (¥, Hz)a = (Y, uy + E2)o = (—v(Vw)n — rn, 2)r..
O

Since the Steklov—Poincaré operator S is self-adjoint, we can apply Theorem 1.3 and obtain

(Hz —w, H(z — 2)) Lo + 0(52, 2 — 2) zoxz
= <H*(H2 - E)7§ - §>FC + Q<S§7§ - §>FC
= (H"(Hz — @) + 05%,2 — Z)r.,

accordingly, the reduced minimization problem (1.16) is equivalent to the following varia-
tional inequality: Find z € Z,4, such that

(H*(Hz =) + 052,z — 2)r, > 0 (1.19)
for all z € Z,4. We get by the definition of w the equation
Hi—T=Hi+u, —T=i—7
where we used & := HZz + u; and thus
HA(Hz — ) = H' (@ — ) = —(Vi)n — 7n.
In particular we get for the variational inequality (1.19)
(=v(V)n —in+ 0Sz,z — Z)r. 2 0

for all z € Z,4.
Altogether we get, for the optimal control problem (1.5)—(1.7) respectively the reduced
minimization problem (1.16), the following equivalent optimality system:

Primal problem

—vAu+Vp=f in Q,
V-u=0 in €,
i=g on T'p,
v(Vi)n —pn =0 on I'y,
u=z on I,
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Adjoint problem

—vAw—-Vr=u—u in €2,
V-w=0 in €,

w=0 onI'pUT,
v(Vo)n+rn =0 on I'y,

Optimality condition

(—v(Vi)n — fn+ 052,z — Z)r, > 0

for all z € Z,4.

Remark 1.6. If we do not consider box constraints on the control, i.e. Z,q = Z, the above
optimality condition, a variational inequality, turns into the variational equation

(—v(V)n — fn+ 05z, z)r, =0
forall z € Z.

In the following we give another representation of the optimality condition, see also [23].

We define

A= —v(V)n —in+ 0S5z = —v(V)n —in+ o(Vi,)n  on T,

where @, € [H}(2,I'p)]" is the solution of the vector valued Laplace problem (1.15) for
some given 2z € Z. Now we are able to rewrite the optimality condition in the following
form

for all z € Z,q. If we set z = 2, € Z,4, we obtain

(A 2y — 2)r. 2 0. (1.20)

c —

Next we choose, for z € Z,4, some ¢ € Z, such that ¢; > 0 on I'c Vi = 1,...,n and
Z=2—p € Zy hold. It follows

<A7 £>Fc S 0.

This means \; < 0 on I'. Vi = 1,...,n in the sense of Z. Moreover, we can choose
@ =z, — 2, and obtain

(A2, — Z)r. < 0.

c —
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Together with (1.20) we conclude
(A, Zp — Z)FC = 0.
This leads to the following complementary conditions
Zi< i, NS0 forz=gz, N=0 forz,; <2z <z, on I,
and similarly,
2> Zaiy, N2>0 forz=gz,, N=0 forz,, <2z <z, on I',

for all i = 1,...,n. Due to this reason, @, € [H}(€,T'p)]" is the unique solution of the
following Signorini boundary value problem

—Au, =0 in €,
(VQ,Z)Q =0 on I'y,
with the bilateral constraints
Ui < zps,  0[(V,)n); < v[(V)n); +7n; fora, =z,  onT.,
Usi > 205, 0[(Vu,)nl; > v[(Vw)n]; +7n; fora, =z, onl,

foralli=1,...,n, and
(ol(VE,)nli — v[(V)n]; 4+ 7ny) (@5 — 2a) (s — 2) =0 on I
foralli=1,...,n.

Remark 1.7. Since the optimality condition, i.e. the variational inequality, can be written
as a Signorini boundary value problem, we are able to prove some regqularity results of the
solution, see [23, Proposition 2.2]. It is important to mention that, if the mized boundary
value is considered as in this case, we can only expect some lower reqularity, see also [23,
Proposition 2.2].

In this section we have considered the optimal control problem of the Stokes equations
(1.5)—(1.7). We proved existence and uniqueness of the solution of the Stokes equations
itself, and of the optimal control problem. Moreover, we derived the corresponding opti-
mality system as an equivalent problem. In general it is not so easy to see how the adjoint
equation of a partial differential equation looks like, especially for nonlinear equations.
Therefore the adjoint equation can be also calculated via the so called formal Lagrange
method, see [34].
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1.3 Navier—Stokes equations

In this section we consider the optimal control problem for the Navier—Stokes equations.
For this case the optimal control problem of the Navier-Stokes equations is given as follows:
Minimize the cost functional

Tw2) = 5l ~ Tl o + 50052 2. (1.21)
under the constraint
—vAu+ (u-V)u+Vp=f in Q,
V-u=0 in €,
u=g on I'p, (1.22)
v(Vuypn—pn=0  on Tk,
u=z on I,
where the control satisfies the box constraint
Zai < 2 < 2 ae.onle, i=1,...,n. (1.23)

The aim of this section is to derive the optimality system for the optimal control problem
(1.21)—(1.23).

1.3.1 Unique solvability of the state equations

In the following we derive the variational formulation for the Navier-Stokes equations.
Moreover we comment on existence and uniqueness results of the solution. We consider the
mixed boundary value problem, where I' = ' UT'y with meas(I'p) > 0 and meas(I'y) > 0,
which is given by

—vAu+ (u-V)u+Vp=f in Q,

V-ou=0 in Q, (1.24)
u=g on I'p, '
v(Vu)n —pn =0 on I'y.

The related variational formulation is similar to that of the Stokes equations as considered
in Section 1.2.1, with an additional term due to the nonlinearity, see for example [15, 26].
The corresponding variational formulation is given as follows: Find (u,p) € [H'(Q)]" x
Ly(2) with u = g on I'p, such that

a(u,v) + ai(u, u,v) = b(v,p) = (f,v)a,
b(u, q) =0

is satisfied for all test functions (v,q) € [HL(Q,Tp)]" x Lo(Q), where the bilinear forms
a(+,-) and b(-,-) are those from (1.10), and the additional trilinear form is given by

a(w, u,v) = /Q[(wvm] v da.

(1.25)



1.3 Navier—Stokes equations 23

Remark 1.8. If we consider the Dirichlet boundary value problem, i.e. I' =T'p in (1.24),
we have to assume the solvability condition

/g-@ ds, = 0. (1.26)
r

Moreover the pressure p is only unique up to an additive constant. For this reason we
introduce Ly o(Q2) C Lo(SY), where p € Lyo(Y) satisfies the scaling condition [, p dx =0,
see [31].

Next we consider the unique solvability of the variational problem (1.25). The nonlinearity
makes the situation more difficult, than before for the Stokes equations. Instead we have
to make use of a fixed point theorem, as shown in [15]. The first result is a useful property
of ai(+,+, ).

Lemma 1.4. The trilinear form ay(-,-,-) is bounded on ([Hl(Q)]n)3

Proof. By the definition of a;(-,-,-) we have

ar(w, u,v) < e |ul gy || ellol ) -
Due to the continuous imbedding of [H*(2)]" in [L4(92)]", we obtain
ar(w,u,v) < ¢ |ﬂ|[H1(Q)]n le|[L4(Q)]" HQ||[L4(Q)}" <c ||H||[H1(Q)}" ||M||[H1(Q)}” ||2||[H1(Q)}”
for all u,w,v € [H(Q)]". O

The following theorem ensures the existence of a solution when we are considering the
Dirichlet boundary value problem, i.e. I' =I'p.

Theorem 1.5. [15, Theorem 2.3] Let Q be a bounded Lipschitz domain, f € [H*(Q)]"
and g € [HY*(T)]" satisfying (1.26). Then there exists at least one solution (u,p) €
[H'(Q)]" X Lao(Q) with uw =g on I such that (1.25) is satisfied.

Now we introduce the space Vi, := {v € [H}(Q)]" : V-v =0 in Q} and define

n = sup
0#u,v,weVyiy

Wligr oy [l oy [0l
Moreover we set Vaivg :={v € [H'(Q)]":V-2=0 inQ, v=g onT}and

1/2
a1 (w, v, w) N (77 (f,w)o — a(v,w) — ay(v, v, w))

Vo := inf sup

3 sup —
070€Vdiv,g | 0£wE Vi ’wh]p(m]n

0£we Vysy |w| [HL(D)]"

This leads to the following statement on the uniqueness of the solution.

Theorem 1.6. [15, Theorem 2.4] Under the assumptions of Theorem 1.5 and if in addition
v > vy is satisfied, there exists a unique solution (u,p) € [H*()]" X Loo(2) with u = g on
[ of the variational formulation (1.25).

Remark 1.9. For the existence and uniqueness of the solution of the mized boundary value
problem, as we considered in (1.24), we refer to [2, p. 127-131].
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1.3.2 Optimality system

In the following we derive the optimality system for the optimal control problem of the
Navier-Stokes equations, which is given by (1.21)-(1.23). Since we consider a nonlinear
problem, it is not so clear how the adjoint equations looks like. That is why we derive
the optimality system by the so called formal Lagrange method, as described in [34].

Let f € [f[‘l(Q)] , W € [La(Q)]" and z,,2, € Z, where Z is either [HY/*(T';)]" or an
appropriate subset, which we described in Section 1.2.2 for the Stokes equations.
In the first step we introduce the following Lagrange functional

*C - *C(g?p7 g) Q17Q2ay3ay4a U)

ijé%ﬁ/GwAu+@uVm+Vp—ﬁ~mdm+Lﬁfgﬂdx

Q

+/ (w—yg)- vy dsx+/ (v(Vu)n — pn) - v, d3z+/ (u—z)- vy ds,.
I'p I'n c

By applying integration by parts twice, we get the following expression

z:j@@—/

Q

_/Q[(Vyl)u]-gdm+/r(g.@)(u.yl> dsm—/QpV~yl "

—I—/pgl-ﬂdsx—/f-yldx—/Vv-gda:—l—/g-ﬂvdsm
r Q Q r

—i—/FD(Q—g).yg dsx+/FN(y(vg)ﬂ_m).y3 dsﬁ/ (u—2) v, ds,.

Ie

VAyl-gdat—l—/

r

VKVyﬁm-ud%—i/VKVuMdihd&

r

At a local optimum (@, p, 2, vy, Vs, U5, ¥4, v) we expect the following conditions to be sat-
isfied: D,L =0, D,L =0 and D,L(z — 2) > 0 for all z € Z,4. For the derivative with
respect to u we obtain

DuCh = /Q(@—@) -ﬁdaz—/QyAyl .@dﬁ/ry[(vgl)@] @dsx—/y[(Vﬁ)Q] v, ds,

T

_ /Q[(Vyl)g] hodr — /Q[(V%)T@] hdr+ /(@’ﬂ)@'%) ds.

T

+/(@'D)(ﬁ'yl) dsm—/Vv-hd:c—ir/h-desx—k/ h-v, ds,
r Q r I'p
+/IMVEM4&¢a+/Zyﬂd&=O

I'n

C

for all h € [C5°(2)]". For claiming h = (Vh)n = 0 on I' we conclude

vAv, + (Vu,)i+ (Vo) '+ Vo=a—-u in Q.
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Analogously for h =0 on I" and (Vh)n = 0 on 'y we get
vp=0 onlpUT..
Now we consider h =0 on I'p UT'. and (Vh)n =0 on I' from which we obtain
v(Vy)n+ (& v)n+ (&-n)y, +on=0 on Iy,
Similarly h =0 on I'p UT'y and (VA)n = 0 on I' leads to

(Vo )n+ (@-v)n+ (@ -n)v, +vn+v, =0 onT..

For the second condition we obtain
Dpﬁh:—/hv-gl da:—i—/hyl-ﬂdsx—/ hvg-nds, =0
Q T I'n

for all h € C°(Q2) from which we conclude
V . yl = O ln Q

For the derivative with respect to the control variable we get
Dh—o | Sihds,~ [ hov,ds, =0
Te o

for all h € [C5°(2)]". Since D,L(z — 2) > 0 for all z € Z,4, we obtain the variational
inequality

(vy —05%2,2—Z)r. >0

for all z € Z,4.
Now we set w = —v; and 7 = —v and obtain the optimality system as an equivalent problem
to the optimal control problem (1.21)—(1.22). This consists of the following equations:

Primal problem

—VvAu+ (- V)a+Vp=f in Q,
V-u=0 in €,

i=g on T'p,

v(Vi)n —pn =0 on I'y,

u=z on I,
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Adjoint problem

—vAW — (V)i — (Vo) ' —Vi=a4—-a in Q,
V-w=0 in Q,
w=0 on I'p U,
v(iVo)n+ (&-w)n+ (&-n)w+7rn =0 on I'y,

Optimality condition
(—v(V)n — (& @)n — (& n)i —n+ pS2z,z — Z)r. > 0
for all z € Z,4.

Remark 1.10. If we do not consider any box constraints, i.e. Z = Z,q, the above opti-
mality condition turns into the variational equation

(—v(Vl)n — (@-@)n — (4 n) — n+ pSz, z)r, =0

forall z € Z.

In this chapter we have considered optimal control problems for the Stokes and Navier—
Stokes equations. In the Stokes case we proved the unique solvability of the optimal control
problem. For both equations we derived the optimality system as an equivalent formulation
of the optimal control problem. In the following we want to discretize these problems by
using stabilized finite element methods. In chapter 2 we will give an overview on stabilized
finite element methods for Stokes and Navier—Stokes equations. In chapter 3 we apply these
methods to the optimal control problems and address especially the issue of the difference
between a control in [L(T'.)]" and [HY?(T')]".
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In this chapter we introduce stabilized finite element methods for the Stokes and Navier—
Stokes equations. There are several different methods around, see [3, 6, 8, 9, 14, 21, 22,
26, 28, 32, 33], but we will just focus on a few of them.

We start with the idea of stabilized finite element methods for the Stokes equations (1.8),
with homogeneous Dirichlet boundary conditions for simplicity. When we consider the
variational formulation of this problem, in the continuous setting we have to satisfy the
inf-sup condition (1.11) for existence and uniqueness of the solution. This follows in
this case from Necas inequality, see Lemma 1.1. However, when we discretize the Stokes
equations we have to fulfill a discrete inf-sup condition, which we cannot conclude from the
continuous setting in general. This condition depends on the ansatz spaces Vj, C [Hg(Q)]"
and Qp C Lao(Q2), and is given as follows: There exists an h independent constant ¢ > 0,
such that

~ b(Q 7Qh)
Cs ||Qh||L2(Q) < sup L

b @) (2.1)
0#v, V4 ”Qh H (H ()"

is satisfied for all ¢, € Q. To satisfy the discrete inf-sup condition one possibility is to
chose special finite elements. The most common are the Taylor-Hood—, Crouzeix—Raviart—
and the Mini—element. For details we refer, for example, to [4, 6, 15, 26]. Here we present
an idea how to ensure stability independent of the choice of the finite elements. We do
so by a "consistent modification” of the variational formulation such that the discrete inf-
sup condition (2.1) is satisfied. This means that we add so called stabilization terms
in the variational formulation. For different choices of these stabilization terms we get
different methods. The advantage of the most stabilization methods is, that existence
and uniqueness can be shown for arbitrary finite elements. Moreover it is important to
mention that for the most methods constant shape functions are excluded, because of the
derivatives in the stabilization terms we just get the standard variational formulation again,
which leads to instabilities. An example for this case will be presented. A good overview
on stabilized finite element methods for the Stokes equations can be found, for example,
in [3, 6, 9, 14, 21, 22, 28]. The idea for the Navier-Stokes equations is the same, but here
we have to treat the nonlinearity. There are several papers on stabilized finite element
methods for this problem, see for example [8, 32, 33].

As we already mentioned, we have the advantage of using arbitrary finite elements, except
the constant ones, when we make use of stabilization methods. In particular we are able to
use low order elements, as the equal order 1 elements. This leads to less degrees of freedoms,
which is not possible for a standard discretization. Another advantage of stabilization,
which is especially usefull for the Navier—Stokes equations, is the problem of high Reynolds

27
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numbers, respectively low viscosity. For this case the convective part is dominant. There
are possibilities to treat this problem, we will present an idea.

This chapter is organized as follows: We start with an overview on different stabilizations
for the Stokes equations, where we consider the so called Galerkin Least—Square method
in more detail. The stability of this method will be proven and some error estimates will
be given afterwards. This section ends by giving some numerical results which confirm
the theoretical estimates. In the second section a stabilized finite element method for
the Navier—Stokes equations will be presented. Moreover we will discuss how to treat the
nonlinearity and give some numerical results.

2.1 Stokes equations

In this section we give an overview of the most popular stabilized finite element methods
for the Stokes equations (1.8). The idea is to add stabilization terms in the variational
formulation (1.9). A first possibility is to add a term @, (uy,, pr; gr) in the second equation,
this leads to the following problem: Find (uy,, ps) € Vi X Qp, such that

a(wy,, vy,) — b(vy,, pr) = (f,up)a,
b(wy, qn) + P (wy, pr; qn) = 0

is satisfied for all (v, qn) € Vi X Q. A first example for this stabilization term was given
by Brezzi and Pitkdranta (1984) with

Dy (wy, prs @) = Y hQT/ Vpn - Vg dx. (2.2)
TET), T
Further examples where given by Hughes, Franca and Balestra (1986) with
Dy, priqn) =0 h%/(—vﬁyh + Vpn = f) - Va, dx (2.3)
TeT;,
with some suitable chosen 0 > 0, as well as by Brezzi and Douglas (1988) with
Dy (wy, prs qn) = 0 Y I [/(Vph — f) -V, dx —/ (vAw, - n)qn ds,
Tet, T aTr

Now we consider a generalization, where we also allow a stabilization term ¥, (w,,, pp; v,,) in
the first equation. Therefore we get the following variational formulation: Find (u,,pp) €
Vi X Qy,, such that

a(wy, vy) — (v, pr) + Wiy, pr;vy) = <L Up)as

(2.4)
b(uy, qn) + Dp,(wy, pr; gn) =0
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is satisfied for all (v, qn) € Vi x Q. Therefore we chose @y, (uy,, pr; qn) as in (2.3) and

Uy, Prsvp) = 6 ) h%/(—vAuh + Vpn — f) - (—prAv,) dx (2.5)

TETh

with some constants p € {—1,0,1} and § > 0. Depending on the constant p we get the
following methods, see also [6, 9]:

p=—1: Galerkin Least-Square method (GLS)
p=0: Pressure Stabilization Petrov-Galerkin method (PSPG)
p=1: Unusual Galerkin Least-Square method (UGLS)

Remark 2.1. Let linear shape functions for u, be given, then there holds Aw,|r = 0 for
all T € Tp,. So the stabilization term (2.5) vanishes and the variational formulation is
independent of the constant p. Hence all methods, except (2.2) coincide.

It remains to answer the questions which method for piecewise linear and constant shape
functions for w,; and pj, respectively, makes sense. The problem, considering this paring,
is that we receive the standard variational formulation for all methods up to now and so
obtain an unstable method. An example which is anticipating this is given by

U (o pp;vp) = 0 and Py (wy,pign) =6 > he /[ph]e[qh]e ds,

e€€y €

with a given constant 6 > 0, where &, denotes the set of all inner edges e of the triangula-
tion and [gp]. the jump on e for g, € Q.

Another stabilization method, a so called minimal stabilization, is the Local Projection
stabilization (LPS), which is based on a local Ly—projection P,. The corresponding stabi-
lization terms are given by

(s pr;vy) =0 and - Bp(wy,pasan) = ) hT/ (PuVpn) - (PaVan) da.
TeTy

Details for this method can be found for example in [3, 14, 21, 27].

In the following we will consider the Galerkin Least—Square method in detail, applied to
the Stokes equations. We will prove stability of this method, from which we can conclude
the unique solvability of the discrete problem. Moreover we will prove error estimates.
For the other methods, as the Pressure Stabilization Petrov—Galerkin and the Unusual
Galerkin Least—Square method, the proofs are similar, see for example [6, 9]. We end by
giving some numerical results, which confirm the error estimates.

2.1.1 Stability

We consider the Galerkin Least-Square method for the Stokes equations, which is given
by the equations (2.4) for p = —1. Since the equations must be valid for all test functions,
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we are also able to subtract them. Let us consider the trial space SF(Q) of piecewise
polynomials of degree k € Ny, which are globally continuous. This definition leads for the
ansatz spaces Vi, = [SE(Q) N H(Q)]" and Qp, = Sh(Q) N Lay(€2), for some k, 1 € N, to the
following variational formulation: Find (u,,pn) € Vi, X @4, such that

A(wp,, n; vy, an) = F(uy,, an) (2.6)

is valid for all (v, qn) € Vi, X @y, where the linear forms are given by

A(uy, pr; vy, qn) = aluy, v,,) — b(vy,, pr) — b(uy, gn)

—0) h%/(—vAuh Vi) - (~vAu, + V) dr D)
TeT, T
and
F(vyqn) = (f,u)a =0 Y hQT/Ti' (—vAv, + Vg dz. (2.8)

TeTy,

Our aim is to prove stability and unique solvability of the Galerkin Least—Square method.
For the proof itself we need the following lemma first.

Lemma 2.1. There exist positive and h independent constants ¢s1 and cs2, such that

2
i ~ b(vn, n)
2 Yhs Yh
Cs1 HQh||L2(Q) — Cs2 Z hi ‘qh|H1(T) < sup . (2.9)
||Qh||[H1(Q)]n

TET, Q#Qh 7

is satisfied for all g, € Qy.

Proof. Let q, € Qn C Loo(§2) be arbitrary but fixed. From the inf-sup condition in the
continuous setting we know that there exists a v € [H}(Q)]" with v # 0, such that

¢ HQhHLQ(Q) HQH[HI(Q)]n < b(v, qn).

For this v € [H}(2)]" there exists an interpolation Ry, : [HE(Q)]" — V4, see [15], with the
following properties:

Z he' Jlv — RhyH[LQ(T)}" < CRy1 ||Q||[H1(Q)]n d
TeT),

le = Brvllpn oy < era 12l oy -

Hence we get the following two estimates

_ 2 2
Z h? |lv — RhQ”[LQ(T)}" < (crp)’ ||QH[H1(Q)]" ’
TET,

1 Bn0| 1 < v = Brvll gy + [0l < (ere + 1) ([0l gy -
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Applying these results to the bilinear form b(-,-) we obtain the following inequality:
b(Rpv, qn) = b(Rv — v, qn) + b(v, qn)

> / V- (R — 0)an dz+ ¢ lanll g, 0 2] gy

-y / (Ruv = 0) - Van o+ ¢ anll 0 [ llgscony

TeT),
1 1
2 2
. 2 2
2 = ( E hy? HRhQ—QH[LQ(T)]n> ( E , h7 ‘qh|H1(T)>
TeT), TeT)

+ cllanll @ 12l gy

2
> —CR,1<Z hzT"Ih’Hl(T)) +cllanllp,@) | 12l oy
TeTy

SIS

1

2

—CR,1 (Z hi |Clh|H1(T)) +C||Clh||L2(Q) o+ 1 ||RhQ||[H1(Q)]”‘
TeTh gl

N

v

If we now set v, = Ryv and divide by its norm, we can do so, because its different from
zero, there holds

3
C G E b(vy, qn)
2 Yp,
Cs,1 ||Qh||L2(Q) — Cs,2 ( h% |qh|H1(T)) < h—’

Ter, = vl o
which remains valid for the supremum over all v, € V. [

This is now an important result for proving the following theorem, which shows the unique
solvability of the Galerkin Least—Square method (2.6). Most interesting is, that uniqueness
is guaranteed for arbitrary shape functions with degree k,[ > 1. It is important to mention
that we handle from now on with the constant ¢; from the local inverse inequality, which
can be found for example in [31].

Theorem 2.1. Let 0 < &y < § < v~l¢;?, then for the Galerkin Least-Square method (2.6)
there exists a h and § independent constant ¢, > 0, such that

_ A(vy,, qn; wy,, )

Cs (HQhH[HI(Q)]“ + ||Qh||L2(Q)> < sup & . (2.10)
(0,0)#(wy, ,rn)EVA X Qr, ||Mh||[H1(Q)]n + ||7‘h||L2(Q)

is satisfied for all (v, qn) € Vi X Q.

Proof. Let v, € V}, and ¢;, € @), be given. We have to show that there exist w;, € V}, and
rn, € @Qp, such that the above inequality is satisfied. First we consider the interpolation
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Ryv € Vi, as used in the proof of Lemma 2.1. We scale it, such that |[Rpvl gy =
1gn][ 1, (q) 1s valid. Moreover the inequality

1
ab<—a2+gb2, Va,ba>0
2a 2

is satisfied. With it, Lemma 2.1 and the local inverse inequality we get the following
estimate:

A(vp, @n; —Rn2,0)
= — a(vy, Rpv) + b(Ryv, qr) — 0 Z h?p/(—uAyh + Va) - (VARy) dx

TET, T

2
~ 2 ~ 2
> - C? |Qh|[H1(Q)]” |Rhﬂ|[H1(Q)]” +Csa HQh||L2(Q) — G2 (Z h7 ’CIh|H1(T)> ||QhHL2(Q)
TeT),

+4 Z hT/ vAv,) - (VARpv) dx — 6 Z h?p/ Van - (VARpv) dx
T

TET;, TET,

1
2
- 2 ~ 2
> - C§4 |2h|[H1(Q)]n |Rhﬂ|[H1(Q)]” +Csa HQh||L2(Q) — G2 (Z h7 ’CIh|H1(T)> ||Qh||L2(Q)
TeT),

N|=

(Zh 122, I,y ) (Z W | ARl )é

T€ET, T€ET,
1 1
2 2
2 2
v (Z hi |Qh|H1(T)) (Z hi ||ARhQH[L2(T)]">
TeTy, TeT,
1
~ 2 ~ 2
> = 054 ‘Qh|[H1(Q)]” ’Rhyl[Hl(Q)]" + Cs1 HQhHLQ(Q) — Cs,2 (Z h?r IthHl(T)> HQhHLg(Q)
TeTy
= U%¢E [Wpl iy [ B g e (Z Wi lanl s r ) cr [ Bnlia gy
TET),

> — & onl i)

1
2
~ 2
Q) — G2 ( E hi |Qh‘H1(T)> thHLg(Q)

TeT,
1

V|Qh|[H1(Q)]” ||CIh||L2( - (Z hi |Qh|H1 )) ||CIh||L2(Q)

TeT),
1
2

~ 2 2
=—a |yh|[H1(Q)}” thHLg(Q) TG HQhHLg(Q) — G2 (Z hi ’thHl(T)> thHLg(Q)
TeTy
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Cc1 2 c1 2 - 2 Ca 2
> = % |Qh|[H1(Q)]n Ty ||C]h||L2(Q) + G ||Clh||L2(Q) " 2% Z hi |Qh|H1(T)
TeT,
Cox 2
Ty ||C]h||L2(Q)
B C1 9 - Q 2 (&) 2 2
= % |Qh|[H1(Q)]“ + (Csn — 5(01 + 2)) ||Qh||L2(Q) T 9% 1; hy |qh|H1(T)
h

2 2 2
> —C3 |2h|[H1(Q)]“ + ||Qh||L2(Q) — G Z hi |Qh|H1(T) ;
TeT,

where we have chosen 0 < o < (2¢51)(c1 + ¢2) 7t Tt follows that

A<yh7Qh;yh7 _Qh)
= a(uy,vy,) — 0 Z h?r/(_VAQh +Van) - (—vAv, — Va) dx
T

TeTy

2 2 2
2 v |y — 0 Z hi (V2 1AV, 7,y — ‘qh‘Hl(T))
TeT,

2 2 2
> v vy |f gy — 02T [l f e + 0 Z h lanl i )

TeT,
2 2
> ¢ vy [y + 6 Z hzlanle o -
TeTy
Now we set
w, =v, —elpw and 1, = —q,

for some e which satisfies 0 < & < min{dc; ', csc; ' }. It follows that

A(vy, qns wy,, 1)
= AV, qns v, —qn) + €AV, g — Ry, 0)

2 2 2
> (o — €c3) |Qh|[H1(Q)]" +ecy HQhHL2(Q) + (6 — ecs) Z hi |Qh|H1(T)
TeT),

2 2
> e (el e + lanlae))
From above we obtain

(Wil < 10l @ + € 1Ri2l oy < s <|2h‘[H1(Q)]" + H‘JhHL2(Q)) )

||7’h||L2(Q) = ||Qh||L2(Q)
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and hence the following inequality

(leeall s e + Wl (el + Dol zage)
< ((1 + ) (W g + Hrh”Lg(Q)) <(1 + &) [Vl oy + HQhHLQ(Q))

2
2 2
< ¢ (|Qh|[H1(Q)]" + ||C]h||L2(Q)> < ¢ <|Qh|[H1(Q)]n + ||Qh”L2(Q))

C10
< C—A(QmQh;Mharh)a
7

is satisfied, which remains valid for the supremum. O

Remark 2.2. [t is important to remark, that for piecewise linear shape functions for w,,
the linear forms (2.7)-(2.8) reduce to

Ay, pr;vp qn) = alwy, v,) — b0y, pn) — b, qn) =6 > hQT/ Vpn - Vay dz,
T

TeT,

F(ﬂhaqh) = <Lyh>9 -0 Z h%/i'th dx.

TET, T
For this case it can be shown that there is no upper bound for the stabilization parameter
0 necessary. If we additionally set F(vy,,qn) = (f,vy)a we get the method of Brezzi and
Pitkdranta, as given in (2.2).
2.1.2 Error estimates

In the following we will derive some error estimates for the Galerkin Least—Square method.
For piecewise continuous shape functions we get the following theorem on the error.

Theorem 2.2. Let Vj, = [SE(Q) N H(Q)]" and Qp, = S} ()N Lao(Q), with degree k,1 > 1
be given ansatz spaces. If 0 < &y < § < v='c;? is valid, then for the Galerkin Least-Square
method the error estimate

= wpll oy + P = Pull ) < € (hk |H|[Hk+1(g)]" + R |p‘Hl+1(Q)) (2.11)

is valid, where (u,p) € [H*1(Q)]" x H*(Q) is the ezact solution.

Proof. Let Inu € Vj, be the interpolation of u and Jyp € @) the corresponding one of p.
From Theorem 2.1 it follows, that there exist v, € V}, and ¢, € @5, such that

lwnllizr gy + lanllpy) < € (2.12)

and

[2hw = wnll g e + (1900 = Pall ) < AUnw — g, Jup — Pri s gn)- (2.13)
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From the variational formulation (2.6) the Galerkin orthogonality
A(u =y, p = pri s qn) = 0
follows from which we obtain
ATy = s Jnp = Prs vpy an) = A(Int — w, Jpp — p; 0y, qn).

Considering the local inverse inequality and the properties (2.12)—(2.13) we get the follow-
ing estimate

e = w1 @y + 1P = Pall L) < AU = 2, Jnp = pi vy, an)

= a(lhu — u,vy,) — b(vy, Jup — p) — b(Ihu — u, qn)

—5 > hp /T (—vAIu —u) + V(Jp = p)) - (~vAv, + Vay,) dz

TeT),

< u— Inl gy Wl + 10l e 1P = Jepllpy0) + 1w = Dot oy lanll )

+6 3 03 (V8@ = Bl + 10— bl ) (V1A gy + sl
TeTy

< [m — Inttf gy 1unl e + 10 = Tnpll o) [0l e + 1 = el g oy llanll 1y
11 = Iwpll @) llanll @)
+ Z hr (HA(Q - [hZ_L)H[LQ(T)}" +lp— Jhp|H1(T)> (‘Qh|[H1(T)]” + ||Qh||L2(T)>]
TeT,
<o [\@ — Inttf g ypn + 1P = Jnpll 1y 0
+ Z hr (HA(H — )|y + P — Jhp|H1(T))] :
TET,

By applying standard approximation theorems, see for example [4], we have for piecewise
polynomial shape functions of the degree k for u and degree [ for p with k,I > 1 the
following statements:

= Lwll s oy < chly |ﬂ|[Hk+1(T)]n and  [|p — Jup|l 1) < chy! Pl sy
Applying now the triangle inequality on the error we get the estimate

= wpll g oy + lp = Prll @)
< flu— ]hQH[Hl(Q)}" + [ hu — EhH[Hl(Q)]” +lp - Jhp||L2(Q) + | Jhp — ph”L2(Q)

<c <h’f |H|[Hk+1(g)]” + pitt |p|Hl+1(Q)> .
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For an error estimate for the velocity u, in the [Ly(2)]"-norm we prove next the following
Aubin-Nitsche trick.

Lemma 2.2. Let the assumptions of Theorem 2.2 be satisfied. If there exists a constant
ca > 0 such that ||ull 2oy + [Pl g1q) < ca HfH[L Q8 satisfied, the error estimate

= wp [,y < € <hk+1 [l s ) + Kt |p|Hl+1(Q)> (2.14)
follows.
Proof. Let (w,r) € [H}(2)]" x Lao(2) be the solution to the problem

—VvAw+Vr=u—1y, in €,
V- in €,

onlT.

I
|oo|

SIS
I

Then, by assumption, [|w|[y2qy + 710y < o [u = wllj7, @) holds. Let Ihw € V; and
Jpr € Qp, be the interpolands of w and r respectively. By using the Galerkin orthogonality
we get

A(u — up,p — pr;w — Lyw,r — Jyr)
= a(u — uy, w) — b(w,p — pr) — b(u — w,, 1)

—5Zh2/ —vA(u—uy,) + V(p—pn)) - (u—u,) do.

TeTy,

Moreover we obtain, by integration by parts,
a(u — w,, w) — b(w,p —pp) — b(u —w,,7)
2
— [(rhw+ ) (0= ) do = = e

Using the properties of the interpolations we get the estimate

= a0
= A(u — wy,, p — pr;w — Iyw, r — Jur)
+5ZhT/ —vAw—u,) +V(p—pn) - (u—w,) de

TeTy

1
2
2
<cah |flu— Mh”[Hl(Q)]" + (Z h 1A (u — Qh)H[LQ(Q)]") +lp— ph||L2(Q)
TeT),
1

2
+ (Z hi ’p_ph|H2(Q)> <Hw”[H2(Q)]" Il ) + HQ—?_%“[LQ(Q)]”>

TeTy,
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and by using the assumption it follows that

2
lu— Hh”[LQ(Q)]n < ch | |lu— QhH[Hl(Q)]n + (Z hip (1A (u — Eh)H[ZLQ(Q)}")

TET]—L

1
3
2
+lp = pull ) + (Z h p — ph|H2(Q)>

TeT),

Finally we obtain the result by using the error estimate from Theorem 2.2, the triangle
inequality and the standard approximation theorem. O

We have seen different error estimates for the Galerkin Least—Square method. In the
following we present some numerical examples which confirm these estimates.

2.1.3 Numerical results

In the following we present some numerical examples for stabilized finite element methods
for the Stokes equations. For this we consider the Galerkin Least—-Square method (2.6). As
a bounded Lipschitz domain 2 C R? we consider for simplicity the unit square, where we
take a symmetric uniform triangulation into consideration. We start with four elements
and apply our refinement strategy by decomposing each triangle into four congruent ones,
by taking the midpoints of each edge. Furthermore we consider v = 1 as viscosity constant
and the following exact solution

" ( cos(2mzy) sin(27mxy) — sin(27xs)

_ cos(2mas) sin(2may ) + sin(27rx1)> and p = sin(27x) cos(2mxs) (2.15)

which fulfills a homogeneous boundary condition. Moreover, we are using equal order 1
elements. As we have already mentioned in Remark 2.1, for this kind of shape functions
all methods except (2.2) coincide. The resulting linear system of equations is solved by the
direct solver PARDISO, see [29, 30].

Since the stabilization parameter § € (§y, v 'c;?) is still to choose, we will present two
examples, where we do once the right choice of this constant and in the other case not.
We will see which consequences such a failure has on the solution and the convergence
of the error. In the following we will denote by L the level of refinement and by N the
number of elements. At level L =1 we have N = 16 elements with 23 degrees of freedom.
Computations will be done up to level L = 9 with N = 1048576 elements and 1571843
degrees of freedom. The theory on stabilized finite element methods will be confirmed by
getting the expected order of convergence in corresponding norms.

Example 1

It is obvious that we get for 6 = 0 the standard variational formulation, which is for equal
order 1 elements an unstable method. That is why we want to start in this example with
a rather small stabilization parameter, and choose for this reason § = 1.0 e-04.
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L | [ = [l 0 | €0C | e = wpl gy | €0€ | [V 3 P | eoc
0 | 1.23675 e+00 | - 8.30020 e+00 - 7.29825 e-01 | —
1| 5.38226 e-01 1.20 | 6.51614 e+00 0.35 | 5.15092 e-01 | 0.50
2 | 1.44395 e-01 1.90 | 3.02764 e+00 1.11 | 5.33179 e-01 | —
3 1 4.16439 e-02 1.79 | 1.57269 e+00 0.94 | 1.04934 e+00 | —
4 1 1.07568 e-02 1.95 | 7.92627 e-01 0.99 | 8.50726 e-01 | 0.30
5 | 2.69292 e-03 2.00 | 3.96132 e-01 1.00 | 6.66923 e-01 | 0.35
6 | 6.67586 e-04 2.01 | 1.97270 e-01 1.01 | 4.33483 e-01 | 0.62
7 | 1.65177 e-04 2.01 | 9.82703 e-02 1.01 | 2.07571 e-01 | 1.06
theory: 2 1 1

Table 2.1: Errors and order of convergence for ¢ = 1.0 e-04.

In Table 2.1 we present errors for the velocity u and pressure p in corresponding norms.
Since the exact solution fulfills the assumptions of Theorem 2.2 we can compare for k =
[ =1 the rate of convergence with the error estimates (2.11) and (2.14). We expect linear
convergence for u in the [H1(92)]"-norm and for p in the Lo(Q2)-norm. For this rather
small stabilization parameter 9, the velocity converges as expected but for the pressure we
do not get this result. Actually there is no convergence of the pressure on the first levels
up to 1024 elements for this example, which is very important to be aware of. In Figure
2.1 we can see that this causes oscillations in the pressure p, but on the other hand this
phenomena can not be seen in the velocity u, which coincides with the convergence of the
error.

Figure 2.1: Oscillations of p with N = 4096 and 6 = 1.0 e-04.
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Example 2

In this example we present results for a stabilization parameter 6 = 0.08323, see Table 2.2.
As we will see later, this choice is nearly the optimal for the equal order 1 elements.

L ‘ lu— QhH[LQ(Q)]" eoc ‘ [ QhH[Hl(Q)}” eoc ‘ lp— ph||L2(Q) ‘ €oc
0 | 1.23685 e4+00 | — 8.30057 e+00 - 6.72323 e-01 | —

1 | 5.38555 e-01 1.20 | 6.51873 e+00 0.35 | 3.44121 e-01 | 0.97
2 | 1.37752 e-01 1.97 | 3.00964 e+00 1.11 | 2.52441 e-01 | 0.45
3 | 3.84498 e-02 1.84 | 1.54627 400 0.96 | 7.55617 e-02 | 1.74
4 19.93251 e-03 1.95 | 7.80300 e-01 0.99 | 2.39254 e-02 | 1.66
5 | 2.50092 e-03 1.99 | 3.91284 e-01 1.00 | 6.55964 e-03 | 1.87
6 | 6.26251 e-04 2.00 | 1.95796 e-01 1.00 | 1.69328 e-03 | 1.95
7 | 1.56638 e-04 2.00 | 9.79167 e-02 1.00 | 4.28586 e-04 | 1.98
8 | 3.91637 e-05 2.00 | 4.89606 e-02 1.00 | 1.07769 e-04 | 1.99
9 1 9.79119 e-06 2.00 | 2.44806 e-02 1.00 | 2.76877 e-05 | 1.96
theory: 2 1 1

Table 2.2: Errors and order of convergence for § = 0.08323.

For this example we get the expected linear convergence for u in the [H*(€)]"-norm and
quadratic in the [Ly(Q)]"-norm. This coincides with the error estimates (2.11) and (2.14)
of the Galerkin Least—Square method. It is important to mention that we also expect
linear convergence for p, by the error estimate (2.14), but get nearly second order for this

example.
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Figure 2.2: Errors for p with N = 256, ...,65536.
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Up to now we considered two examples for the stabilization parameter §, one rather small
value and at & = 0.08323. Now we want to study the behavior of the error for values
of ¢ through a complete interval, which here will be (0,1]. As a first point we want to
mention that there is nearly no change of the error of u on each of the levels for different
stabilization parameters 0. The attitude of the error of p is indeed much more interesting.
We start with 6 = 1.0 e-04 from the first example. In Figure 2.2 we see, that for the
Lo(Q2)—error of the pressure p the value decreases up to the optimal stabilization parameter
around § = 0.08323 and afterwards increases again. The higher the level, the faster the
error decreases and increases around the optimum. For this figure we did computations up
to o =1.

2.2 Navier—Stokes equations

Similar to the previous section we apply the idea of stabilized finite elements to the Navier—
Stokes equations (1.24) with homogeneous Dirichlet boundary conditions now. We consider
the variational formulation of the Navier-Stokes equations (1.25) and add stabilization
terms in both equations. This leads to the following problem: Find (w,,pn) € Vi X @,
such that

aluy,, vy) + ay(uy,, wy,, v,) = 0(y, Pr) + iy, Pr;vy) = (f, vn)a,

(2.16)
b(wy, qn) + @p(up, pr;qn) =0

is satisfied for all (v, qn) € Vi X Qp. The corresponding stabilization terms are given by

Wy (1w, privy) = Y / 0% (—vAuy, + (wy, - V), + Vpr — f) - (w, - Vo, — prAv,) dz
T

TeT),

#3067 w)(V ) e

TeT,

By, (wy, pni an) = / 0" (—vAwy, + (wy, - V)uy, + Vpun — f) - Vay dz.
T

TeTh

The situation here is more difficult than for the Stokes equations before, since we have to
deal with the nonlinearity. We see that the use of stabilization terms has the consequence of
additional nonlinearities. An overview on stabilized finite element methods for the Navier—
Stokes equations can be found for example in [8; 10, 24, 32, 33].

Another difference we are now dealing with, is that there are local stabilization parameters
§SUPE (Streamline upwinding Petrov-Galerkin) and 675°¢ (Pressure Stabilization Petrov—
Galerkin). Moreover we are using an additional so called grad-div stabilization (GDS) with
local parameters £. For this method we take for simplicity 6°V"¢ = §"5"¢ into consideration.
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The stabilization parameters will be calculated as follows:

hr )\1||Qh||2hT .
§SUPG — §PSPG _ 2”@]1”2 0 ( Ay ) if ||@h||2 7é Oa

0, else, (2.17)

Ml oA
§ = Xollwyll2hr 0 (%)

where

r, 0<x<l1
0 = ’ - d M, eER..
(37) {17 2> 1 an 1, A2 +

Remark 2.3. We consider \; € R,. In [8], for example, the constant is considered to
be a local one, and is so depending on the element. In this paper the constant is chosen
as A\ = min{1/3,2¢;}, where c; is a constant from a local inverse inequality. A similar
approach can be found in [10].

Other ways, how to choose the stabilization parameters can be found for example in [32, 33].
In the latter the two stabilization parameters 657 and 6757 are not chosen to be equal,
they are calculated by local element matrices.

The choice of the constant Ay, which s acting as a scaling factor for the stabilization
parameter £ from the grad—div stabilization, is important for small viscosity constants v
respectively high Reynolds numbers. It has an huge influence on the number of Newton
iterations. More details can be found in [24, 25].

Remark 2.4. A proof of the stability and an error estimate for linear shape functions can
be found for example in [17]. There the stabilization parameters differ from our chosen
ones.

Now we have to discuss how to treat the nonlinearity. Since we consider a stabilized
finite element method we have to deal with more nonlinear terms, than in a standard
approach. We using Newtons method and make two additional simplifications. In the
SUPG stabilization term (u, - V)v,, is considered, which is depending on the solution w,.
Instead we take (uf - V)v,, into consideration, where k denotes the previous Newton step.
The same will be done for the calculation of the stabilization parameters, since they also
depend on the solution w,,.

Now we apply Newtons method to the variational formulation (2.16) and get for the k + 1
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Newton step the following formulation: Find (uj*!, pf™) € Vi, x Qp, such that

a(UfLH v,) +ai(u I}iﬂ UZ» vy,) + al(ulﬁﬂ_iiﬂ,ﬂh)

+ / 3 (—vAuy 4 (up - Vug + (- V)t - ((uh - Vg, — prAy,) de

TeT),
_bvh’ k+1 Z/5SUPGVpk+1 (( V)Qh—PVAQh) dx
TeTy
= ([, vn)a + ax(u, uf, v,) + Z /5SUPG Vuy, + f) - ((uy, - V)u, — prdu,) d,
TeTy,
k+1’qh Z /5PSPG VAuk+1 ( k+1 V)gﬁJr(ng) k+1) th dr

TeT),

+ Z/dpspcvpk—i—l th dr

TeTy

Z/(spsm up - Vuy + f) - Vau dx

TeT,
is satisfied for all (vy,,qn) € Vi x Q.

Remark 2.5. We see from the above linearized variational formulation that some terms
do not depend on the solution of the previous Newton step k. Due to this reason we do not
need to assemble all terms in each Newton step.

2.2.1 Numerical results

In the following we present some numerical examples for the stabilized finite element
method (2.16) of the Navier—Stokes equations. As a bounded Lipschitz domain 2 C R? we
consider for simplicity the unit square, where we take a symmetric uniform triangulation
into consideration, as in the Stokes case, see Section 2.1.3. Furthermore we consider v = 1
as viscosity constant and the exact solution (2.15). Moreover we are using equal order 1
elements. As initial solution (u),p?) for Newtons method we will use the solution of the
Stokes equations. The Newton method will be stopped if [Juf™ — uf||o < ¢ is satisfied,
with the accuracy € = 1.0 e-08. In every Newton step the resulting linear system is solved
by the direct solver PARDISO, see [29, 30].

Since the parameters \;, Ay € R, are still to choose, we will present two examples, with
different constants. We will see which consequences the choice has on the solution and on
the order of convergence of the error. In the following N, denotes the number of Newton
iterations.

Example 1

In this first example we choose A\; = 1/3 and Ay = 1. In Table 2.3, we see the corresponding
results, where we get second order of convergence for the velocity u in the [Lz(2)]"-norm
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and first order in the [H'(92)]"-norm. However, for the pressure p, we only get 3/2 as an
order of convergence in the Ly(€2)-norm. This causes the choice of the constant \; in the
stabilization parameters.

L ‘ Niter | [Ju — QhH[LQ(Q)]" eoc ‘ l|lu — Qh||[H1(Q)]” eoc ‘ |p —ph“LQ(Q) ‘ eoc
0 6 1.23679 e+00 - 8.30035 e+00 — 9.85133 e-01 | —

1 5 5.39185 e-01 1.20 | 6.51715 e+00 0.35 | 8.61788 e-01 | 0.19
2 5 1.40191 e-01 1.94 | 3.01200 e+00 1.11 | 3.89441 e-01 | 1.15
3 4 3.92741 e-02 1.84 | 1.54730 e+00 0.96 | 1.42218 e-01 | 1.45
4 4 1.01411 e-02 1.95 | 7.80595 e-01 0.99 | 4.79510 e-02 | 1.57
5 3 2.55176 e-03 1.99 | 3.91354 e-01 1.00 | 1.51560 e-02 | 1.66
6 3 6.38722 e-04 2.00 | 1.95813 e-01 1.00 | 4.90187 e-03 | 1.63
7 3 1.59721 e-04 2.00 | 9.79208 e-02 1.00 | 1.64091 e-03 | 1.58
8 3 3.99300 e-05 2.00 | 4.89617 e-02 1.00 | 5.62596 e-04 | 1.54
9 3 9.98217 e-06 2.00 | 2.44809 e-02 1.00 | 1.96986 e-04 | 1.51

Table 2.3: Errors and order of convergence for A\ = 1/3, Ay = 1.
Example 2

In this example we choose the following constants in the stabilization parameters, Ay = 2/3
and Ay = 1. In Table 2.4 we obtain second order of convergence of the error for the velocity
w in the [Ly(Q2)]"-norm and for the pressure p in the Lo(§2)-norm. Moreover we obtain

first order of convergence for the velocity in the [H!(2)]"—norm.

L ‘ Niger | [lu— EhH[LQ(Q)]" coc ‘ [ Qh“[Hl(Q)}” eoc ‘ lp— ph||L2(Q) ‘ coc
0| 8 |1.23685e4+00 |- 8.30057 e+00 - 9.72977 e-01 | -

1| 5 |[5.39789 e-01 1.20 | 6.51850 e+00 0.35 | 7.88429 e-01 | 0.30
2| 5 | 1.38582e-01 1.96 | 3.01043 e+00 1.11 | 3.47962 e-01 | 1.18
3| 5 | 3.87741 e-02 1.84 | 1.54648 e+00 0.96 | 1.03879 e-01 | 1.74
4| 4 |1.00218 e-02 1.95 | 7.80331 e-01 0.99 | 3.03018 e-02 | 1.78
51 4 |2.52375 e-03 1.99 | 3.91288 e-01 1.00 | 8.06883 e-03 | 1.91
6| 3 |6.31992 e-04 2.00 | 1.95796 e-01 1.00 | 2.06264 e-03 | 1.97
71 3 | 1.58075 e-04 2.00 | 9.79168 e-02 1.00 | 5.20104 e-04 | 1.99
81 3 |3.95232e-05 2.00 | 4.89606 e-02 1.00 | 1.30546 e-04 | 1.99
91 3 |9.88105 e-06 2.00 | 2.44806 e-02 1.00 | 3.32619 e-05 | 1.97

Table 2.4: Errors and order of convergence for A\; = 2/3, Ay = 1.

Remark 2.6. In the numerical examples for the Stokes and Navier—Stokes equations, Sec-
tion 2.1.8 and Section 2.2.1, we took for both the same exact solution (2.15). If we compare
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the errors for both equations, see Table 2.2 and Table 2.4, we see that the values of the
errors nearly match. In particular we see this behavior for the velocity.

We considered in this chapter, different stabilized finite element methods for Stokes and
Navier—Stokes equations. For the Stokes equation we proved stability of the Galerkin Least—
Square method, error estimates and presented related numerical results. In the second part
we considered stabilizations for the Navier-Stokes equations and some related numerical
examples. In the following chapter we want to apply these methods to the solution of the
optimal control problems for the Stokes and Navier—Stokes equations, from chapter 1.



3 Stabilized finite element methods
for optimal control problems

In this chapter we consider stabilized finite element methods for optimal control problems.
In particular we will focus on optimal control problems for the Stokes and the Navier—
Stokes equations. In chapter 1 we have seen those optimal control problems, where we
focused on the analysis and derived the optimality system as an equivalent problem. Now
we want to discretize these problems, by the use of stabilized finite element methods. An
overview on stabilized finite element methods, for the Stokes and Navier—Stokes equations,
was given in chapter 2. In this chapter we put the ideas of chapter 1 and 2 together for a
discretization of the optimal control problem.

This chapter will be organized as follows: In the first section we will derive the discrete
variational formulation for the optimal control problem of the Stokes equations, where we
focus especially on low order elements. Moreover, we will describe the resulting linear
system and treat the realization of the Steklov—Poincaré operator. The section will end by
giving some related numerical results, where we especially address the issue of the differ-
ence between a control in [Ly(Ic)]" and [HY?(L,)]".

In the second section we consider the optimal control problem of the Navier—Stokes equa-
tions. We introduce a discretization by using stabilized finite elements. Moreover we
give numerical results where we also consider the difference of a control in [Ly(T.)]" and
[H 1/ Q(Fc)r and their consequences. Finally, we consider a more realistic example, where
the flow around an airfoil is considered. Here we also comment on the different control
spaces and their consequences.

3.1 Stokes equations

In this section we consider the mixed optimal control problem for the Stokes equations
(1.5)—(1.7), without box constraints. We consider the boundary I' = I'n U T'y U T, with a
Dirichlet boundary I'p, a Neumann boundary 'y, and a control boundary I'.. Again we
denote by S the Steklov—Poincaré operator applied to a control in [H 1/ 2(I‘C)} " In this case
we have to use the correct control space, which is due to the different boundary conditions,
see Section 1.2.2.

In Section 1.2.3 we derived the corresponding optimality system, which is given by the
following equations:

45
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Primal problem

—vAu+Vp=f in €,
V.u=0 in €,
u=g on I'p,
v(Vu)n —pn =0 on I'y,
u=z on I'c,
Adjoint problem
—vAw —Vr=u—1u in €,
V-w=0 in Q,
w = Q on FD U FC7
v(Vw)n +rn =0 on I'y,
Optimality condition
—v(Vw)n —rn+ Sz =0 on I'..

In the following we derive the variational formulation of the optimality system in the con-
tinuous setting first. Afterwards we discretize the problem and introduce a corresponding
stabilized finite element formulation. This stabilization will be reduced to the special case
of equal order 1 elements. Afterwards we discuss the resulting linear system for a control
in [Ly(T.)]" and [HY 2(FC)}H, in particular we comment on the realization of the Steklov—
Poincaré operator. In the last part of this section we present different numerical examples
for the optimal control problems and discuss the difference of a control in [Ls(T.)]" and

[H2(T)]"

3.1.1 Variational formulation

In the following we derive the variational formulation for the optimality system. We start
with the derivation of the variational formulation for the optimality condition. Let £p €

[H3(€2, Tp)]" denote an extension of some test function ¢ € [H*(T';)]", or an appropriate
subspace. Taking the adjoint equations into account and use integration by parts, we get

/ (v(Vw)n +rn) - ¢ ds, = a(w,Ep) + b(Ep, ) — /(u —a) - Eyp dr.

c Q

This leads to the following form of the optimality condition

g/ Sg-gdsx:a@,sgwb(ew—/(u—@-egdw.
T Q
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Let Z be either [H 1/ Q(FC)]n or an appropriate subspace, see Section 1.2.2. With the
standard variational formulation for the Stokes equations, see (1.9), we get the following
variational formulation for the optimality system: Find (u,p,w,r, z) € [H'(Q)]" x Ly(Q) x
[Hy (2, Tp UT)]" x Ly(Q) x Z with u = g on I'p and u = z on T such that

—(u,0)q +a(w,a) +b(g,r) = — (@, 0)a,
b(w, s) =0,
a(u,v) —b(v,p) = (f,v)q, (3.1)
b(u, q) =0,
(u,Ep)a —a(w,Ep) = b(Ep, 1) + 0(Sz, 9)r. = (W, Ep)a

is satisfied for all (v, ¢, 0, s,¢) € [Hg (2, Tp UT)]" x Ly(Q) X [H (2, Tp UTe)]" X Ly(Q) x Z,
where the bilinear forms a(-,-) and b(-, -) are those from (1.10).

Remark 3.1. If there is no Neumann boundary I'y considered, we have to introduce the
space Lo o(€2) C Lo(S2) for the primal and adjoint pressure. Then we are able to guarantee
unique solvability.

Remark 3.2. For the above variational formulation (3.1), of the optimal control problem
for the Stokes equations, there exists a unique determined solution, see Section 1.2.2.

Next we derive the discrete variational formulation for the problem (3.1), where we are
using stabilized finite elements. Therefore we introduce the following ansatz spaces:

Vi = [SEQ)]" c [HYQ)]", Vi =[SHQ)NH(Q,TpUT)]", (52)
Qn = SL(Q) C Ly(Q), Zy=[SET)]" c Z '
of some polynomial order k,l € N. For the stabilized finite element method we add stabi-
lization terms in the primal and adjoint equations, similar to Section 2.1. In the following
we denote by Ij an appropriate interpolation. This leads to the following variational for-
mulation: Find (wy,, pp,w,, mh,2,) € Vi X Qn X Vi X Qp X Z), with u, = I,g on I'p and
uy, = 2z, on I'c, such that

—(ups ap)0 + a(wy, 0,) 4 b(ay, ) + Py (uy,, wy, i 0p) = —(T, 0p) e,
b(wy,, sn) + @, (wy, wy, T 51) = 0,
a(Up, v) = (s, Pr) + n(wn,pnivn) = ([ un)e,  (3.3)
b(wy,; qn) + @y, prign) =0,
(U, €9, ) —a(wy,, £p,) —b(Ep,,mh) + 0(Az, 0, ). = (T EY,)a

is satisfied for all (v, qn, o), Sh’fh) € Vi x Qnp x Vi X Qp X Zy, where the corresponding
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stabilization terms are given by

W (wy, privp) =0 Y h%/(—vAuh + Vpn — f) - (—prAu,) dz,

TeTy, T

Dy (wy, prs qn) =0 Y h?r/(—VAﬂh + Vpr — f) - Va, dz,

TeTy, T

T (wy, wy, i 0y) =0 Y h%/(—vAwh = Vry, = (u, — 1)) - (—prAg,) dz,

TeT, T

(3.4)

Dy (wy, wy,, T Sp) =6 Z hQT/(—I/AQh — Vry, — (u, — 1)) - Vs, dz.
TeTy, T

Now we describe the Galerkin Least-Square method, where p = —1 in (3.3). Since the
equations must be valid for all test functions, we are able to subtract them. This leads to
the following variational formulation: Find (wy, pn, w;,,7h,2,) € Vi X Qn X Vi, X Qp X Z,
with w, = I,g on I'p and u, = 2;, on I'¢, such that

A*(ﬂh7w7 Th;g]’m Sh) - F*(gha 8h>7
A(wy, prs vps qn) = F(ug, qn), (3.5)
A(up, w,mh zp0,) = F(0,)

is satisfied for all (yh,qh,gh,sh,goh) € Vi X Qn X Vi, X Qp, X Zp. The forms A(-,-;-,-) and

F(-,-) are those from (2.7)—(2.8). The additional forms are given by

A (up, w, 13 0y Sn) = — (U, Tp)a + alwy, ap,) + b(ay, 7)) — b(wy, 1)
-9 Z h?p/(—yAwh —Vry —uy,) - (—vAgy, + Vsy) dz,
TeTy T

Ay, w,mh, 245 0,) = (W €9, )0 — alwy, ¢, ) — b(Ep, ,mh) + 0{Azy, , )1

and

F*(ay,,sn) = (f,up)a +6 Z h%/@ (—vAgy, + Vsy,) dz,
TeT), T

Fc(fh) = (@, 5£h>9.

The aim is to discretize the problem (3.5) with low order elements. In the following we
present a simplification of the above problem, where we use equal order 1 elements. This
has the consequence that all second order derivatives in the stabilization terms in (3.4)
vanish. For the Dirichlet datum we consider an extension u, € [Hy(€,T¢)]", and for the

boundary control z, € Z, we introduce an extension u_, € Vi 0 [HYQ,Tp)]". If we
consider equal order 1 elements, we obtain the following variational formulation: Find
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(o s Phy Wiy Thy 21) € Vi X Qp X Viy X Qp X Zy, such that

—(Uop, Tl +a(wy,a,) +0(@pmh) — (WpTp)a = —(T a0
+ (U, o),
—dn (g p, Sn) +0(wy,, sn) = cnlsn,rn) — dn(u,p,, sn) = —da(T, sp)
+ dn (g, Sn),
a(uop,vy) = b(Uy, pr) ta(U,pvn) = ([ une
—a(ug,vy),  (3.6)
b(ug sy qn)  + cn(qn, pn) + 0w, pyqn) = dul(f,qn)
— b(uy, qn),
(uop, €0, )0 —a(wy, €p,) = b(Ep,,Th) + (Uop, €0, )0
+ 0o(Azp, 0, )r. = (@ €, )
- <g975£h>9

is satisfied for all test function (yh,qh,gh,sh,gh) € Vi x Qn x Vi, X Qn X Zp,, where the
additional bilinear forms are given by

cn(gn,pn) =8 ) hzT/ Vpn -V dz,
T

TeTy

dh<yh7qh> =0 Z h%/yh : VQh dx.

TeT), T

3.1.2 Linear system

In this section we consider the variational formulation (3.6) of the optimal control problem
for the Stokes equations with equal order 1 elements. This problem is equivalent to a linear
system, which we describe in this section. In particular, we consider the realization of the
Steklov—Poincaré operator for a control in [H 1 2(F)}n. Let us consider the discrete ansatz
spaces (3.2), where we use polynomials of order 1 for the velocity as well as for the pressure,
i.e. k=1=1. Those spaces are spanned by the following basis:

Vi = Span{fi}?il and  Qp = span{y; };;.

The bilinear forms of the variational formulation (3.6) induce the following matrices with
entries

Ah[ivj] = a<£j’£i)7 Mh[i’j] - <£j’£i>9’
Byli, j] = b(fj, Vi), Dyli, j] = dh(fja Vi), (3.8)
Chuli, 3] = en(¥j,14)
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forall 3,5 = 1,...,m. We write the assembled matrices in the following form
AH A]C MH MIC’
A == M = ,
h (AC[ AC’C’ ’ h MCI MC’C’
B, = (Br Bc), Dy, = (D; Dc),

where the index I denotes the interior and Neumann degrees of freedom. The index C
denotes the degrees of freedom of the control.
Note that we obtain for the primal and adjoint Stokes equations the following block struc-

ture
A _RT T
i =B and A By .
By By
Since we consider equal order 1 elements, no stabilization occurs in the respective first
equations of the primal and adjoint equations. Due to this reason the blocks from the
linear system of the primal and the adjoint problem occur in the global linear system

without additional terms. In the following, we derive the global linear system for a control
in [Ly(L.)]" as well as for [HY*(T';)]", or in an appropriate subspace.

Ly(T")—control

In the first case we consider the control in [Ls(T.)]", which leads to a linear system of the
following form

— M Arr B[T —M;ic Uy 9;

—D; B —-C —D¢ p Ip

Apr —B}r Arc Wr| = i] ) (39>
B[ C BC - T iD

Meci —Acr =Bl Meoc+oMy) \ z 9.

where the mass matrix on the boundary is given by

for all 4,7 = m,...,m. The blocks C, D; and D¢ are those which appear from the
stabilization. If we consider, for example, a discretization with Taylor-Hood elements
without any stabilization, these parts are not necessary.

H'/%(T")-control

Next we consider the control in [H 1/ 2(FC)]n, or in an appropriate subspace, see Section

1.2.2. The Steklov—Poincaré operator induces the matrix S,. We already mentioned in
Section 1.2.2, how to realize the Steklov—Poincaré operator via the solution of a boundary
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value problem of the vector valued Laplacian. Due to this reason the matrix gh can be
represented by the Schur complement, i.e.

Sp=Acc — Aci AT Aje.

This approach induces an inverse matrix A;}. A possibility to handle this, is to introduce
a new variable z := A} A;cz. The resulting linear system is then given by

— M Arr BIT —Mic Uy 9;
—D[ B[ —C _DC p gD
Anr —BIT Ajc wr| _ L (3.10)
B, C Be r | '
Mecr —Acr =B/ Mecc + 0Ace —oAct z 9.
0Arc —0Ar; z 0

Consequently, for the realization of the control in [H 1/ 2(&)}”, respective the Steklov—
Poincaré operator we do not need any additional terms. All this can be done by considering
the matrix Ay, which will be needed in any case.

Remark 3.3. Here we will solve the linear system by a direct solver, as explained in the next
section. Especially for 3D computations and for time dependent problems preconditioned
iterative solvers may be used instead.

3.1.3 Numerical results

In the following we present some numerical examples for the stabilized finite element
method for the optimal control problem of the Stokes equations (1.5)—(1.6). The con-
trol is either considered in [Ly(I.)]" or in [H'/?(I';)]". In particular, we will discuss the
difference of these two choices. As a bounded Lipschitz domain 2 C R? we consider for
simplicity the unit square, where we take a symmetric uniform triangulation into consider-
ation, as in Section 2.1.3. The complete boundary is considered as a control boundary, i.e.
I' =TI'.. Furthermore, we consider the viscosity constant v = 1 and the following tracking
function and right hand side, which are given by

@:@;g;jgi}) and f=1. (3.11)

Moreover, we are using equal order 1 elements, which leads to the linear system (3.9)
for a [Ly(I')]" control and to (3.10) for a [HY/?(I')]" control, respectively. We already
mentioned in Remark 2.1, that for this kind of shape functions all stabilized finite element
methods except (2.2) coincide, for the primal as well as for the adjoint equations. For the
stabilization parameter we choose 6 = 0.08323, which we also considered for the Stokes
equations in Section 2.1.3. Since we do not know the exact solution of the optimal control
problem for the given data (3.11), we take the solution from level L = 9 with N = 1048576
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elements, which we denote by (w,,, Pry, Wh,, Thes 21, ), as reference solution. Thus, we will
get slightly better results than for a standard error calculation, in particular we will see this
in the estimated order of convergence of the error. The resulting linear system of equations
is solved by the direct solver PARDISO, see [29, 30]. In the following we present numerical
results for a [Ly(I')]" and [H*(I')]" control, where we especially focus on the difference
of these two control spaces. We consider different cost coefficients ¢ > 0.

Ly(I")—control

In the first numerical example we consider the control in [Ly(T)]". The corresponding
linear system is given by (3.9).

L ‘ [y _@h”[LQ(Q)]" €oc ‘ 1Pry = Pl 1,0 ‘ coc ‘ 21, — éhH[Lz(r)]" coc
0 | 2.04163 e-01 - 7.28408 e+00 — 3.70473 e-01 —

1] 1.20184 e-01 0.76 | 6.81423 e+00 0.10 | 2.28836 e-01 0.70
2 | 7.06360 e-02 0.77 | 6.29465 e+00 0.11 | 1.62837 e-01 0.49
3 | 3.86655 e-02 0.87 | 5.71430 e+00 0.14 | 1.14279 e-01 0.51
4 | 2.06899 e-02 0.90 | 5.05445 e+00 0.18 | 7.98782 e-02 0.52
5 | 1.07972 e-02 0.94 | 4.30991 e+00 0.23 | 5.54419 e-02 0.53
6 | 5.42025 e-03 0.99 | 3.46626 e+00 0.31 | 3.78323 e-02 0.55
7 | 2.51623 e-03 1.11 | 2.50409 e+00 0.47 | 2.47553 e-02 0.61
8 1 9.43471 e-04 1.42 | 1.39883 e+00 0.84 | 1.42914 e-02 0.79

1 0.5 0.5

Table 3.1: Errors for [Ly(T')]"~control, o = 1.

L ‘ Hwhg _whH[LQ(Q)}" eoc ‘ Hrhg - rh”Lg(Q) ‘ €oc
0 | 1.17440 e-03 - 7.74222 e-02 —

1| 7.94678 e-04 0.56 | 3.19051 e-02 1.28
2 | 2.78431 e-04 1.51 | 1.21914 e-02 1.39
3 | 8.96704 e-05 1.63 | 5.06974 e-03 1.27
4 | 2.73687 e-05 1.71 | 2.22068 e-03 1.19
5 | 8.91721 e-06 1.62 | 1.00021 e-03 1.15
6 | 3.17598 e-06 1.49 | 4.48316 e-04 1.16
7 1 1.16110 e-06 1.45 | 1.88095 e-04 1.25
8 | 3.55650 e-07 1.71 | 6.20343 e-05 1.60

1.5 1.2

Table 3.2: Errors for [Ly(T')]"~control, o = 1.

In Table 3.1 we give the errors for the primal velocity u in the [Ly(€)]"-norm, for the
primal pressure p in the Ly(2)-norm and for the control z in the [Ly(T')]"—norm, for the



3.1 Stokes equations 53

cost coefficient o = 1. We get nearly first order of convergence for the primal velocity u.
For the primal pressure p and for the control z we obtain an order of convergence close to
0.5. In Table 3.2 we present the results for the adjoint velocity w in the [Ly(2)]"—norm
and for the adjoint pressure r in the Ls(€2)-norm. We get an order of convergence near to
1.5 for the adjoint velocity and approximately 1.2 for the adjoint pressure.

L ‘ [[22n, _@h”[LQ(Q)]” coc ‘ 1Pre = Pall L0 ‘ coc ‘ 21, — éhH[L2(F)]“ ceoc
0 | 7.45066 e-02 — 1.02944 e+01 — 4.62326 e-01 —

1| 5.03206 e-02 0.57 | 1.02007 e+01 0.01 | 3.89629 e-01 0.25
2 | 3.55392 e-02 0.50 | 9.99927 e+00 0.03 | 3.59060 e-01 0.12
3 | 2.53705 e-02 0.49 | 9.63007 e+00 0.05 | 2.90842 e-01 0.30
4 | 1.68865 e-02 0.59 | 8.94089 e+00 0.11 | 2.09139 e-01 0.48
5 | 1.04347 e-02 0.69 | 7.89583 e+00 0.18 | 1.38816 e-01 0.59
6 | 6.03102 e-03 0.79 | 6.51738 e+00 0.28 | 8.85768 e-02 0.65
7 1 3.20276 e-03 0.91 | 4.81769 e+00 0.44 | 5.52332 e-02 0.68
8 | 1.39943 e-03 1.19 | 2.76369 e+00 0.80 | 3.13394 e-02 0.82

1 0.5 0.6

Table 3.3: Errors for [Ly(T')]"~control, o = 1.0 e-02.

L ‘ Hwhg _whH[LQ(Q)]" €oc ‘ ||Th9 - ThHLQ(Q) ‘ €oc
0 | 6.83056 e-04 - 1.17363 e-02 -

1 | 2.30556 e-04 1.57 | 2.32271 e-03 2.34
2 | 7.05226 e-05 1.71 | 1.54781 e-03 0.59
3 | 2.34120 e-05 1.59 | 6.68842 e-04 1.21
4 1 6.21951 e-06 1.91 | 2.78011 e-04 1.27
5 | 1.59974 e-06 1.96 | 1.07399 e-04 1.37
6 | 4.02552 e-07 1.99 | 3.85900 e-05 1.48
7 19.73901 e-08 2.05 | 1.28824 e-05 1.58
8 | 2.04042 e-08 2.25 | 3.53038 e-06 1.87

2 1.5

Table 3.4: Errors for [Ly(I")]"—control, o = 1.0 e-02.

Similarly we present in Table 3.3 and Table 3.4 numerical results for the cost coefficient
0 = 1.0 e-02. For the primal velocity u we obtain first order convergence in the [Ly(2)]"~
norm and for the primal pressure p we obtain close to 0.5 as order of convergence in the
Lo(Q2)-norm. The order of convergence for the control z in the [Ly(T')]"-norm is close to
0.6. Moreover, we obtain second order of convergence for the adjoint velocity w in the
[L2(Q)]"norm and around 1.5 as order of convergence for the adjoint pressure r in the
Ly(€2)—norm.
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o=1 o= 1.0e-02
L lw, — EH[QLQ(Q)}” [ E||[2L2(Q)]”
0 | 8.55461 c-01 | 1.38664 c-02
1] 698711 e-01 | 1.31973 -02
2 | 6.54036 e-01 | 1.36744 -02
3| 6.30896 e-01 | 1.38943 e-02
4] 6.20928 e-01 | 1.38696 -02
5| 6.16574 01 | 1.37247 e-02
6 | 6.14614 e-01 | 1.36239 e-02
71613702 01 | 1.35807 e-02
8 | 6.13267 e-01 | 1.35655 e-02

Table 3.5: Tracking functional for [Ly(T")]"—control.

In Table 3.5 we present the numerical results of the tracking functional ||u, — ﬂHsz (o for
the cost coefficients o = 1 and 0 = 1.0 e-02. We remark that the values of the tracking
functional are higher for the cost coefficient p = 1. This is due to the fact that in this
case we consider a higher cost coefficient and hence the control has more influence on the
solution. From this point of view, we are also able to consider the cost coefficient o as a
regularization parameter.

H'%(T")-control

In the second numerical example we consider the control in [H'/*(T")]", which is realized
by the Steklov-Poincaré operator S. The given data are the same as in the previous case
for the control in [Ly(T")]", to compare the solutions later on. The corresponding linear
system is given by (3.10).

L ‘ [[22n, _@h”[LQ(Q)]" ceoc ‘ 2 2 P ‘ coc ‘ 21, — éhH[m(r)]” eoc
0 | 2.12995 e-03 — 2.22242 e-02 — 5.98722 e-03 —
1] 1.51862 e-03 0.49 | 1.77507 e-02 0.32 | 3.45150 e-03 0.69
2 | 3.96755 e-04 1.94 | 2.94866 e-03 2.59 | 7.67450 e-04 2.17
3 | 1.08915 e-04 1.87 | 1.15375 e-03 1.35 | 2.26969 e-04 1.76
4 | 2.88255 e-05 1.92 | 6.40047 e-04 0.85 | 6.47265 e-05 1.81
5 | 7.39090 e-06 1.96 | 2.85279 e-04 1.17 | 1.73715 e-05 1.90
6 | 1.85191 e-06 2.00 | 1.10594 e-04 1.37 | 4.46905 e-06 1.96
7 | 4.45214 e-07 2.06 | 3.85642 e-05 1.52 | 1.09238 e-06 2.03
8 | 9.08554 e-08 2.29 | 1.09900 e-02 1.81 | 2.27189 e-07 2.27
2 1.5 2

Table 3.6: Errors for [H'/?(I")]"~control, ¢ = 1.
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L ‘ Hwhg _whH[LQ(Q)]n eoc ‘ ||Th9 - rh”Lz(Q) ‘ €oc
0 | 6.88230 e-04 - 1.03416 e-02 -
1 | 1.41745 e-04 2.28 | 4.41739 e-03 1.23
2 1 2.07336 e-05 2.77 | 9.66792 e-04 2.19
3 | 2.17883 e-06 3.25 | 2.25512 e-04 2.10
4 1 3.23744 e-07 2.75 | 5.36731 e-05 2.07
5 | 7.04321 e-08 2.20 | 1.30379 e-05 2.04
6 | 1.70513 e-08 2.05 | 3.20983 e-06 2.02
7 | 4.06891 e-09 2.07 | 7.94715 e-07 2.01
8 | 8.35861 e-10 2.28 | 1.91924 e-07 2.05
2 2

Table 3.7: Errors for [HY2(I')]"~control, o = 1.

In Table 3.6 we present the errors, for the cost coefficient ¢ = 1, for the primal velocity u
in the [Ly(Q2)]"norm, for the primal pressure p in the Ly(2)-norm and for the control z
in the [Ly(T)]"-norm. For the velocity u we obtain second order of convergence, for the
pressure p we obtain 1.5 as order of convergence and for the control z also second order.
The errors for the adjoint variables are given in Table 3.8. Here we present the errors of
the adjoint velocity w in the [Ly(€)]"-norm and the adjoint pressure r in the Ly(£2)-norm.
For both we obtain second order of convergence in the corresponding norms.

L ‘ [[2n, _Qh”[LQ(Q)]" €oc ‘ 1Pry = Pl 1,0 ‘ €oc ‘ 21, — th[LQ(F)]" eoc
0 | 2.87115 e-02 - 2.62239 e-01 — 9.93803 e-02 —
1 | 1.83660 e-02 0.64 | 2.48259 e-01 0.08 | 5.88196 e-02 0.76
2 | 5.13242 e-03 1.84 | 1.93535 e-01 0.36 | 1.30867 e-02 2.17
3 | 2.09703 e-03 1.29 | 1.43905 e-01 0.43 | 5.68438 e-03 1.20
4 | 7.61095 e-04 1.46 | 8.38048 e-02 0.78 | 2.15886 e-03 1.40
5 | 2.39335 e-04 1.67 | 4.18159 e-02 1.00 | 6.64430 e-04 1.70
6 | 6.90416 e-05 1.79 | 1.92336 e-02 1.12 | 1.83137 e-04 1.86
7 | 1.84545 e-05 1.90 | 8.25194 e-03 1.22 | 4.65457 e-05 1.98
8 | 4.16817 e-06 2.15 | 2.89102 e-03 1.51 | 1.00445 e-05 2.21
2 1.2 2

Table 3.8: Errors for [HY2(I')]"control, o = 1.0 e-02.

For the cost coefficient 0 = 1.0 e-02 we present the numerical results in Table 3.8 and
Table 3.9. We obtain second order convergence for the primal velocity u in the [Ly(€)]"—
norm as well as for the control z in the [Ly(T')]"-norm. For the primal pressure p we get
around 1.2 as order of convergence in the Ly(€2)-norm. For the adjoint velocity w as well
as for the adjoint pressure r we obtain second order convergence in the [Ly(Q2)]"—norm and

L5 (€2)—norm, respectively.
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L ‘ Hwhg _whH[LQ(Q)]n eoc ‘ ||Th9 - rh”Lz(Q) ‘ €oc
0 | 6.55258 e-04 - 7.92555 e-03 -
1| 1.34114 e-04 2.29 | 2.09168 e-03 1.92
2 | 1.82894 e-05 2.87 | 8.09764 e-04 1.37
3 | 3.89455 e-06 2.23 | 2.18467 e-04 1.89
4 1 9.94573 e-07 1.97 | 5.65031 e-05 1.95
5 | 2.51936 e-07 1.98 | 1.43478 e-05 1.98
6 | 6.26223 e-08 2.01 | 3.61496 e-06 1.99
7 | 1.50811 e-08 2.05 | 8.96047 e-07 2.01
8 | 3.18304 e-09 2.24 | 2.05164 e-07 2.13
2 2

Table 3.9: Errors for [HY2(I')]"~control, o = 1.0 e-02.

o=1 o0=1.0e-02
lw, — EH[QLQ(Q)}” [ E||[2L2(Q)]”
110734 c-02 | 1.06383 -02
1.09908 e-02 | 9.11345 e-03
1.09058 e-02 | 8.52571 ¢-03
1.08806 c-02 | 8.34883 e-03
1.08737 ¢-02 | 8.30174 e-03
1.08719 e-02 | 8.28773 -03
1.08714 e-02 | 8.28381 -03
1.08712 e-02 | 8.28277 ¢-03
1.08712 e-02 | 8.28250 -03

00~ O Ok WK~ O

Table 3.10: Tracking functional for [H"/ 2(F)}n—control.

In Table 3.5 we present the numerical results of the tracking functional ||u, — EH[QLQ (o~ for
the cost coefficients o = 1.0 and o = 1.0 e-02. Again we obtain smaller values for smaller
cost coefficient p.

Comparison

In the following we compare the control in [Ly(I')]" and [H'/?(I')]". We have seen in the
last two sections numerical examples for these two types of control spaces and we want to
compare their solutions now. In particular, we focus on the consequences. First of all, let
us consider the optimality condition for a control in [Ly(T')]", which is given by

—v(Vw)n —rn+ 0z =0 onT.

In the former numerical examples we have choose as computational domain Q = (0,1)2.
Since we have to consider homogeneous Dirichlet boundary conditions on the whole bound-
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ary I for the adjoint velocity w we can conclude
(Vw)n =0
in each corner point of the domain 2. Due to this reason the optimality condition reads
0z =r1n (3.12)

in each corner point. Since the control was assumed to be continuous, and since the normal
vector is discontinuous in each corner point, we conclude

r=0 and z=0

in each corner point of the domain 2. This is now an necessary condition, which the control
2z and the adjoint pressure r have to satisfy. On the other hand, if we consider the optimal
control in [HY2(I")]", we get

05z =1n

in each corner point. In this case, the Steklov—Poincaré operator S realizes the proper
mapping.

Remark 3.4. More generally, we get for an arbitrary corner point of a domain, by mul-
tiplying (3.12) by the outer normal vector, oz -n = r. From this we conclude

oz-(n' —n®) =0

in each corner point, where n', n?® denote the two outer normals. This is now a necessary
condition on the control z in [La(T)]™ which has to be satisfied. However we are not having
such an additional condition on the control in [Hl/z(F)}n, as mentioned above. Similarly
we can derive a condition for the three dimensional case.

Let us consider the numerical results for the [Ly(T')]" and [H"/ Q(F)]n control for the cost
coefficient o = 1, see Table 3.1 — Table 3.2 and Table 3.6 — Table 3.7. We see that the
errors for the primal variables as well as for the adjoint variables are much smaller in the
case when considering the control in [H 1/ Q(F)}n. In particular, we observe this behavior
for the error of the control z. Here the difference is around a factor of e-02 at level L = 0
up to a factor of e-04 at level L = 7.

Moreover we see, that we obtain for the control in [H 1/ 2(F)}n a considerably better order
of convergence. In particular, we obtain for the control z an order of convergence around
0.5 in the [Lo(I')]" case and 2.0 in the [HY*(T')]" case.

In Table 3.3 — Table 3.4 and Table 3.8 — Table 3.9, we find the results for the cost coefficient
0 = 1.0 e-02. In this case the results for the [Hl/Q(F)} " control are still better, even though
the cost coefficient is o = 1.0 e-02 and so the control has less influence on the solution.

In Table 3.5 and Table 3.10 we present the numerical results for the tracking functional
l|w, —@Hsz(m]n. Considering the results for the cost coefficient ¢ = 1, we see that the
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Figure 3.1: Absolute value of the tracking function @.

values are around a factor of e-01 better in the [H 1 2(F)}" case. Moreover we see that the
difference is smaller for smaller cost coefficients.

In Figure 3.1, we plot the absolute value of the tracking function @ as given in (3.11). In
Figure 3.2 — Figure 3.7 we present the absolute values of different states for the [Lo(T")]"~
control (left) and for the [H'/?(I")]" (right), for different cost coefficients g, at level L = 7
with N = 65536 elements. As we concluded above, the control is tending to zero in each
corner point for the [Ly(T")]"—control, see Figure 3.2 (This effect would be even more visible
if we would use an adaptive mesh, where we refine at the corner points.). On the other
hand, we do not have this behavior for the [H 1/ 2(F)]n case, see Figure 3.3. Moreover we
observe, the smaller the cost coefficient g, the smaller is the difference of the solutions,
which is clear by the cost functional, see Figure 3.6 and Figure 3.7.
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Figure 3.2: [Ly(T")]"—control, o = 1. Figure 3.3: [HY*(I")]"~control, o = 1.
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Figure 3.4: [Ly(I")]"—control, o = 1073, Figure 3.5: [HY*(I')]"~control, o = 107%.
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Figure 3.6: [Lo(I")]"—control, o = 1075, Figure 3.7: [HY*(I')]"~control, o = 107°.
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Let us consider the previous examples with a cost coefficient o = 107%, with an adaptive
and an coarse mesh. In the numerical examples before we have seen that there is nearly no
difference of a control in [Ly(T')]" and in [HY?(T')]". We refine for the adaptive mesh to
the corner points with a certain factor, with N = 64642 elements. For the coarse mesh we
consider a mesh with N = 65536 elements. Considering the control in [Ly(I")]", see Figure
3.8 and Figure 3.10, we observe non zero values in the corner points for the control for the
coarse mesh, but for the adaptive mesh this effect is still visible. On the other hand, we do
not have this behavior for the control in [HY/2(I')]", see Figure 3.9 and Figure 3.11. This
example shows, that adaptivity is an important aspect for optimal control problems.

Figure 3.8: [Ly(I")]", coarse mesh. Figure 3.9: [HY*(I")]", coarse mesh.

Figure 3.10: [Ly(I")]", adaptive mesh. Figure 3.11: [Hl/Q(F)]n, adaptive mesh.

In this section we considered the optimality system of the Stokes equations, which was
discretized by stabilized finite element methods. Moreover we treated the difference of
a [Lo(I)]" and [HY*(T)]" control with related numerical examples. In the next section
we want to apply the same ideas to the optimal control problem of the Navier—Stokes
equations.
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3.2 Navier—Stokes equations

In this section we consider the optimal control problem for the Navier—Stokes equations
(1.21)—(1.23), without box constraints. For the mixed boundary conditions we consider the
boundary I = I'p U 'y U T, with a Dirichlet boundary I'p, a Neumann boundary Iy, and
a control boundary I'.. In Section 1.3.2 we derived the corresponding optimality system
as an equivalent problem to the optimal control problem, which is given by the following
equations:

Primal problem

—vAu+ (u-V)u+Vp=f in Q,
Vou=0 in Q,
u=yg on I'p,
v(Vu)n —pn =0 on I'y,
u=z on I'c,
Adjoint problem
—vAw— (Vw)u— (Vw)'u—Vr=u—a in ©Q,
V-w=0 in Q,
w=0 on I'pUT,
v(Vu)n + (v - w)n + (- n)w +rn =0 on I'y,
Optimality condition
—v(Vw)n — (u-w)n — (u-n)w—rn+pSz =0 on T.

The aim of this section is to derive a stabilized finite element formulation for the above opti-
mality system of the Navier—Stokes equations. We start with the variational formulation in
the continuous setting. Afterwards we explain the discretization, where we introduce stabi-
lization terms for the primal and adjoint equations. Moreover, we consider a discretization
with equal order 1 elements and explain how to apply Newtons method. Afterwards, we
consider the resulting linear system and their properties.

We give some related numerical examples for a control in [Ly(I'.)]" and in [HY?(T',)]".
In particular, we focus on the difference of these two control spaces. Finally we present a
more realistic example, where the flow around an airfoil is considered.

3.2.1 Variational formulation

In the following we derive the variational formulation for the above optimality system. We
start with the derivation for the optimality condition. Let £ € [Hj(2,T'p)]" denote an
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extension of some test function ¢ € [H 1/ 2(FC)]”, or in an appropriate subspace. Taking
the adjoint equations into account and use integration by parts, we obtain

/Q(u—ﬂ) Ep dr = a(w,Ep) — V/ [(Vw)n] - ¢ ds,

C

This leads to the following representation of the optimality condition

o[ Szvgds = aluw &)+ oaluw E) +WEgr) ~ [ (1) Ep d,
where S denotes the Steklov—Poincaré operator and
as(u, w, v) = /Q[(Vy)u] ‘w dr + /Q[(Vy)y] cw dr + bu, w - v) + (v, w - w).
Furthermore, we introduce the trilinear form
aj(w,u,v) = /Q[(Vw)ng (Vw) "y - v d.
Let Z be either [H 1/ 2(I‘C)]n or an appropriate subspace, see Section 1.2.2. With the
standard variational formulation (1.25) for the Navier—Stokes equations, we obtain the

following variational formulation for the optimality system: Find (u, p,w,r, z) € [HY(Q)]" x
Ly(Q) x [Hy(Q,Tp UT)]" X Ly(Q) x Z with u = g on I'p and u = z on I, such that

—(u, o) +a(w,0) —aj(w,u,0) +b(e,r) =—(u, o),
b(w, s) =0,
a(u,v) + a1 (u, u,v) —b(v, p) = (f,v)a,
b 4 S (3.13)
(u, @Yo + az(u, w, Ep) —a(w, Ep) —b(Ep,7)

is satisfied for all (v, ¢, 0, s,¢) € [Hy (2, Tp U L))" x Ly(Q) X [Hy (2, I'p UT.)]" x Ly () x Z.

Remark 3.5. If there is no Neumann boundary I'y considered, we have to take the space
Lyo(92) C Ly(Q2) for the primal and adjoint pressures, p and r, to guarantee the uniqueness
of the solution.
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Next we discretize the variational formulation (3.13). We do so by using stabilized finite
element methods, which we already considered for the Navier—Stokes equations in Section
2.2. In the following, we denote by [, an appropriate interpolation. Adding stabilization
terms in the variational formulation and considering the same ansatz spaces as for the
optimal control problem of the Stokes equations as given by (3.2), we obtain the following
variational problem: Find (uy, pn, w;,, rh, 25) € Vi, X Qn X Vi X Qn X Zp, with u;, = I,g on
I'p and w;, = z;, on I'¢, such that B

_<Qhagh>§2 + G(Q}”Qh) - a’{(wh,uh,gh) + b(Qh; Th)
+ !‘pft(uiu Wy s Thy ah) = _<@7 gh)ﬂa

b(wy,, sn) + P (wy, wy, 4 sn) = 0,
a(uy, vy) + a1 (s, Wy, 04) = bWy, p1) + Ynlws, privn) = (f,vp)e, (3.14)
b(up, qn) + Pn(uy,, Prs qn) =0,
(up, €9, )0 + az(wy, wy, €@, ) — a(wy,, Ep,) = b(Ep, )
+ 0(Szp, ¢,)r = (T, €y, )a

is satisfied for all (yh,qh,gh,sh,gh) € Vi, x Qn x Vi x Qp, X Zp,. The corresponding stabi-
lization terms for the primal equations are given by

U (wy,, pr;vy) = Z /5SUPG —vAuy, + (u, - V)u, + Vp, — f)

TeT,

((uy, - Vv, — prAvy,) dz
v Z/g (V- u,)(V - v,) da, (3.15)

TeT,

P (wp, Pri ) = Z/5P$PG —vAw, + (u, - V)u, + Vp, — f) - Vg dz,

TeT,

and for the adjoint equations by

U (wy,, wy, Thy 0p) = Z/5SUPG —vAw, — (Vw,)w, — (Vw,) u, — Vry,

TeT),

— (u, — 1)) - (=prAgy, — (th)@h_(vgh>TQh) dx
+ Z/& (V-w,)(V-ay) de, (3.16)

TET,

Dy (wp,, Wy, Ty Sn) = Z/(SPSPG —vAw, — (Vw,)u, — (Vw,) 'w, — Vry,
TeTy

— (u;, —m)) - Vs, dx.

The stabilization parameters 6°"7¢, §"°¢ and £ are calculated in the same way as described
n (2.17). In particular, we set 6 = 05V7¢ = §"57¢.



64 3 Stabilized finite element methods for optimal control problems

Since we want to discretize the optimal control problem of the Navier—Stokes equations
with low order elements, we present in the following a simplification of the above problem,
where we use equal order 1 elements, i.e. &k =1 = 1in (3.2). This has the consequence
that all second order derivatives in the stabilization terms in (3.15)—(3.16) vanish. For this
particular case we obtain the following variational formulation: Find (w,, pn, wy,, rh, 25) €
1~/h X Qn X Vi X Qn X Zy with w, = Ig on I'p and w;, = z;, on I, such that

— (wp, ap)a + aly(wy, gy, uy) + alwy, o) — ai(wy,, w,, ay,)
+ ai ,(up,, wy,, (Vay,)u,) + aj ,(w,, wy, (Vo) "uy) + an(wy, o)
+ aj y(uy, oy, Vrn) + 0(ay, m4)

= _<E7 Qh)Q + aih(@}wgh?E)a

— dn(uy,, sn) — aih(ﬂh»wha Vsn) + b(wy,, sn) — cu(sn, 7h)

= _dh(ﬂa Sh)7

a(uy, vy,) + a1 (U, Wy, vy) + ap(wy, uy, (1, - V)vy,) + an(yy,, vy,) (3.17)
— b(vy, o) + a1 n(wy, vy, Vn)
= <ia Qh)ﬂ + al,h(ﬂ]wﬁhai)a

b(up, qn) + a1 p(uy, uy, Vau) + cn(qn, pr)
- dh(iv Qh>7

(up, €9, )0 + as(wy, wy, Ep,) — a(wy,, Ep,) — b(Ep, 1) + 0(Szy, ¢, )1
= <E7 g£h>ﬂ

is satisfied for all (QmQh;QhaSh;fh) €V, xQnxVy xQpx Z, We used therefore the
additional bilinear forms c(-,-) and dp(-,-) from (3.7). Moreover, we took

a1h (W, Wy, v)) = Z /T5 ((wy - V)wy,) - v, dz,

TeT;,

ay (U, wy,vy,) = Z /T5 ((th)ﬂh + (th)TQh) - vy, dz,

TeT,

i) = 3 [ €(Vow)(V 1) da

TeT,

into consideration. Now it is possible to apply Newtons method, where we assume the
following simplifications. For the term (uy,-V)v,,, which is multiplied by the primal residual
in the stabilization term ¥, (uy,, pn;vy), we take (uf - V), into account, where k denotes
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the previous Newton step. In this way we are able to avoid additional nonlinearities.
Nevertheless we have to treat the nonlinearity, which occurs in the residual. Similarly we

take for (Vo,,)u, + (Vo) w, the term (Vo,)uf + (Vo)) "ur. This leads to the following

variational formulation for the k& + 1 Newton step: Find (uf™, pith witt pitt A1) ¢

Vi, X Qn X Vi X Qp X Zp, with ubtt = Ing on I'p and ubtt =2 on I, such that

—(uy ™ ap)a + af (w0, up) - ad (g g, w )+ awyt gy,)
- al(wZ“ ufuah)
+a1,h(ﬂlf€m i (vah)uh) +aj,(u ywy, (Vay,) Tup)

+ a7, h(ulfzv wit™, (Vo) Tup) + an(wi™, o) + al,h(ﬂfmgh’ vt
+b(ay, i)
—(@ an)a + af (us, 04, ) + af 4 (uf, oy, wp) — a;(wh, up, o)

+ al,h(ﬁfwwh’ (Vay,)ur) + al,h(@';i,wm (Vay,) "up),

aj(wy, up*', o) +aj p,(u utt wr, (Vo )uy)

- dh( e Sh) - al h(ug+1 wi’ V‘Sh) - ay{,h(ﬂlfi’wi—’—la Vsh) + b(wi—’—lv Sh)
- Ch(3h7 TZ—H)

=—d ﬂ,s —aj ukawkavs )
(@, sn) — ay y(wy, wy, Vsp) (3.18)

aluy ™ va) + an (wy ™ g v,) + an (™ 0,) + an (™ g, (- V)

+ ayn (g, up ™ (wy - V) + an(ul ) — b, oY) + avn(uy, v, Vo)
= (f v + avn(uf, vy, f) + ar(uf, wr,v,) + an(ug, uf, (wy - V)uy),
L qn) + ayn (Wb uf V) + ann (Ul ub ™ Van) 4 en(gn, pi)
= dh(ia Qh) + al,h(ﬂh,ﬂlfcm vq,l)?

b( k+1 k+1

(upt™, €@, )a + as(upt w, E¢, ) + as(ug, wit', Ep, ) — a(wi ™, Ep, )
- b(ggph? k+1) + Q<S’Zk+17 90h>1"
= (T, Ep,)a + az(uy, wy, Ep, )

is satisfied for all (yh,qh,gh,sh,gh) € Vi, xQnxVy,xQpx Z, The above variational
formulation (3.18) is now no longer nonlinear. Due to this reason we are now able to
introduce an extension u,, € Vj, of the control 2y € Zp such that u = uy ), +u,, with
Uy, € Vi is satisfied.

In the following we consider the corresponding linear system of the variational formulation
(3.18). Further we present some related numerical results for a control in [Ly(T'.)]" as well
asin [HY?(T'.)]" and discuss their difference.
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3.2.2 Linear system

In this section we consider the variational formulation (3.18) of the optimal control problem
for the Navier—Stokes equations with equal order 1 elements. The problem is equivalent to a
linear system, which we describe in this section. In particular, we consider the realization of
the Steklov—Poincaré operator for a control in [H 1/ 2(FC)}TL, or in an appropriate subspace,
see Section 1.2.2. Let us consider the discrete ansatz spaces (3.2) with k = [ = 1, where
we use piecewise polynomials of order 1 for the velocity as well as for the pressure.

For the linear system we consider the following matrices with entries

Knli, j] = ale,, @) + an(e; ¢,),
Ailz[i7ﬂ = al(SO uh7 L, ) + al(@fnfjwf )+ a1 h(SO uha (Uh V)fi)
+ain(uy, @, (- V)e,),
Ablisj) = as(uf, 0, 0),
A i) = ad (e, o un) + ad(un, o 0,) — ai(wh, ¢, 0)
+ai (9, wh, (Vo )ur) + ai (e, wh, (Vo) uy),

A2l ] = i, uh @) + ain(uh, ¢ (Vo )up) (3.19)
+ai(uh, ¢ (VSD ) ),
Al =l ),
Byli, j] = ain(uz, ¢, Vi),
Byli, j] = avn(p L Juk, Vi) + ap h(uhaSO V),
B;'i.j] = Cff,h(u v Vi),
By*[i 3] = ai (g, wh, Vi)
for all 7,7 = 1,...,m. In addition, we consider those of (3.8). In the following we derive

the linear system for a control in [Ly(I';)]" and [HY?(I.)]".

Ly(I")—control

For a control in [Ly(T.)]" the global matrix for the optimal control problem of the Navier—
Stokes equations is of the form

M+ AT K+ Ay (Bi+ByHT —Mc + A3
~D; — By z B; — B! e —~D¢ — B
KH+AH (-Br+BHT Krc + Al
Br + B% C Be + B%
Mer + AS A% — Act —B/. Meoc + Ags + oM,

where Mh denotes the mass matrix on the control boundary TI'..
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H'Y?(T")—control

Let us consider the control in [H 12T C)] " next. We obtain a similar block structure for the

linear system as in the [Ly(I,)]" case. Now we consider S, which is the Galerkin matrix
of the Steklov—Poincaré operator. This will be realized by the Schur complement system,
see Section 3.1.2 and leads to the following linear system

— My + Ay K+ Ay (Br+ By Mo+ Aje
~D; — B}? B; — B} e —D¢ — B
Ki+Ay (=Br+Bp)' Ko+ Ajo
B + B% C Be + B%
Mer + Ag) AL — Act —Bl  Mcc+ Agi+ 0Ace —0Acr
0Arc —0An

Remark 3.6. We already mentioned in Section 2.2, that it is not necessary to assemble
all blocks in every Newton step. For the optimal control problem of the Navier—Stokes
equations, this idea can be applied too, see (3.19).

3.2.3 Numerical results

In the following we present some numerical examples for stabilized finite element methods
for the optimal control problem of the Navier—Stokes equations (1.21)—(1.22). The control is
either considered in [Ly(I')]" or in [HY2(T.)]". In particular we will discuss the difference
of these two choices. For a first numerical example we take, similar to the optimal control
problem of the Stokes equations, see Section 3.1, as a bounded Lipschitz domain Q C R?
the unit square, with a symmetric uniform triangulation into consideration, as in Section
2.1.3. The complete boundary is considered as a control boundary, i.e. I' = I'.. The
viscosity constant v = 1 is considered and the following tracking function and right hand
side, which are given by

= (iigj - 3 j: }) and f=1. (3.20)

Moreover, we are using equal order 1 elements, which leads to the linear systems as given
in Section 3.2.2, for a [Ly(I')]" control and for a [HY?(I')]" control, respectively. The
stabilization parameter are calculated as in (2.17). Since we do not know the exact solution
of the optimal control problem for the given data (3.20), we take the solution from level
L =9 with N = 1048576 elements, which we denote by (w,, Prg, W, The» 21, ), as reference
solution. The resulting linear system of equations is solved by the direct solver PARDISO,
see [29, 30]. In the following, we present numerical results for a [Ly(T")]" and [H1/2(F)}n
control, where we especially focus on the difference of these two control spaces. We consider
different cost coefficients o > 0.
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Ly(I")—control

First, we consider the control in [Ly(T")]". In the following we present numerical results for
different cost coefficients p.

L ‘ s, _ﬂh”[LQ(Q)]” eoc ‘ 1Pre = Pull 10 ‘ coc ‘ 21, _éhH[Lz(r)]“ ceoc
0 | 1.98177 e-01 — 7.56383 e+00 3.55102 e-01 —

1| 1.28031 e-01 0.63 | 7.12123 e+00 0.09 | 2.43439 e-01 0.54
2 | 7.44316 e-02 0.78 | 6.54632 e+00 0.12 | 1.70947 e-01 0.51
3 | 4.03145 e-02 0.88 | 5.93605 e+00 0.14 | 1.19022 e-01 0.52
4 | 2.15093 e-02 0.91 | 5.24858 e+00 0.18 | 8.29968 e-02 0.52
5 | 1.12160 e-02 0.94 | 4.47486 e+00 0.23 | 5.75723 e-02 0.53
6 | 5.62909 e-03 0.99 | 3.59872 e+00 0.31 | 3.92801 e-02 0.55
7 1 2.61296 e-03 1.11 | 2.59969 e+00 0.47 | 2.57017 e-02 0.61
8 | 9.79682 e-04 1.42 | 1.45215 e+400 0.84 | 1.48376 e-02 0.79

1.1 0.5 0.6

Table 3.11: Errors for [Ly(T")]"—control, o = 1.

L \ [ _whH[LQ(Q)}” eoc \ 7hy = 7l 1,0 \ ceoc
0 | 1.59452 e-03 - 7.07079 e-02 -

1 | 1.21603 e-03 0.39 | 3.14117 e-02 1.17
2 | 4.08984 e-04 1.57 | 1.27162 e-02 | 1.30
3 | 1.25544 e-04 1.70 | 5.28880 e-03 1.27
4 | 3.65198 e-05 1.78 | 2.31058 e-03 1.19
5 | 1.12082 e-05 1.70 | 1.03950 e-03 1.15
6 | 3.75218 e-06 1.58 | 4.65699 e-04 1.16
7 1 1.30756 e-06 1.52 | 1.95347 e-04 1.25
8 | 3.89019 e-07 1.75 | 6.44209 e-05 1.60

1.5 1.2

Table 3.12: Errors for [Ly(I")]"—control, o = 1.

In Table 3.11 and Table 3.12 we present numerical results for the cost coefficient o = 1.
In the former table we find the errors of the primal variables, i.e. of the primal velocity
in the [Ly(Q2)]"—norm, of the primal pressure in the Ly(2)-norm, and of the control in the
[Lo(T)]"norm. For the primal velocity we obtain close to 1.1 as order of convergence and
for the primal pressure around 0.5. For the control, in this case considered in [Ly(I')]", we
obtain around 0.6 as order of convergence. In Table 3.12 we present the results for the
adjoint variables, where the errors of the adjoint velocity w, in the [Ly(€)]"-norm, and of
the adjoint pressure r, in the Ly(€2)—norm, are given. We obtain around 1.5 for the adjoint
velocity and 1.2 for the adjoint pressure as order of convergence.
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L ‘ s, _Qh”[LQ(Q)]" coc ‘ PRy = Pl 1, 0 ‘ coc ‘ 21, — ghH[LQ(r)]” coc
0 | 7.58012 e-02 — 1.05656 e+01 — 4.05960 e-01 -

1 | 4.95944 e-02 0.61 | 1.05706 e+01 — 4.43468 e-01 —

2 | 3.83087 e-02 0.37 | 1.03517 e+01 0.03 | 3.96832 e-01 0.16
3 | 2.69095 e-02 0.51 | 9.94359 e+00 0.06 | 3.09012 e-01 0.36
4 | 1.75789 e-02 0.61 | 9.20326 e+00 0.11 | 2.17423 e-01 0.51
5 | 1.07613 e-02 0.71 | 8.10982 e+00 0.18 | 1.42965 e-01 0.60
6 | 6.19581 e-03 0.80 | 6.68613 e+00 0.28 | 9.09168 e-02 0.65
7 | 3.28570 e-03 0.92 | 4.93966 e+00 0.44 | 5.66363 e-02 0.68
8 | 1.43491 e-03 1.20 | 2.83284 e+00 0.80 | 3.21268 e-02 0.82

1 0.5 0.7

Table 3.13: Errors for [Ly(I')]"—control, o = 1.0 e-02.

L | J|wpy = wll iz, 0

eoc ‘ 178y = Tl £y 0 ‘ eoc

0 ] 6.54373 e-04 - 1.53352 e-03 -

1] 2.34628 e-04 1.48 | 1.83445 e-03 -

2 | 8.01604 e-05 1.55 | 1.56344 e-03 0.23
3 | 2.65148 e-05 1.60 | 6.93531 e-04 1.17
4 | 7.08067 e-06 1.90 | 2.89684 e-04 1.26
5 | 1.81706 e-06 1.96 | 1.12844 e-04 1.36
6 | 4.55788 e-07 2.00 | 4.13400 e-05 1.45
7 | 1.10039 e-07 2.05 | 1.42321 e-05 1.54
8 | 2.30713 e-08 2.25 | 4.04007 e-06 1.82

2 1.5

Table 3.14: Errors for [Ly(I')]"—control, o = 1.0 e-02.

o=1 0=1.0e-02
L lw, — EH[QLQ(Q)}” [ E||[2L2(Q)]”
0 | 8.55401 e-01 1.35292 e-02
1| 7.35134 e-01 6.35149 e-03
2 | 6.79265 e-01 7.06321 e-03
3 16.51704 e-01 7.53401 e-03
4 | 6.40394 e-01 7.54312 e-03
5 | 6.35549 e-01 7.39589 e-03
6 | 6.33384 e-01 7.29334 e-03
7 | 6.32381 e-01 7.25001 e-03
8 | 6.31903 e-01 7.23501 e-03

Table 3.15: Tracking functional for [Ly(T")]"—control.
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The numerical results for o = 1.0 e-02 are given in Table 3.13 and Table 3.14. The order
of convergence of the error for the primal variables is similar as in the first case, see Table
3.13, where we considered the cost coefficient o = 1. The difference here is the order of
convergence for the adjoint velocity w and for the adjoint pressure r. We obtain second
order of convergence for the adjoint velocity in the [Ly(€)]"-norm and 1.5 for the adjoint
pressure in the Ly(2)-norm. Moreover we present the results of the tracking functional
|wp, _EH[QLQ(Q)]” in Table 3.15 for the cost coefficients p = 1 and ¢ = 1.0 e-02. For the
latter case we obtain smaller values of the tracking functional, which is due to the cost
functional. These values are very similar as in the Stokes case, see Table 3.5.

H'/%(T")-control

Now we consider the control in [H 1/ 2(F)}n, for different cost coefficients p.

L ‘ s, _ﬂh”[LQ(Q)]” eoc ‘ 1Pre = Pull 1,0 ‘ coc ‘ 21, _éhH[Lz(r)]” ceoc
0 | 3.52815 e-03 — 9.63493 e-02 — 9.64011 e-03 —

1| 1.96260 e-03 0.85 | 4.67816 e-02 1.04 | 3.47652 e-03 1.47
2 19.23323 e-04 1.09 | 1.85836 e-02 1.33 | 1.72964 e-03 1.01
3| 2.79243 e-04 1.73 | 7.52133 e-03 1.30 | 5.30675 e-04 1.70
4 | 8.56131 e-05 1.71 | 3.06950 e-03 1.29 | 1.77762 e-04 1.58
5 | 3.08205 e-05 1.47 | 1.25639 e-03 1.29 | 7.22122 e-05 1.30
6 | 1.27908 e-05 1.27 | 5.21080 e-04 1.27 | 3.21299 e-05 1.17
7 | 5.30486 e-06 1.27 | 2.13141 e-04 1.29 | 1.36679 e-05 1.23
8 | 1.75534 e-06 1.60 | 7.32841 e-05 1.54 | 4.55947 e-06 1.58

1.3 1.3 1.3

Table 3.16: Errors for [H1/2(F)}n—control, o=1.

L ‘ [ _whHm(Q)}” eoc ‘ 7hy = 7l L, 0 ‘ eoc
0 | 7.16687 e-04 - 7.68693 e-03 -

1 | 4.59596 e-04 0.64 | 4.35538 e-03 0.82
2 | 1.44450 e-04 1.67 | 1.57428 e-03 1.47
3 | 3.94663 e-05 1.87 | 3.55084 e-04 2.15
4 | 1.01972 e-05 1.95 | 8.34337 e-05 2.09
5 | 2.56676 e-06 1.99 | 2.25641 e-05 1.89
6 | 6.36391 e-07 2.01 | 6.73316 e-06 1.74
7 1 1.52710 e-07 2.06 | 2.13871 e-06 1.65
8 | 3.18648 e-08 2.26 | 6.51752 e-07 1.71

2 1.6

Table 3.17: Errors for [H/?(I')]"control, o = 1.
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In Table 3.16 and Table 3.17 we present the numerical results for the cost coefficient o = 1.
We give the errors of the primal velocity u in the [Ly(£2)]"-norm, of the primal pressure p
in the Ly(2)—norm, and of the control z in the [Ly(T')]"—norm. We obtain close to 1.3 as
order of convergence for the primal velocity, for the primal pressure and, for the control.
Moreover, we present the results for the adjoint velocity w in the [Ly(€2)]"—norm and for
the adjoint pressure r in the Ly(€2)-norm. We obtain second order convergence for the
adjoint velocity and around 1.6 for the adjoint pressure.

L ‘ [y _Qh”[LQ(Q)]" coc ‘ 2 2 P ‘ coc ‘ 21, — th[LQ(r)]” coc
0 | 7.79285 e-02 - 6.20632 e-01 — 2.41706 e-01 —

1] 1.93613 e-02 2.01 | 3.36406 e-01 0.88 | 3.14637 e-02 2.94
2 | 7.12177 e-03 1.44 | 2.35124 e-01 0.52 | 2.04793 e-02 0.62
3 | 2.33467 e-03 1.61 | 1.43977 e-01 0.71 | 8.10727 e-03 1.34
4 | 7.21662 e-04 1.69 | 7.23078 e-02 0.99 | 2.42412 e-03 1.74
5 | 2.18373 e-04 1.72 | 3.34138 e-02 1.11 | 6.78719 e-04 1.84
6 | 6.80214 e-05 1.68 | 1.49044 e-02 1.16 | 1.97977 e-04 1.78
7| 2.22623 e-05 1.61 | 6.36174 e-03 1.23 | 6.27923 e-05 1.66
8 | 6.52712 e-06 1.77 | 2.23991 e-03 1.51 | 1.83088 e-05 1.78

1.6 1.2 1.7

Table 3.18: Errors for [HY2(I')]"~control, o = 1.0 e-02.

L \ [ _whH[LQ(Q)]" eoc \ 789 = 7all L) \ eoc
0 | 5.62630 e-04 — 5.01039 e-03 —

1] 9.04124 e-05 2.64 | 1.37691 e-03 1.86
2 1 2.79929 e-05 1.69 | 6.42450 e-04 1.10
3 | 7.23355 e-06 1.95 | 1.85970 e-04 1.79
4 | 1.87880 e-06 1.94 | 5.03063 e-05 1.89
5 | 4.77610 e-07 1.98 | 1.44939 e-05 1.80
6 | 1.19249 e-07 2.00 | 5.14806 e-06 1.49
7 1 2.89331 e-08 2.04 | 2.01234 e-06 1.36
8 | 6.22295 e-09 2.22 | 6.56161 e-07 1.62

2 14

Table 3.19: Errors for [HY/2(I')]"~control, o = 1.0 e-02.

Similar to the previous example, we present in Table 3.18 and Table 3.19 the numerical
results for the cost coefficient o = 1.0 e-02. We obtain close to 1.6 as order of convergence
for the primal velocity in the [Ly(€)]"-norm, and around 1.2 for the primal pressure p in
the Ly(€2)—norm. Moreover, we obtain close to 1.7 as order of convergence for the control
z in [Ly(T)]"norm. For the adjoint velocity w we obtain second order of convergence in
the [L2(£2)]"norm, and around 1.4 for the adjoint pressure r in the Ly(£2)-norm.
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o=1 o0=1.0e-02
L lw, — EH[QLQ(Q)}” |, — EH[QLQ(Q)]”
0 | 1.06438 e-02 1.03024 e-02
1 | 1.05282 e-02 1.38746 e-03
2 | 1.03925 e-02 8.22577 e-04
3 | 1.03025 e-02 7.24906 e-04
4 | 1.02749 e-02 6.93895 e-04
5 | 1.02675 e-02 6.84979 e-04
6 | 1.02656 e-02 6.82592 e-04
7 | 1.02651 e-02 6.81977 e-04
8 | 1.02650 e-02 6.81823 e-04

Table 3.20: Tracking functional for [H"/ 2(F)}n—control.

In Table 3.20 we present the numerical results for the tracking functional ||u, — @||[2L2(Q)]n.
Again, we consider the cost coefficients p = 1 and ¢ = 1.0 e-02 and obtain similar results
as in the Stokes case, see Table 3.10.

Comparison

n

In the following we consider the difference of a control in [Ly(T')]" and [H/?(T')]" in the
case of an optimal control problem of the Navier—-Stokes equations. First, let us consider
the optimality condition for a control in [Ly(T")]", which is given by

—v(Vw)n — (u-w)n — (u-n)w—rn+pz=0  onT.

Due to w = 0 on I" we conclude (Vw)n = 0 in each corner point of the domain € = (0, 1).
Hence we conclude further

in each corner point of the domain €2. As in Section 3.1.3 we conclude
2z=0 and r=0

in each corner point. Do to this reason we get an additional necessary condition on the
control in [Ly(T')]". For an arbitrary domain see Remark 3.4.

Next, let us consider therefore Table 3.11 — Table 3.12 and Table 3.16 — Table 3.17, where
the cost coefficient ¢ = 1 is considered. Similar to the Stokes case, we obtain better errors
as well as a better order of convergence, when we consider the control in [H Y Z(F)}n. This
effect can also be seen for the cost coefficient o = 1.0 e-02, see Table 3.13 — Table 3.14 and
Table 3.18 — Table 3.19.

With respect to the tracking functional ||u;, — @|][2L2 (o We like to mention that the results
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for the [H'/*(T)] " case are better, but the difference decreases for smaller cost coefficients,
as in the case of p = 1.0 e-02.

In Figure 3.12 — Figure 3.17, we plot the absolute values of the primal velocity w,; for
different cost coefficients. Again, we note that the velocity is tending to zero in the corner
points for a control in [L(T")]", see Figure 3.12 and Figure 3.14. Indeed, for the [H'/*(T")]"
control we do not have this behavior. Considering the cost coefficient p = 1.0 e-06, the
results are similar, see Figure 3.16 and Figure 3.17.

Remark 3.7. These results show, that the consideration of the control in [Hl/Z(F)]n 18
more natural and leads to better numerical results. Actually we get a similar behavior for
the control [Lo(T')]", as in the Stokes case, where the control is zero in the corner points.
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lul lul
I t‘w
06 12
04 12
0.2 ].2
0.0001 1.17
Figure 3.12: [Ly(T")]"control, o = 1. Figure 3.13: [HY*(I")]"~control, o = 1.

|

0.6 1.06

Figure 3.14: [Ly(I")]"—control, o = 1073, Figure 3.15: [HY/2(I")]"~control, ¢ = 1072,

Figure 3.16: [Lo(T")]"—control, o = 1075, Figure 3.17: [HY/?(I")]"~control, o = 107°.
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Again, let us consider the previous examples with a cost coefficient o = 107%, with an

adaptive and a coarse mesh. The adaptive mesh is the same as considered in the Stokes
case, see Section 3.1.3, with N = 64642 elements. For the coarse mesh we take the standard

mesh with N = 65536 elements into account. Considering the control in [Ly(T")]", see Figure
3.18 and Figure 3.20, we observe non zero values in the corner points for the control for
the coarse mesh, but for the adaptive mesh this effect is visible again. On the other hand,

if we consider the control in [HY*(T")]"

we do not have this behavior, see Figure 3.19

and Figure 3.21. This example shows, that adaptivity is an important aspect for optimal

control problems.

Figure 3.18: [L2(T")]", coarse mesh.

Figure 3.20: [Ly(I")]", adaptive mesh.

Figure 3.19: [HY*(I')]", coarse mesh.

lul

Figure 3.21: [HY*(I")]", adaptive mesh.
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3.2.4 A more realistic example

In this section, we finally consider an optimal control problem of the Navier—Stokes equa-
tions, which is applied to an airfoil example. This example is similar as considered in [19].
The computational domain is given by a main airfoil, NACA 4412, at 8° angle of attack
and a flap, NACA 4415, with 37° deflection, see Figure 3.22. The enclosed rectangle is
considered as (—1,6) x (—1,1).

Fin S FOUt
R

Figure 3.22: Airfoil.

We consider the boundary I' = Ths Ui, UTw UT, with a noslip boundary I'ys, a inflow
boundary I'y,, a outflow boundary 'y, and a control boundary I'.. On a part of the
boundary of the flap, the control boundary I'. is considered, where either some suction or
blowing occurs, see Figure 3.22. The corresponding optimal control problem is given by
(1.1)-(1.2), with the following data:

_ (3)2 B _(1—a3 .
Q_<0>7 i_Q7 g_( 0 ) OnFln'

Furthermore, we consider v = 1/50 as viscosity constant, which is about Re a 100, and
the cost coefficient p = 1. For the discretization we use stabilized equal order 1 elements.

Again, we consider the control either in [Ly(T'.)]" or in [Hééz(FC)] . In particular, for

n
the latter case, the control is considered in the subspace [HgéQ(FC)] , since the control

boundary I'. only intersects with a Dirichlet boundary I, see Figure 3.22, i.e. T';sNIe # 0
and [y NT'e = 0, see Section 1.2.2. In the following, we present numerical results for this
example and focus especially on the difference in the choice of the control spaces. The
calculations where done on a mesh with N = 4321280 elements.
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Figure 3.24: Absolute value of the state u,, for [H&éz(f‘c)] —control.

In Figure 3.23 we give the numerical result for the control in [Ly(T'.)]" and the result for the
control in H(%Z(FC)} is given in Figure 3.24. The former result, i.e. Figure 3.23, is scaled

to make it comparable to Figure 3.24. We see that there is a huge difference between these
two results. For the control in [Ly(T.)]" a lot of blowing occurs at the control boundary.

In the [H(%Q(FC)] case, just a little occurs.

In Figure 3.25, we see a zoom on the control boundary I'.. We give the results without
scaling. In the case where the control is considered in [Ly(T.)]", we observe two singular-
ities. If the cost coefficient is even smaller, i.e. blowing or suction is cheaper, the results

would be even more different. However, if the control is considered in [Hééz(l“c)] , we get

a parabolic outflow at the control boundary. Moreover, we recognize a huge difference in
the absolute values at the control boundary.

Remark 3.8. We see from this ezample, that the consideration of the control in the space

n

[H&f(l"c)] makes more sense. However is the control considered in [Ly(T'.)]", we get

singularities, this makes also no sense from a physical point of view.
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006

Figure 3.25: Absolute value of the state w, at the control boundary for [Ly(T.)]"—control
(left) and for [H&éz(f‘c)} —control (right).

In this chapter, we have considered stabilized finite element methods for optimal control
problems. In the first part, we considered the discretization of the optimal control prob-
lem of the Stokes equations. We presented the resulting linear system and some related
numerical results. We obtain an additional necessary condition for a control in [Lo(T)]"
and obtained better numerical results for a control in [HY2(I',)]".

In the second part, we discretized the optimal control problem of the Navier—Stokes equa-
tions by using stabilized finite elements. Again, we observed better numerical results for

a control in [H 1/ 2(Fc)}n. Moreover, we considered the flow control around an airfoil. The

n
results showed, that the consideration of a control in [H Y 2(I’C)] is more natural.



Outlook

In this thesis, we have considered different optimal control problems in fluid mechanics.
We treated optimal control problems for the Stokes equations and for the Navier—Stokes
equations. In the first chapter, we considered the analysis of the optimal control prob-
lem for the Stokes equations and derived the optimality system as an equivalent problem.
Moreover, we derived the optimality system for the Navier—Stokes equations.

In the second chapter, we focused on stabilized finite element methods. In the first part,
these methods were considered for the Stokes equations, where the related numerical re-
sults confirmed the theory. In the second part, a stabilized finite element method for the
Navier—Stokes equations is considered, and some numerical results are shown.

In the third chapter, stabilized finite element methods for optimal control problems of the
Stokes equations and the Navier—Stokes equations are considered. Here we focused on the
difference of a control in [Lo(I')]" and in the energy space [H/?(I')]", where we obtained
better numerical results for the latter case.

In the second chapter stabilized finite element methods are considered. Here the choice of
the stabilization parameter § and the optimal stabilization parameter is still questionable.
Especially for the stabilized finite element formulation for the Navier—Stokes equations it
is not completely clear how to choose the constants A;, As. In addition, it would be very
interesting to apply these methods to time dependent problems.

For the optimal control problem of the Stokes equations and the Navier—Stokes equations,
an error analysis would be interesting. Moreover, we already mentioned that we have to
deal with large linear systems, when considering these problems. Up to now these are
solved by a direct solver, but if we want to do 3D computations we have to think about
appropriate solvers and preconditioners.

Another interesting topic, which is not considered in this thesis, are box constraints. More-
over, we want to mention an application to time dependent optimal control problems.
Especially for the Navier-Stokes equations this would be interesting. Other interesting
aspects are optimal control problems for hyperbolic equations and optimal control in fluid
structure interaction.
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