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Abstract

Optimal control and shape optimization techniques have an increasing
role in Fluid Dynamics problems governed by Partial Differential Equations
(PDEs). In this paper we consider the problem of drag minimization for a
body in relative motion in a fluid by controlling the velocity through the
body boundary. With this aim we handle with an optimal control approach
applied to the steady incompressible Navier—Stokes equations. We use the
Lagrangian functional approach and we adopt the Lagrangian multiplier
method for the treatment of the Dirichlet boundary conditions, which in-
clude the control function itself. Moreover we express the drag coefficient,
which is the functional to be minimized, through the variational form of the
Navier—Stokes equations. In this way we can derive, in a straightforward
manner, the adjoint and sensitivity equations associated with the optimal
control problem, even in presence of Dirichlet control functions. The problem
is solved numerically by an iterative optimization procedure applied to state
and adjoint PDEs which we approximate by the finite element method.

Keywords: optimal control problems; Navier—Stokes equations; drag minimization;
Dirichlet boundary control; Lagrangian multiplier method; finite element approxima-
tion.

Introduction

A popular problem in Fluid Dynamics consists in minimizing the drag coefficient of a
body in relative motion with a fluid [4, 9, 10, 12, 16, 19, 23]; in particular, one case
commonly studied is that of the steady incompressible Navier—Stokes equations with
constant density and viscosity. This problem can be recasted in the theory of optimal
control for Partial Differential Equations [1, 21], or as a problem of shape optimiza-
tion [12, 23]. In this paper we minimize the drag coefficient of the body by acting on



the velocity at the boundaries of the body itself. This problem, which corresponds to
regulate the aspiration or the blowing of the boundary layer, can be formulated as an
optimal control problem, for which the control function is the Dirichlet boundary con-
dition [3, 9, 10, 15, 16, 18]. With this aim we adopt the Lagrangian functional approach
[4, 5, 6, 8] instead of calculating directly the gradient of the functional subject to mini-
mization [9, 10, 15, 16]. In this contest the main difficulty consists in the treatment of
the Dirichlet boundary control function, which does not match with the variational set-
ting provided by the Lagrangian functional approach, unless that suitable lifting terms
are introduced.

Different approaches have been considered in literature to overcome this difficulty in the
field of Navier—Stokes equations. In [3] the Nitsche’s method ([26]) is adopted in order
to suppress the recirculation in a backward facing step in a channel by regulating the
inflow velocity field. In [17, 18] both linear and non-linear penalized Neumann control
approaches for the solution of optimal control problems with Dirichlet control functions
are adopted. Moreover in [18] a Lagrangian multiplier method ([2]) is proposed for
the treatment of the Dirichlet control function (this strategy is also considered in [22]
for optimal control problems governed by elliptic PDEs). The approaches presented in
[17, 18] are applied for the minimization of the vorticity and the “distance” between the
velocity field and a desired one; sequential quadratic programming (SQP) methods (see
e.g. [13]) have been adopted for the solution of these optimal control problems.

In this paper we adopt, for our drag minimization problem, the Lagrangian multiplier
method for the treatment of the Dirichlet velocity control function on the body, in
analogy with the approaches outlined in [18] and in [22] (for elliptic PDEs). However for
the evaluation of the drag, or more in general the force acting on the body, we exploit the
variational form of the Navier—Stokes equations [11], instead of using the definition, the
latter being directly related to the integral of the stress acting on the body boundaries.
The two approaches, that are equivalent at the “continuous level”, are in fact different
at the “discrete level”. The one that we follow in this paper yields more accurate
computation of the drag coefficient [11] and, in the contest of optimization, reduces
the propagation of the discretization errors in the course of the iterative optimization
procedure. Moreover, this approach allows us to identify the Lagrangian multiplier
as the inward directed normal stress, to express the drag coefficient in terms of this
multiplier and, consequently, to obtain a simple expression for the adjoint equations.
For the numerical solution of the optimal control problem we adopt the steepest—descent
method [1], while the PDE system is discretized by means of the Finite Element (FE)
method. Finally, we report some numerical results concerning drag minimization (for
low Reynolds number), which prove the effectiveness of the outlined procedures.

An outline of this work is as follows. In Sec.1, we recall the Lagrangian functional
approach for optimal control problems in an abstract setting. Then we consider the
drag coefficient minimization problem for the incompressible Navier—Stokes equations,
introducing the evaluation of the drag coefficient by means of the variational form. Fi-
nally, we write the Lagrangian functional, adopting the Lagrangian multiplier method
for the treatment of the Dirichlet boundary conditions, and we formulate the adjoint
Navier—Stokes equations and the sensitivity equation. In Sec.2 we discuss the aspects
related to the numerical resolution of the optimal control problem: in particular we re-
call the steepest—descent method and the techniques adopted for the numerical solution
of the Stokes and Navier—Stokes equations. Finally, in Sec.3 we present some numerical
results and compare them for different values of the Reynolds number.



1 Mathematical Model: the Optimal Control Problem

In this section we consider the optimal control problem in an abstract setting; then we
treat a flow control problem governed by the Navier—Stokes equations for the minimiza-
tion of the drag acting on a solid object.

1.1 The general setting for optimal control

Let us start with an abstract control problem, which, for the sake of simplicity, we con-
sider depending on scalar variables; however this formalism can be extended in straight-
forward manner to vectorial problems, like the Navier—Stokes equations which we will
consider in Sec.1.3.

The optimal control problem reads:

find v e, uw= argmin J(v,u), with A(v)=f+ B(u) and v €V, (1)

where J(v,u) is the cost functional, A a differential operator on V with values in V',
B a differential operator on U/ into V', f a source term, V and U two Hilbert spaces.
The equation A(v) = f + B(u), which incorporates appropriate boundary conditions,
is called the state equation, v the state variable and u the control variable. Let us
notice that, in general, A(-) and B(-) are non linear differential operators in v and u
respectively.

For the analysis of the optimal control problem (1) we adopt the Lagrangian functional
framework ([4, 5, 6, 8]). This approach sets the control problem as a constrained mini-
mization problem, for which a Lagrangian functional is defined; the minimum, if exists,
is a stationary “point” of the Lagrangian functional. Conversely, the classical approach
developed by J.L. Lions [21] allows a full analysis of the problem, providing existence
and uniqueness results; incidentally, this technique is not always straightforward as the
Lagrangian functional one, which, however, does not always provide a suitable analysis
of the optimal control problem.

We define the Lagrangian functional as ([5]):

L, z,u) = J(v,u) +y (z, f + B(u) — A(v))yr, (2)

where z € V is the Lagrangian multiplier. The optimum of the control problem x* :=
(v, 2%, u*) € X (X :=V xV xU), if it exists, is a stationary point of the Lagrangian
functional £(x), with x := (v,z,u) € X, i.e.:

VL(x")[y]=0, yeA&, (3)

where differentiation is in Fréchet sense [20]. The system (3) is regarded as the Euler—
Lagrange system, for which we have the following three equations:

Ly, (v, z,u)[9] =0, adjoint equation,
L, (v,z,u)[¢] =0, state equation, (4)
L, (v,z,u)[y)] =0, “sensitivity” equation,

where we have assumed y = (¢, ¢,v). The first equation of the system (4) is regarded
as the adjoint equation, for which z € V is defined as the adjoint variable. The third
equation is related to the sensitivity of the Lagrangian functional L£(v,z,u) w.r.t. the
control variable u € U.



Let us apply the general expression for the Lagrangian functional (3) to the abstract
control problem stated in Eq.(1); to this aim we consider the weak form of the state
equation, given in Eq.(1) in distributional sense, which reads:

findveV : a(v)(d) =(f,¢)+bu)(e), VoeV, ()

where a(-)(-) and b(-)(-) are the semi-linear forms (linear in the second argument) as-
sociated respectively to the operators A(-) and B(:). The Lagrangian functional (2)
reads:

L(v,z,u) = J(v,u) + (f,2) + b(u)(2) — a(v)(2). (6)

By differentiating L(v,p,u) w.r.t. v € V, we obtain the adjoint equation in weak form:
findzeV : d)(z,9)=J,wu)), VIeV, (7)

where, for the sake of simplicity, we indicate a,, (v)(z,9) as a’(v)(z,9); let us notice
that the adjoint equation is linear in z € V even if the state equation is non-linear in
the state variable. Similarly, by differentiating w.r.t. u € U the third equation of the
Euler-Lagrange system (4), we obtain:

Jou (0, w)(Y) +0'(u)(2,4) =0, ¥ €U, (8)

where we indicate b,,, (u)(z,%) with ' (u)(z, ). From the previous equation it is possible
to extract the sensitivity function du € U, which we will define in Sec.1.3 for the problem
under investigation.

1.2 Drag minimization for Navier—Stokes equations

We consider a body embedded in a 2D flow governed by the steady incompressible
Navier—Stokes equations for a Newtonian fluid with constant density and viscosity.

The goal consists in minimizing the drag coefficient by regulating the flow u across
the boundary I'crgry of the body in relative steady motion with the fluid; see Fig.s 1
and 2. By defining v as the velocity field, p as the pressure, p as dynamic viscosity
coefficient, p as the density, the Navier—Stokes system reads [14, 26]:

-V -T(v,p) + p(v-V)v=0, in Q,

V.-v=0, in Q,

V =V, on I'ry,

v-ii=0, (T(v,p)h)-t=0, on Isyar, (9)
T(Vap)ﬁ = 07 on FOUTv

v =0, onI'yg,

vV =1u, on FCTRL7

where fi and t are respectively the outward directed normal and tangential unit vectors
on the boundary I';; the stress tensor T(v,p) reads:

T(v,p) = u(Vv + V7Tv) — pl, (10)

being I the identity tensor. We impose inflow boundary conditions on I'yy, symmetry
conditions on I'gy s, no stress conditions on I'pyr, no slip conditions on I'yg and
Dirichlet conditions (u is the control variable) on the control boundary I'crry,, which
corresponds to impose the velocity on I'crgrr. Let us notice that U,I'; = 9 and
Fi ﬁl“j - (2)7 V’L,j
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Figure 1: Domain for the control problem and boundary conditions.
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Figure 2: Boundary conditions on the body.

The functional to minimize is the drag coefficient ¢p(v,p), for which the problem that
we consider is:

1
find u = argmin cp(v,p), with cp(v,p):= ——— (T(v,p)i1) - Voo dI', (11)
ood I'sopy
and (v,p) depends on u through the state equations (9). The minus sign takes into
account that, by convention, the force is positive if acting on the fluid. In Eq.(11)
I'spopy = I'ns UTorRL, 4o = %pVOQO, with Voo = VoV, Voo is the unit vector



directed as the incoming flow and d is the characteristic dimension of the body. Let us
notice that the drag g..dcp assumes the dimensions of a force per unit length.
We assume a parabolic profile for the control flow, written in the form:

x —xlorrr)(X20TRL : X) P (12)

: (
u="Ug(x), with g(x):=—-4
) ) (x2cTrL —XleoTRL)
where x1orrr and x2¢c7grr, are the abscissae of the endpoints of the boundary I'cr gy,
while ficr gy, is the outward directed unit vector normal to I'crgrr. The effective control

variable is the parameter U € R, which is the maximum value (in modulus) of the
parabolic flow of Eq.(12).

Weak formulation

For the analysis of the optimal control problem we introduce, similarly to what done in
Sec.1.1 for the general case, the weak form of the Navier—Stokes equations. This can be
done by introducing suitable functional spaces for v and p [14, 26], which account prop-
erly for Dirichlet boundary conditions; an alternative approach consists in introducing
the boundary conditions by means of a Lagrange multiplier approach [2, 18, 22]. This
last approach, which we will follow, allows a straightforward treatment of the boundary
conditions in the analysis of the optimal control problem, without introducing lifting
terms.
Let us introduce the following forms:

a(v,®) := / w(Vv +Viv) - ve dQ, (13)
Q
b(p, ®) := — / pV - ® dQ, (14)
Q
c(v,v,®) := /Qp(v -V)v - ® dQ. (15)

The Navier—Stokes equations in weak form, with boundary conditions introduced through
a Lagrange multiplier, read:

find ve[H' Q) pelL?Q), wel[H (ps)?

a(v,<I>)+b(p,'I’)—|—c(v,v,'I>)—|—/ w-® dl+ w-n®-ndl =0,
I'p Tsym
b(p,v) =0, (16)
/ (v—vp) -Adl + v-nA-ndl =0,
I'p Tsym

V® € [HY Q)2 Ve L2(Q), VA € [H *(Tps)?

where I'p :=TynUT'nsUTlorrr, 'ps :=TpUTlgy, [HI(Q)P and [Hié(l—‘ps)P are
the usual Sobolev spaces, while vp, which we consider in the Sobolev space [H 3 (T'p)]?,
reads (Eq.(9)):
Voo, ON I'ppn,
vp:=1¢ 0, on I'yg, (17)
u, on FCTRL-

In particular, the control variable u & [H%(FCTRL)P. The Lagrange multiplier w €

[H—2(Ppg)]? is introduced to allow the variable v € [H'(€2)]2 to fit the Dirichlet bound-
ary conditions, which includes the control variable u. Let us observe that we assume



i (i.e. Tgyn) to be “sufficiently regular” so that in Eq.(16) w € [H ™2 (Dgya)]? im-
plies w -t € H 2(Tgyn), v € [H2(Tgyp)]? implies v - € Hz(Dgyy), and so
on. This is the case of the problem under investigation (see Fig.1), for which I'gy s is
composed by two distinct segments. Moreover the boundary integrals of Eq.(16) can
be seen as duality pairs: H*%(Fi)<" .>H%(Fi) or H%(Fi)<., '>H*%(Fi)' Finally, in view of
the finite element approximation, problem (16) will be reformulated in weak form [26];
the solution v is sought for in [H. _(Q)]?, the test function ® € [H. (Q)]?, where
[Hlers Q)% :={s € [H'(Q)]* : sir, =0and (s-0)r,,,, = 0}, by modifying the source
term in order to account for the non—-homogeneous Dirichlet data. Thereby the direct
evaluation of the variable w € [H ™2 (I'pg)]? is not necessary.

Drag evaluation

The drag coefficient c¢p, defined in Eq.(11), can be evaluated once the Navier—Stokes
equations are resolved and the velocity field v and the pressure p are known. However,
the computation of ¢p by means of the definition (11) can lead to inaccurate results
even if the computational grid is quite fine, as we better specify later. Better results can
be achieved by adopting an alternative expression for cp, which we indicate with ¢p,
dependent on the variational forms used for the Navier—Stokes equations, as reported
in [6, 11, 16].
In order to provide the expression of ép, we express ¢p (11) in the following form:
1 .
cp(v,p) = — (T(v,p)ir) - o, dT, (18)
Jood Jaq

where:

Do € [H' (V] with @rm0py = —Voor  Poclo\Tpony = 0. (19)
By adopting the Gauss theorem and the Green’s identity ([11, 14]), Eq.(18) becomes:

1

cp(v,p) = —— [ V- (T(v,p)T @) dQ
dood Jo
) (20)
= — [ (V- T(v,p)  ®Poc +T(v,p) - VPs) dfd
QOod O
Owing to Eq.s (9), (13), (14) and (15), we have the following representations:
[T @ d = vy @), 1)
Q
T(v,p) VP dQ = a(v,Po) + b(p, P), (22)
Q
for which, being b(p, v) = 0, Vo € L2(€2), ép reads:
. 1
CD(Vap) = —dA(vav (I)oov ()0)7 VSO € L2(Q)7 (23)
o
where:
A(v,p, @, ¢) := a(v, @) + b(p, @) +b(p, V) + (v, v, ®). (24)



The form for the drag coefficient provided in Eq.(23) allows accurate computations and
will be adopted in this work. Let us notice that cp and ¢p are equivalent at the continu-
ous level, however the representations (20) and (23) lead to different approximations at
the discrete level. For instance, by adopting the FE method with continuous, piecewise
polynomials of degree k for v and k — 1 for p (Taylor-Hood elements, see [7, 26, 27]),
the order of convergence of ¢pp to the exact value cp is 2k, while for cpj is only k&
[11], being c¢pp, and épy the computed quatities corresponding to ¢p and ép. This
fact assumes great importance in the optimization contest, where the adjoint variables
depend on the sensitivity of the cost functional (in this case c¢p) with respect to the
state variables. The choice of the representation, as verified by numerical tests, not only
influences the computation of the adjoint variables, but it also affects the accuracy of
the result obtained by the optimization procedure.

Let us observe that, according to Eq.(16), the variational form A(v,p, ®,¢) can be
expressed as:

A(v,p, ®,p) = — w-i’dl“—/ w-n ®-n dl, (25)
I'p Csym

for which, upon the definition of ®., given in Eq.(19), the drag coefficient ¢p assumes
the alternative expression:

1
ép(w) = — W Voo dl. (26)
Good I'sopy
Let us notice that Eq.(26) allows us to identify the Lagrange multiplier w € [H~2 (' pg)]?
as the inward normal stress, more precisely:

w = —T(v,p)i, on I'pg. (27)

This last result allows us to derive in a straightforward manner the adjoint equations
associated to the control problem, as we will show in the following Section.

1.3 The optimal control system for the Navier—Stokes equations

We apply the optimal control analysis based on the Lagrangian functional given in
Sec.1.1 to the drag minimization problem defined in Eq.(11).
According to Eq.s (16), (24) and (26), the associated Lagrangian functional is defined
as:
»C(V,p7W,Z,q,I',ll) = éD(VV) _A(vaazvq)
—/ w-zdl — w-nz-ndl
I'p Psym

—/ (v—VD)-rdF—/ (v—u) -rdl (28)
I'p\T'crrL I'crrr

— v-nr-ndl.
Tsym

By differentiating £(-) with respect to (z, ¢, r) we obtain the state equation in weak form
reported in Eq.(16). Similarly, by differentiating £(-) with respect to the state variables



(v,p,w), we obtain the adjoint equations. Their weak form reads:

find ze[HY(Q)?, qeL?Q) ,re[H *Ips)]?
a(©,z) + b(q,0) + ' (v,0,z) + © . rdl + ©-ar-ndl =0,
b(d.2) = 0, fev (29)
T-zdF+/ Y hz-fd =ép(Y),
Ve GF[[)Hl(Q)]Q, wr SGY%Q(Q), VY € [H 2 (T'ps)]?,
where, according to Eq.(15):
d(v,0,z) :=c(0,v,z) + c(v,0,z). (30)

This adjoint problem corresponds to the linearized Navier—Stokes equations around v
with the following boundary conditions:

zZ = 0, on I‘11\/'7
z = {’oo/(QOOd)a . on FBODY7 (31)
z-1=0, (T(z,q)h)-t=0, on Tsy s,
T(z,q)i = 0, on oyt
Finally, by differentiating £(-) with respect to the control variable u, we have:
/ U.rdl =0, VY¥ec[H?>Tern)? (32)
Ferre
After considering the form (12) for u, the previous equation reads:
/ Yg(x) -rdl' =0, Vi € R. (33)
Ferre
The sensitivity §U assumes the following form:
oU = / g(x) - rdl, (34)
Terre

which is identically equal to zero at the optimum. Let us notice that the sensitivity
0U depends on the adjoint stress r; by similar arguments to those considered for the
computation of the drag coefficient and by manipulating Eq.(29), Eq.(34) equivalently
reads:

U = -A'(G,9,2,q), Y9 €L*Q), (35)

where:
A(©,9,2,q,v) = a(0O,z) + b(q,®) + b(¥,z) + (O, v, z), (36)

being:
G e [H' (Q)?, with Girepp, =8%), Gaa\rers, = 0. (37)

2 Numerical Discretization

To solve the optimal control problem, we consider the Galerkin—Finite Element method
for the numerical solution of the state and adjoint Navier—Stokes equations and an
iterative approach for functional minimization.



2.1 The optimization iterative method

We consider, in an abstract framework, the steepest—descent method [1, 28]. Referring
to Sec.1.1, the approach reads:

1. assume an initial control variable u°;
2. solve the state equation/s;

3. solve the adjoint equation/s, given the control variable and once the state variables
are computed;

4. extract the sensitivity du/ from the third equation of the Euler-Lagrange system
(Eq.(8));

5. compute the norm of the sensitivity ||du?||y;

6. compare the norm of the sensitivity with a stopping criterium tolerance Tolr:

o if ||[6u? |y > Tolrr, perform an iterative step on the control variable:
Wt = — 76, (38)

and return to point 2;
o if ||[6u’ ||y < Tolrr, stop.

The relaxation parameter 77 can be chosen on the basis of the optimal control properties
(I1, 28)).

Let us notice that for the optimal control problem under investigation, according to
Eq.(35), the norm of sensitivity reads:

[ull = [6U| = |A'(G, 9, 2,9)], VI € L*(), (39)

where G is chosen according with Eq.(37).

2.2 Numerical solution of state and adjoint equations

Both the state and adjoint equations enforce the Dirichlet boundary conditions in weak
form, by means of Lagrangian multipliers, through the state and adjoint stresses w and
r. However, for the numerical solution we can re-—write these equations in a conventional
manner introducing appropriate functional spaces and lifting terms. In this way, we omit
to compute explicitly the state and adjoint stresses w and r.

The state equations consist of the steady Navier—Stokes equations, while the adjoint
ones correspond to a generalized steady Stokes problem. In fact the adjoint equations
are linear in both the adjoint variables (velocity and pressure), being the term ¢/(v, ©, z)
(30) linear w.r.t. the adjoint velocity z. Let us notice that the adjoint equations depend
on the state variables uniquely through the term ¢/(v, ©, z); for this reason the FE ma-
trix corresponding to this term needs to be recomputed at each step of the optimization
iterative procedure.

First, we recall briefly a method for the solution of the Stokes equations, which is em-
ployed to solve the adjoint equations and to initialize the state Navier—Stokes equations.
Then we consider the Newton method, with Uzawa preconditioning for the solution of
the Navier—Stokes equations. For the numerical solution of Stokes and Navier—Stokes
equations, both steady and time dependent, see e.g. [14, 24, 26].

10



Solution of steady Stokes equations

In order to satisfy the inf-sup (LBB) condition [26] we consider the P2-P! continuous
FE pair for the velocity and the pressure respectively (for both state and adjoint ones).
By considering a generic Stokes problem (see e.g. Eq.(9) without the non linear term)
the corresponding discretized problem reads:

T _
{AV—i—B P=F, (10)

BV =0,

where the matrices A and B corresponds to the variational forms a(-,-) and b(-,-) re-
spectively (Eq.s (13) and (14)), F is the source term vector (including the lifting terms),
while V and P are respectively the vectors of the unknown FE coefficients for the ve-
locity and pressure. The problem is resolved by computing firstly the pressure vector P
and then the velocity V vector:

BA™'BTP = BA™'F, (41)

AV =F — BTP. (42)

Both systems admit unique solution, being the matrix A symmetric and positive definite
and the rank of B maximum (due to the FE pair considered), that can be obtained
by means of the Conjugate Gradient method (CG) [25], being the matrix BA~1BT
symmetric and positive definite.

Remark 2.1 In the case of the generalized Stokes problem for the adjoint equation, the
matriz A arises from the variational forms a(-,-) and ¢'(-,-,-) (Eq.s (13) and (50)), for
which A is no longer symmetric; in this case for the solution of the linear systems (41)
and (42) the GMRES method [25] has been adopted.

Solution of steady Navier—Stokes equations

The Navier—Stokes equations for an incompressible fluid with constant properties can
be seen as a compact perturbation of the Stokes equations, with the addition of a non
linear term in the velocity variable. The system can be solved by adopting the Newton
method, solving at each step of the iterative procedure a generalized Stokes problem,
which arises by linearizing the Navier—Stokes equations. These linearized equations at
the generic step k + 1, obtained from Eq.(9), read:

—V - T(vF+D ptD)y e/ (vF) v EHD) e/ (v v(R)) = /(v®) v(F)) - in Q,

Vvt =, in 0,
B.C.s, on 0,
(43)

where v(¥) is the velocity computed at the previous iterative step and c'(-,-) is defined
as:

c'(r,q) = p(r-V)aq. (44)
The Newton algorithm reads:

1. solve the Stokes problem, computing the initial pressure and velocity field;

2. by considering the velocity computed at the previous step v(¥)| solve the generalized
Stokes problem, corresponding to Eq.(43), obtaining v(*+1) and p(++1),

11
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Figure 3: Zoom of velocity field (left) and pressure (right) for the initial state flow
(Re = 10).

3. compute the appropriate norms of the incremental differences v(**1) — v(*) and
pF+1) — pF) and compare them with a prescribed tolerance;

4. if the stopping criterium is fulfilled assume v*+1) and p**1 as solutions of the
Navier-Stokes equations; otherwise, set v(¥) = v(-+1) p(k) — p(k+1) and return to
point 2.

A preconditioning matrix can be used for the solution of the linear system (41) corre-
sponding to the Stokes (or generalized Stokes) equations, which are recursively solved
in the Newton method. In particular, we consider the Uzawa preconditioning matrix
D, which corresponds to the bilinear form d(p, q) := [, pq dQ.

No stabilization terms are used in the discrete Navier-Stokes equations, as we are in-
terested in flows at low Reynolds numbers (inferior to 100).

Remark 2.2 At each step of the optimization iterative procedure we solve the Navier—
Stokes state equations, for which an initialization by means of a Stokes problem occurs.
In order to save computational costs, we can assume as initial guess the state velocity
computed at the previous step of the optimization procedure, instead of computing it
by means of a Stokes problem solver. The wvalidity of this procedure is confirmed by
numerical tests (see Sec.3).

3 Numerical Results

We present some numerical results concerning the drag minimization control problem
outlined in Sec.1, carried out by means of the FE library FreeFFEM++ [29]. In particular,
referring to Eq.s (9) and (11) we chose p = 1, Voo = 1 and d = 0.1, for which, defining
the Reynolds number:

sod
Re = 2V (45)
I
the dynamic viscosity coefficient can be expressed as:
PVood
=—. 4
b= (46)

12



Figure 4: Streamlines for the initial state flow (zoom) (Re = 10).
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Figure 5: Zoom of adjoint velocity field (left) and adjoint pressure (right) for the initial
adjoint flow (Re = 10).

At the initial step of the optimization procedure, we assume u = 0, for which, according
to Eq.(12) U =0 and U,, = %U = 0, being U,, the average value of u on I'crpry.

Firstly we consider the case for which Re = 10. In Fig.3 we report the velocity field
and pressure, solution of the state Navier—Stokes equations, obtained for U,, = 0; in
Fig.4, the streamlines for the state velocity field are reported. In Fig.5, we show the
adjoint velocity and pressure, computed at the initial step of the optimization iterative
procedure (corresponding to U,, = 0). We assume the relaxation parameter 7/ = 7 =
0.5 (Eq.(38)) and we consider as tolerance for the stopping criterium of the optimization
method outlined in Sec.2.1 Tol;r = 1g55|6U°|, where the apex 0 means at the initial
step, while 0U is reported in Eq.(39). At the end of the optimization procedure, we
obtain the velocity field and the pressure reported in Fig.6; in Fig.7 the streamlines of
the optimal velocity field show the effects of the optimization. In particular, the initial
drag coeflicient ¢p = 3.83, corresponding to U,, = 0, is reduced, by means of this
procedure, to the optimal one, which is ¢cp = 3.31, obtained for U,,, = —0.967. In Fig.8
we report the behavior of the drag coefficient ¢p and the sensitivity |[6U]| (normalized
w.r.t. [§UY|) versus the number of iterations of the optimization procedure, for which
the convergence occurs in 24 iterations. In Fig.9 we show the values assumed from
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Figure 6: Zoom of velocity field (left) and pressure (right) for the optimal state flow
(Re = 10).
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Figure 7: Streamlines for the optimal state flow (Re = 10).
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Figure 8: Drag coefficient (left) and sensitivity (right), normalized with 6U°, vs. number
of iterations of the optimization procedure (Re = 10).
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Figure 9: Drag coefficient vs. average value of control variable (Re = 10).

| Re [ cp (u=0) [ cp (opt.) [ Uay (opt.) |

5 5.80 4.74 —1.77
10 3.83 3.31 —0.967
20 2.67 2.33 —0.580
50 1.77 1.52 —0.325

Table 1: Drag coefficients, minimum drag coefficients and average value (optimal) of
control function for different Re values.

cp for different values of Uy, for which we show that the local minimum value of cp
corresponds to the optimal one, assumed for U,, = —0.967.
In Table 1, we report the values of c¢p (with U,, = 0) for different Reynolds numbers
Re, the corresponding optimal drag coefficients and optimal control functions U,,. In
particular we find that, when Re increases, the modulus of the optimal U,, decreases.
In Remark 2.2 we have discussed a strategy for the reduction of the computational
cost of the optimization procedure, for which we initialize the linearized Navier—Stokes
state equations with the velocity field computed at previous step of the iterative pro-
cedure, instead of adopting a Stokes solver at each optimization step. Numerical tests,
referring to the problem under investigation, outline that cost savings can be reached
of about 37% and 25%, for Re = 5 and Re = 10, respectively.

The Stokes case

If we define the drag minimization control problem for the Stokes equations, the drag
coeflicient does not admit a positive minimum, but tends to —oo; this is due to the
linearity in the velocity of the Stokes equations and the drag coefficient. In Fig.10, we
report the drag coefficient (for a prescribed p) computed for different values of Uy, for
which the linear dependence of ¢p on U,, is outlined.
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Figure 10: Drag coefficient vs. average value of control variable (the Stokes case).

Conclusions

In this work we have studied an optimization control problem for the drag reduction
of a 2D body in relative motion with an incompressible fluid with constant properties.
In particular, we have considered as control function the Dirichlet boundary conditions
defined on a part of the boundary of the body itself. We have adopted the Lagrangian
functional approach for the resolution of the optimal control problem, together with the
Lagrangian multiplier method for the treatment of the Dirichlet boundary conditions.
This has allowed a straightforward determination of the Euler-Lagrange system, without
introducing lifting terms. We have proved the effectiveness of the procedure on numerical
tests by computing the optimal flow for which the drag coefficient is minimum and
comparing the results for different Re numbers.

Acknowledgements

I would like to acknowledge Prof. A. Quarteroni, Dr. F. Nobile and Prof. L. Formaggia
for several useful suggestions; also I acknowledge Prof. A. Veneziani and Dr. M. Verani
for discussions and for pointing out interesting references.

References

[1] V.I. Agoshkov, Optimal Control Methods and Adjoint Equations in Mathemati-
cal Physics Problems, Institute of Numerical Mathematics, Russian Academy of
Science, Moscow, 2003.

[2] 1. Babuska, F. Nobile and R. Tempone, Worst—case scenario analysis for elliptic
PDE’s with uncertainty, in Proceedings EURODYN 2005, Structural Dynamics,
MillPress, Rotterdam (2005) 889-894.

[3] R. Becker, Mesh adaptation for Dirichlet flow control via Nitsche’s method, Com-
mun. Numer. Meth. Eng. 18 (2002) 669—-680.

16



[4]

[5]

R. Becker, Mesh adaptation for stationary flow control, J. Math. Fluid Mech. 3
(2001) 317-341.

R. Becker, H. Kapp and R. Rannacher, Adaptive finite element methods for optimal
control of partial differential equations: basic concepts, SIAM J. Control Opt. 39(1)
(2000) 113-132.

R. Becker and R. Rannacher, An optimal control approach to a posteriori error
estimation in finite element methods, Acta Numerica 10 (2001) 1-102.

F. Brezzi and R.S. Falk, Stability of higher—order Hood—Taylor methods, SIAM J.
Numer. Anal. 28 (1991) 581-590.

L. Dede and A. Quarteroni, Optimal control and numerical adaptivity for
advection—diffusion equations, M?AN 39(5) (2005) 1019-1040 (also MOX report
55.2005, http://mox.polimi.it).

G. Fourestey and M. Moubachir, Solving inverse problems involving the Navier—
Stokes equations discretized by a Lagrange—Galerkin method, Comp. Meth. Appl.
Mech. Eng., 194(6-8) (2005) 877-906.

G. Fourestey and M. Moubachir, Optimal control of Navier—Stokes equa-
tions using Lagrange—Galerkin methods, INRIA report RR-4609 (2002),
http://www.inria.fr

M.B. Giles, M.G. Larson, J.M. Levenstam and E. Siili, Adaptive error
control for finite element approximations of the lift and drag coefficients
in viscous flow, OUCL Numerical Analysis Group report NA-97/06 (1997),
http://web.comlab.ox.ac.uk/oucl

M.B. Giles and N.A. Pierce, An introduction to the adjoint approach to design,
Flow Turb. Comb., 65(3—4) (2000) 393-415.

P.E. Gill, W. Murray and M.H. Wright, Practical Optimization, Academic Press,
New York, 1989.

V. Girault and P.A. Raviart, Finite Element Methods for Navier—Stokes Equations.
Theory and Algorithms, Springer—Verlag, Berlin, 1986.

M.D. Gunzburger and S. Manservisi, The velocity tracking problem for Navier—
Stokes flows with boundary control, STAM J. Conitrol Optim. 39(2) (2000) 594-634.

J.L. He, R. Glowinski, R. Metcalfe, A. Nordlander and J. Periaux, Active con-
trol and drag optimization for flow past a circular cilinder, I. Oscillatory cylinder
rotation, J. Comput. Physics, 163 (1) (2000) 83-117.

L.S. Hou and S.S. Ravindran, A penalized Neumann control approach for solving
an optimal Dirichlet control problem for the Navier—Stokes equations, STAM J.
Control Opt. 36(5) (1998), 1795-1814.

L.S. Hou and S.S. Ravindran, Numerical approximation of optimal flow control
problems by a penality method: error estimates and numerical results, SIAM J.
Sci. Comput. 20(5) (1999) 1753-1777.

A. Jameson, CFD for Aerodynamics design and optimization: its evolution over
the last three decades, 16th AIAA CFD Conference, June 23-26, 2003, Orlando,
FL, USA, AIAA paper 2003-3438 (2003).

A.N. Kolmogorov and S.V. Fomin, Elements of Theory of Functions and Functional
Analysis, V.M. Tikhomirov, Nauka, Moscow, 1989.

17



[21]

22]

[28]
[29]

J.L. Lions, Optimal Control of Systems Governed by Partial Differential Equations,
Springer—Verlag, New York, 1971.

H. Maurer and H.D. Mittelmann, Optimization techniques for solving elliptic con-
trol problems with control and state constraints: Part 1. Boundary control, Comput.
Optim. & App. 16(1) (2000) 29-55.

B. Mohammadi and O. Pironneau, Applied Shape Optimization for Fluids, Claren-
don Press, Oxford, 2001.

L. Quartapelle, Numerical Solution of the Incompressible Navier—Stokes Equations,
Birkhauser Verlag, Basel, 1993.

A. Quarteroni, R. Sacco and F. Saleri, Numerical Mathematics, Springer—Verlag,
New York, 2000.

A. Quarteroni and A. Valli, Numerical Approzimation of Partial Differential Equa-
tions, Springer—Verlag, Berlin and Heidelberg, 1994.

C. Taylor and P. Hood, A numerical solution of the Navier—Stokes equations using
the finite element technique, Comput. & Fluids 1(1) (1973) 73-100.

F.P. Vasiliev, Methods for Solving the Extremum Problems, Nauka, Moscow, 1981.
http://www.freefem.org

18



