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Abstract

In this study, optimal control problems for the Navier-Stokes-a (NS-or) model and
the Navier-Stokes-w (NS-w) model are considered. Optimality conditions are derived,
and semi-discrete a priori error estimates for all fluid variables are analyzed for both
models. Numerical tests are performed to verify the accuracy of the theoretical findings
and to demonstrate the effectiveness of optimal control. Given the proven utility of
the NS-a and NS-w models in fluid dynamics, this study addresses a significant gap
by exploring the potential of optimal control to enhance the performance, efficiency,
safety, and environmental impact of fluid systems.
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1 Introduction

Consider the incompressible Navier-Stokes Equations (NSE) modeling conservation
of linear momentum and the conservation of mass in a convex, polygonal domain €2
inQ=1[0,T] x QcCR2by

yi—VvAy+(y-V)y+Vp=f inQ,

V.y=0 in Q. .1
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Here, y symbolizes velocity, v > 0 represents kinematic viscosity (inversely propor-
tional to the Reynolds number Re = O(v~")), p denotes pressure, and f represents
external forces.

This paper studies numerical analysis and testing of two optimal control methods
of (1.1) including Navier Stokes-o (NS-«) and Navier Stokes-w (NS-w). Both models
belong to the family of Large Eddy Simulation (LES) models and successively predict
the larger scales of fluid flow on much coarse meshes.

The first (NS-«) model is also known as the viscous Camassa-Holm (CH) equation
having the form

yir=VvAy+(Vxy)xy+VP =f inQ,
V.-y=0 inQ, (1.2)
y—a’Ay =1y inQ,

where, y is the averaged velocity (with filter radius & > 0). In addition, the pressure
includes some terms that arise in the derivation of this model and has the form P =
pPE+y-y.

The second model, NS-w, is a complement of NS-« which is obtained by averaging
vorticity o=V x y in (1.2) and given by

v+ —VAYy+(Vxy)xy+VP=f inQ,
V-y=0 inQ, (1.3)
y—a?Ay =y inQ.

The pioneering work of Chen et al. [1] develops the CH (1.2) by introducing a
viscosity term as a closure approximation for the Reynolds-averaged equations of the
incompressible NSE. In [2, 3], the analytical solutions obtained with the resulting
viscous CH equation are compared with the experimental data, and the validity of this
approach was tested for the mean turbulent channel flows and pipe flows. Meanwhile,
NS-o models that include the effects of fluctuations on the mean motion have been
considered in Chen et al. [4]. While the study [5] involves a review of NS-o model
properties, including the filtration and re-derivation of fluid cycle velocity in Kelvin’s
circulation theorem, Connors [6] performs a complete analysis of convergence of
finite element approximations of the NS-« regularization of the NSE. In addition, a
numerical scheme based on the physics of (1.2), which preserves both energy and
helicity, is also presented in Miles and Rebholz [7]. In a similar fashion for (1.3), as
noted in Layton [8], the coefficient w in (1.3) is effective in calculating the structure
and the distribution of turbulence. The resulting algorithm is not only unconditionally
stable but also conserves energy and helicity, [9, 10].

A mathematical theory for the continuous NS-w model is presented in Layton et al.
[10], and a high Reynolds fluid-fluid interaction problem is considered by using a new
stable NS-w turbulence model along with the partitioning method [11]. Furthermore,
the NS-o and the NS-w models behave differently in various turbulence situations,
and each may be more suitable for specific scenarios due to their distinct properties.
Therefore, the model choice depends on the application type and flow conditions.
Authors refer to the comparative study of Layton et al. [9] for this purpose.
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On the other hand, optimal control plays a vital role in many applications, such as
designing more efficient fluid systems, reducing environmental impacts, and lowering
costs [12—-16]. In the turbulent case, optimal control strategies can be used to reduce
or control the adverse effects caused by turbulence.

Optimal control of the NSE involves defining an objective function, simulating the
solution of the equations, and determining a control strategy to optimize the objective
function. The additional equation obtained for the optimal control problem of the NSE
is given below. Optimality conditions for A € L%(0, T; L2(2)) are as follows (see e.g.,

[L7D):

X —VAL— (- VA+ (VD A+ Vr=y;—yinQ,
V-a=0 in Q,

A=0 on [0, T] x 0%2, (1.4
A(T,x)=0 in Q,
and
(ou—r,i—u)y>0 VieU, (1.5)

where 9$2 is the Lipschitz boundary of the domain . yg : Q +— R? is the desired
state. Here, u is the control variable, and the admissible space of control constraints is
denoted by U2 = {u € L?>(0, T; L>(Q)%) : uq; <u; <up,,i =1,2, ae. on Q}.

The usefulness of NS-« and NS-w models has led to interest in their optimal control
problems to improve fluid system performance, efficiency, safety, and environmental
effects. The authors believe combining the NS-o and the NS-w turbulence models
with optimal control strategies is one of the initial steps in this direction. Therefore,
the novelty of this paper lies in the numerical analysis of the optimal controls of these
models and in demonstrating the accuracy of the results through numerical tests.

The outline of this paper is as follows. Differential filters and other notations are
presented in Section 2. The optimality system for the examined model is given in
Section 3. The adjoint and state equations’ stability properties are explained in Section
4, and their error analyses are described in Section 5. Comparative numerical studies
supporting the theoretical findings are presented in Section 6, and Section 7 concludes
the paper.

2 Mathematical preliminaries

This section provides the necessary preliminary definitions and lemmas for the sub-
sequent sections.
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2.1 Problem statement and existence of solution

We consider the following objective functional to be minimized:
1 o
I =3 f 1y (¢ ) = ya (¢, ) Pdxdt + / Ju (1, 0)Pdxdr - (2.1)
0 0

subject to
for the NS-o model:

Vi —VAy+((Vxy)xy)+Vp=u in 0,
(0, x) = yo in Q,
— 2 A— .
y—«o Ay =Yy n Q’
V-y=0 in 0, (2.2)
y=20 on (0, T) x 9%2,
Ug; <uj <up; ae. onQ,
for the NS-w model:
yi—vAy+((Vxy)xy)+Vp=u in Q,
y(0,x) = yo in Q,
— 2 —_— .
y—a‘Ay =y in Q,
V.y=0 in Q, 2.3)
y=0 on (0, T) x 0%,
Ugi < uj <up; ae. onQ,

where o > 0 is the regularization parameter.

We note that the results on the existence, uniqueness, and regularity of solutions to
(2.2) are discussed in [5, 18] along with a comparison for the NSE. The existence and
regularity of a global attractor for (2.3) are presented in Layton [8]. Furthermore, the
existence and uniqueness of the solutions of the NS-w model are discussed in detail
in Layton et al. [10].

2.2 Notations

This study will utilize Sobolev and Lebesgue spaces, following the notational standards
established in Adams [19]. The symbols ||-||.» and ||- ||, represent the norms associated
with the spaces L” (2) and H™ (R2), respectively, while |- |, stands for the conventional
semi-norm utilized in the Sobolev space of order m. Additionally, the closure of
C(°(R2) within the space H™ () is denoted by H{)"(€2). The dual norm of a function
is given by

(f,v)
[ fll-1 = sup :
0#£veH! Vol
In particular, (-, -) denotes the inner product and || - || stands for the norm in the space

L2(). As usual, Y = (H! (@))°, M = L3(2) and U = (L*())? stands for the
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velocity, the pressure, and the control spaces, respectively. Furthermore, the function
space mapping from time interval (0, 7') to Q for p > 1 is given as

T
LP0,T: Q) = {z [0, T] — X measurable: / ||z(t)||’é dt < oo},
0
along with associated norm

I/p
(Jo ey dr) ™ if 1< p < oo,

esssup [[z(D]l g, if p =oo0.
1(0,T)

||Z(t)||€n(o,T;Q) =

Skew symmetric trilinear forms are considered for the arising non-linear terms to
ensure numerical stability:

1
by, v.w) =2 (((y- VIv.w) = ((y- VIw, v)). (2.4)

b(y, v, w) = (Vo) w, y),

forall y,v,w e Y.
The following vector identities will also be used. Leta, b, c € X : a(x), b(x), c(x)
€ R3 for all x € Q?. Then:

(Vxa)xb=(b-V)a—V(a-b)+ (Vb)a,
((Vxa)xb,c)=(b-V)a,c)— ((c-V)a,b).

2.3 Finite element discretization

To discretize the (2.1)-(2.3) using the finite element method, we employ a collection
of triangulations denoted as ¢, = { K{;}?”z {- Suppose that €2 is partitioned into ¢y, in a
quasi-uniform simplex fashion. For each triangle K ; € ¢, the discretization parameter

h is given by h = Ignax hg where hg is the diameter of K ;. The neighborhood of a
j€&h

node is denoted as ¢ (x) € 2 for each node x in the mesh ¢, and is comprised of all
cells K; with x € 9K ;. Conforming finite element subspaces Y'cYand M' c M
are chosen for velocity and pressure variables fulfilling the discrete inf-sup condition:

V. h7 h
inf mpﬁ—%ﬁ%zﬁ>a 2.5)
gheMh ycyn VU llIg" ||

where 8 is independent of the mesh size /. The Taylor-Hood and mini element pairs are
known to satisfy (2.5), see, e.g., [20, 21]. Utilizing piecewise polynomials with degree
(k, k — 1), the well-established approximation properties for the spaces (Y”, M"*) can
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be expressed as follows:

inf (16 = oI+ hIVG = 0D < CH Il v e @), 26)
¢

v

inf lIp—g"l < Ch¥liplle p e HY®),
gheMh

for (v, g") € (Y", M"). The discrete divergence-free subspace of Y" is defined by
V=" eY: (v v ¢") =0,v¢" € M"y.
The equivalence between the weak formulations of the NSE in Y” and V” is established

when the inf-sup condition is satisfied.

2.4 Properties of differential filter

Given that the NS-« and NS-w models incorporate a differential filter, we now state
the properties of the filtering process with some preliminary results used throughout
the paper.

Definition 2.1 (Continuous differential filter) Let y € L?(2). Then the filter of y is
the solutiony € Y of

2(VY, Vo) + (7,v) = (v,v) VveY.

The concept of discrete filtering is defined similarly.
Definition 2.2 (Discrete differential filter) Let y € L%(S2). Then the discrete filter of
y is the solution ih € Yp of
2 ro=h ~h _
a”(Vy", Vop) + (3" vp) = (y,vp)  Vup € Yh.
Below, we present a series of lemmas that establish useful bounds upheld by the
discrete filter.

Lemma 2.1 (Stability of the discrete differential filter) Let y € Y, then it holds

Y"1 < Iyl VY < IVyll, and |V x 3" < IVyl.

Proof The proof could be found, e.g., in John [20]. O

The continuous differential filter and the discrete differential filter differ in their
respective formulations and the spaces in which they operate. The continuous filter is
independent of any discretization. The discrete filter relies on a finite element mesh
and works with discrete approximations of the continuous functions. The discrete filter
introduces discretization errors and requires bounds or error estimates to measure its

@ Springer



Numerical Algorithms (2025) 101:477-507 483

deviation from the continuous filter. Lemma 2.2 provides such error estimates. These
differences highlight that the continuous filter is used for theoretical derivations, while
the discrete filter is designed for practical numerical implementations.

Lemma 2.2 (Error Estimate for the discrete differential filter) Let y € Y with Ay €
L%(Q), then the error relation

Iy =317+ oIV = ¥)IF = C inf {ly = val* + IV = vn) I} + Ca Ay,
is satisfied for constants C which is independent of a and h. Consequently, one has

Vo =31 = Ca™ (@+mIvyll +o2lay]).,

Iy =51 = € (@+mIvyll+a2layl).

Proof See John [20] for the proof. O

3 Optimal control

By introducing the optimal control problems of NS-« and NS-® turbulence models,
this section focuses on the development of the optimality conditions for the NS-«
and NS-w models, including the state, auxiliary, and control variables and their role
in minimizing the objective function. The optimality conditions of the recommended
NS-« and NS-» models are presented in the following theorem.

Theorem 3.1 Let (v, y,u) be a solution of (2.2)-(2.1). Then, there exist Lagrange
multipliers (A, A) such that

for NS-a.:
A —VAA= G - VA=V A+ Vr=y;—y+2r in O,
A—a?Ar = -V)y— (V) xin Q.
for NS-w:
A = VAL=A- VYV A+ Vr=y,—y+2r in Q,
A—a?Ar=(y-V)A+ (VI rin Q.
and

ou—x=0VieUx

where » € L*(0, T;Y).

Proof The proof is given in detail in the Appendix. O
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The formulations characterized by the adjoint equations in their weak form are
derived as follows:
for NS-a:

(= ) + (VA Vi) + 3" x (VX A), w) — (R, V- w) = (va — y + ', w),
* w) 4+ a2(VA', V) = (V x y) x A, w), (3.1)

for NS-w:

(= w) + v(VA, V) + (h x (V x "), w) = (R, V- w) = (yg — y + A", w),
Gl w) + @A(VAE, V) = ((V x 4) x v, w), (3.2)

where Vr = VR + V(3" - ).

Remark 3.1 It is worth noting that, to keep the presentation simple, the semi-
discretizations of NS-« and NS-w are considered. Optimal control problems of these
models can be easily extended to the fully discrete case.

Now, we state the semi-discrete numerical schemes to be studied.
Algorithm 3.1 Find y, € Yy, P, € My, uy, € Ul"‘ld satisfying:
min J (yp, up),

subject to: for all (vp, gn) € (Yn, Mp),
for the NS-o model:

s va) + v(Vyn, Vo) + (Y X yp) X 5" vp) — (P, V- vp) = (up, vp),(3.3)
V', vn) + AV, Vop) = (s va),(3.4)

and for the NS-w model:

0> o) + v(Vyn, Vo) + (Y X 55" X v, vp) — (P, V- vp) = (up, vp),(3.5)
", vn) + @A (VIR", Vop) = (i, va)-(3.6)

for all (wy, my) € (Yn, M),
for the NS-« adjoint model:

. —h
(=Ars w) 4+ v(Vag, Vwp)+ Gr" x (VX kp), wn)— (Rps V- wi) = a— Ya+ A s wi),

(3.7)
(auh _)\.h,ﬁ_uh) =0 (3.8)

G wp) + @2 (VE V) = (Y X ya) X Aps wp)
(3.9
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and for the NS-w adjoint model:

_ —
(= wi)+ (VA Vwp)+ G x (VX 5™, wi) = Ry, V- wi) = (Ya— Yo+ A wh)

(3.10)

(O'Mh—)»h,ﬁ—uh) =0 3.11)

G wn) + @2 (VIR V) = ((V % ) Xy wp).
(3.12)

Sorall i € Uyg.

There are two main computational approaches for solving optimal control problems
constrained by partial differential equations: discretize-then-optimize and optimize-
then-discretize. The discretize-then-optimize method transforms the problem into
a nonlinear programming problem after discretization, while the optimize-then-
discretize approach derives optimality conditions in functional spaces before dis-
cretization. This paper adopts the latter approach, leveraging the advantages of
continuous optimization, such as the ability to make inferences near a point due to the
smoothness of the function. For foundational knowledge on PDE-constrained optimal
control, including the first and second-order optimality conditions, see references [15,
22-24].

4 Stability analysis

In this section, the stability analysis of the investigated problem is conducted by
separately addressing the stability of the state, adjoint, and filter equations. This section
derives bounds ensuring that the numerical methods remain stable under the defined
assumptions and parameters, which is crucial for guaranteeing reliable solutions over
time. To this end, we begin by establishing the stability of the state (3.3)-(3.5) and
its corresponding filter (3.4)-(3.6). Subsequently, we proceed to outline the stability
conditions pertaining to the adjoint (3.7)-(3.10) and its associated filter (3.9)-(3.12).

Lemma 4.1 (Stability of state equations) For both NS-a and NS-w, the equations of
state satisfy the following inequalities:

T
—h —h —h —h
1w (@112 + &V (0) ||2+v/0 (V3@ 17 + Ay ®" 1) dr < C,

T
lyn (@)1 + v /0 IVyn()2dt < C.

where C = C (yn(0), f, v).
Proof The proof can be found in [6, 9]. O
The stability requirement for the filter related to the state equations corresponds to the

statement in Lemma 2.1.
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Lemma 4.2 (Stability of the adjoint equations and its filters) The adjoint (3.7)-(3.10)
and their filters (3.9)-(3.12) satisfy the following inequalities: for NS-alpha:

~h
A1 =1V % yllollA, 4.1)
—h o{_l
VAl = fIIV X Yllooll2, (4.2)
T
I2n ()1 + V/ IVAR($)|*ds < Si,. (4.3)
t

where
2 1 T 2 1 T 2 3 T 4
S, = (nxh(r)u T v / Iyd — vl ds) exp (Cf / ||V><yh||oodz+cw/ IVl dt),
t t t

for NS-omega:

—h

A=< IV X Aleo Iyl
o]

—= IV x Mlooll¥ Il

V2

Sy,

—h
VAl

IA

IA

10

T
AR @12 + v / IV () Pds
t
where

T T
Sy = (||xh<T)||2+Cv—1/ Ia = yul%ds ) exp (Cv”/ IV x liZdr),

t t
and C is a constant that does not depend on mesh size h.

Proof The proof is given only for NS-«. Similar procedures can be followed for NS-w.
To show the inequality in (4.1), w;, = Xh is chosen as test function in (3.1). Then

—h —h —h
X" 1% + VA 12 = (VX ) X A 2. (4.4)

Applying skew-symmetric inequalities and Young’s inequality for the term in the
right-hand side of (4.4), one obtains

—h —h 1 G
(VX 3) % 2,27 < IV Xyl IR < S1V % YIZ A + SI% I%.
If the resulting constraint is used in the equation, we get

| Q— —h 1
S 12+ @? VA" |1 < SV x YIZ A2
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Since 2a? ||th |> > 0, the required statement (4.1) is obtained.
By using the discrete Laplacian definition in the second term of (3.1), we get

(VA V) = —a2 (AN, wy).

To show the inequality in (4.2), let w, = Axh be a test function in (3.1). This
results in

—h —h —h
IVAI? 4+ &2 AR > = ((V X y) X A, ALD). (4.5)
To bound the term in (4.5), one can use (4.6)
-2 2
Th o 2 2, @ =h 2
((Vxy)xa, Ax )§TIIV><y||oo||M| +7||A)» - (4.6)

According to this, for (4.5) we get the following
shioo @ ohy @l 2 112
VAT + 1AL = —= IV < Yl I 4.7

Dropping % [|AX" |2 > 0 on the left side (4.7) yields (4.2).
To show the inequality in (4.3), let wy = A and mj, = rp, in (3.7). Hence,

1d —h _
— mnxhn? F VAL = d = i M) + Gt > ) + (VX Ag) X T, ).
4.8)

The terms on the right-hand side of (4.8) must be bounded. Here, the first term is
bounded as below by using the estimate for the duality pairing and Young’s inequality:

-1 2,V 2
(Ya = Y, An) = Cv " llya — yall +g||V)»hII :
If (4.1) is used for the second term (4.8), we get

" 2 < V7 IR 12+ 21V
< vV x 3 lIAnll® + gnwnz.
Applying skew symmetric inequalities, (2.1), and Young’s inequality give
((V x ) x 35" dn) < Clanll 21V P21V

_ v
< Cv 3 Il IV ynll* + gnwnz.
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Arranging,
1d v _ _ _
=3 P+ S 192417 = € (7 0V 3B lanl® v v = 3l + v P19

and integrating over [¢, T'] gives

T T T
H)hh(f)||2+v/ nandzs||Ah(T>u2+c(v“/ ||yd*)’h”2df+”_]/ IV vy l3o 124 12
t t t

s (7
+v7 f 2 PVl ).
t
Finally, (4.3) is obtained by applying Gronwall’s inequality. O

5 Error analysis

This section establishes the convergence rates for the state, adjoint, and control vari-
ables, demonstrating how the numerical errors decrease with mesh refinement and
validating the theoretical accuracy of the numerical schemes. First, we state the regu-
larity assumptions for (1.1) and (1.4).

Assumption 5.1 Assume that

y, A€ L®0, T; HY?> nHY0, T; H**HY? N H3(0, T; L*> N H*>(0, T; H")?;
p.reL?0,T: HHY2 nH?*(0, T; L*)?;
feL*0,T;L*>? andu € L=, T; H*T1)2.

The error estimations of the discrete differential filters of (3.1) and (3.2) are stated in
the following lemma.

Lemma 5.1 (Error Estimates for the discrete differential filters of adjoint) Let A € Y
with AL € L*(Q), the following estimations are hold:
for NS-a.:

—h —h
1A =02 + eIV = 2D < K,
where
Ko = C(inf (IVG—v)P+eI VA=) P+ VAP (14 + 1V x 31 ) ).
for NS-w:
72 2 Thy 2
1 =T+ IV =TI < K,
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where
_ . 2 2 2 2 2 2 2
wa—C(U;Igh{IIV(k—vh)ll +a [VA—vp) [T} +a) VATV XA TV )

where C does not depend on o and h.

Proof The proof of lemma is presented for NS-« only. Similar procedures can be
followed for NS-w. According to the regularity assumption, one has

(L, wp) + @>(VA, Vwp) = Oh, wp) — (AL, wy). (5.1)
Subtracting (3.1) from (5.1) yields
(e, wp) +a*(Ve, Vwy) = (b, wp) — @*(Ak, wi) — (V X ¥) X A, wy), (5.2)

wheree = A —X”. By decomposing the error e in (5.2),e = A — r— (Xh — 5») =n—o¢n,
where X is the best approximation and ¢y, is chosen as the test function, we get:

gnll? + 21V l12 = —Ch, dp) + o> (A%, ) + (Y, Voy) + (. ¢p) + (W x ) x agy). (5.3)

The terms in the right hand side of (5.3) are estimated as:

3.2, 1 2
A, < —||A — ,
(A, ép) < 2|I I +6ll¢hll
2 2 2 o’ 2
a“(VA, Vo) < a”||VA| +T||V¢h|| ,
2 2 2 o? 2
a”(Vn, Vep) < a”||Vnll +Z||V¢h|| ,
3. 02,1 2
< — —
m, ) < 2||TI|| + 6||¢>h|| ,
3 2 ), 1 2
(Vxy)xA,ép) < EIIV X YA~ + glltbhll .

By using above estimations, (5.3) can be written as

1 o?
S18M12 + S 199" 12 < (1212 + @2 IVAIZ + 2191 + Inl> + IV x Y1 14112).

which completes the proof. O

The auxiliary problem, which will be used in the proof of error analysis, is given by:
for u € U, find y, (), A, (u) € Y.
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For the NS-«a model:

e @), vp) +v(Vyp(u), Vug) + ((V X yp(u)) x ,Vh(u)h, vp) — (Pp, V- op) = (u, vp),

—
Veynu) ,qn) =0,
5.4)
and for the NS-w model:

e (), vp) +v(Vyp(u), Vop) + ((V x yh(u)h) X yp(u), vp) — (Pp, V- vp) = (u, vp),
V- yn(u), qn) =0,

for all (v", ¢g") e (YM, M"). Similarly, the adjoint models in each case become the
NS-« adjoint model:

(=Ar(u), wp) + V(V)»h(hu), Vwy) + (yh(u)h X (V x Ap(u)), wp) — (Rp, V - wp)
= (ya - Ya(u) + Ap(u) -, whh), (5.5)
On(u) ', wy) + a>(Vag ), Vwp) = ((V X yp(u) x Ap(u), wy),

and for the NS-w adjoint case:
—h
(=2 ), wp) +v(Vap W), Vwp) + (Ap(u) X (V X yp(u) ), wp) — (Rp, V - wp)

==(yd;—;m<u>4-xh<u)h,uz>,
(), wp) +a2(Vap ), Vwp) = (V x () x yp (), wp),

for all (w", m") e (Y®, M").

Remark 5.1 Since both models yield similar results, the NS-« model is preferred for
simplicity in the proofs; similar results can also be obtained for the NS-w model. We
conduct the error analysis by evaluating discrepancies between the equations at each
step: Step 1 (1.1) vs. (5.4), Step 2 (1.4) vs. (5.5), Step 3 (3.3) vs. (5.4), and Step 4 (3.7)
vs. (5.5), respectively.

Lemma 5.2 (Step 1) Let y and y,(u) be solutions of (1.1) and (5.4). Then, there exists
a positive constant C such that the following bound holds for the error y — y;, (u)

1y = O oo 0. 72120 + VIV = @20 71200 = Evs
where

T
E,= [ny—yh(0)||ioc<0_T;Lz(m)+Cinf{/0 (Vo= PP+ VIV = HIP+ v p = Pl

VG =PRIV VG =DV + v o 19y @l 1B )dr}]

exp (le3 ||Vy||4) .

Proof The proof of this lemma is provided in detail in the Appendix. O
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Lemma5.3 (Step 2) Let A and \,(u) be solutions of (1.4) and (5.5), respectively.
Then, we have

2 2
”)" - )\’h(u)”LOO(O!T;LZ(Q)) + V”V()\' - )"h (u))”LZ(O,T;LZ(Q)) S E}u
where
T
E = 1A= 2O 1o o 7212000+ C[iinyf /0 {v‘1||Vy||2||VA||2+v“||Vyh(u)||2uwh<u>u2
€xy
0 e = RaIP+ vIIVO— DI+ v = D2+ v Ey+ 07 [V x Yh(u)||go||)hh(u)||2}d{|-
Proof The error equation is obtained by subtracting (1.4) from (5.5).
——Fh
(er, wp)— v(Ve, Vwp)+ b(y, A, wp) — b(wy, y, M)+ (yp(w) x (VX Ap(u)), wp)

+(—=Rp, V-wp) = (y — yn(u), wp) + ()\h(”)h» wp), (5.6)

where e = A—Aj, (u). By decomposing the error e in (5.6) ase = A —A— (Ap(u) —)NL) =
n — ¢ with the best approximation of A and choosing the test function wj, = ¢y, the
following equation is obtained:

1d||<z> O + vVl
24t VY @n

=—b(y,\, ¢n) +b(dpn, y, A) — (yh(u)h X (VX Ap(u)), ¢n) — (r — Ry, V - ¢p)
+v(Vn, Vou) — (s, ¢n) + (v — yn(u), dp) + ()»h(u)h, Dn)- (5.7

The terms to the right of (5.7) are bounded as:

b(y, dn, 1) < Cv YV VA + —1IVenl?,

ey

16
_ V

b(@n, y,2) < Cv Y VylP | VA + Euvmn%

Gna)" % (V x 2 (@), ¢n) < ClIVya @) |V ) ||| Vb
< Cv IV @IIP I VA @) 1> + %IIVMIIQ

v
(r — R, V-¢p) < Cv7lr — Ry|I* + Envmn%

Vv
v(Vn, V) < Cv||Vn|* + Envmnz,
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—1 2, VY 2
e, dn) < Cv™ Inell” + EIIV%II )
-1 2,V 2
= yn), ¢n) < Cv™ " ly — yn@)|I= + EIIV@,II ,

G ) < Cv = oG |2 + %nvw

-1 2 2, Y 2
= Cv IV X yr IS AR @) 117 + 1—6||V¢h|| .
Inserting all bounds in (5.7) yields

IO + 219 1?
2at"" 2"
< (v NVSIPIVAR+ v V3 @RIV @I+ vl = Ryl vl V14 v~ ]

7y = @I+ 7 Y X @ s @).

Application of Lemma 5.2 gives

d 2 2
— t \4
S Ion I + vV
= (o™ NOSIRIVAIR + v IV @I IV @I + 7l = Rl 4 0912 40~ e

v Ey T IV @l 13 00 ]2)).

The result of Lemma 5.3 is obtained along with the approximation properties and
the triangle inequality. O

Lemma 5.4 (Step 3) Let y, and yy (1) be the solutions of (3.3) and (5.4), respectively.
Then, the following bound holds:

Iyh = 9000 0 712062 + VIV OB = 5020 7120

T
< C[nyofyh<0)||iOO(0,T;Lz(m) +v7! /0 HM*Mh”de] exp(Cv > IV I* + [V ya ).

Proof If the auxiliary (5.4) is subtracted from the discrete (3.3) and v, = y;, — v (1)
is taken one gets

(Oh = Yh @)ty i — ya @) +v (Vn — ya @), V(i — yp @) — G™ x (V% yi), v — yp )
+FORGD" X (V5 v ).y = Y ()) = (g, — 0, v — y3,@)).
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Arranging the nonlinear terms here, we get

— G X (V% ) v = 9 0) + G x (VX 3 @), 3 = (@)
== (T % (7 x =y @) = 31 @) = (GF" = 30" x (VX 3@, i = i)

The terms on the right-hand side of the last equations are estimated as follows:

_ v
(up — u, yp — yp(@)) < Cv= u — up|* + AN ya) %,

(7" = 3@ x (7 x (@), 3 = (@)

< CIVIR@IIVER" = 0@ Y On = @) 12 yn — v @)
< CIVyR @IV O = ya @I lyn — ya )]
< Cv 3 IV @I lyn — yn@)* + gnvm — y )|l

(3" % (¥ (= 0G0, = v @) = 1T G = 3@y = v )72

I\

— v
vyl s — v @)1 + SIVon - yn ).
Rearranging gives

L oh = @12 + 19O — ya @)
27 1n Yh@I= + vV — yp @)l

= oo™ (= un 2+ 02093 @1 n = 3w @I + 21931 = 3w @)1

and integrating over [0, 7'] yields in

T
llyn =yl + ”A IV O = yw@))|*dt
2 ’ 2 2 2 2
= lyo= O] +Cv—‘/0 (e = P4+ 02093 @I = 3 @I+ =21V 33— 3 602 ).

Finally, the desired result is obtained by using Gronwall’s inequality. O

Lemma 5.5 (Step 4) Let A, and 1, (u) be the solutions of (3.7) and (5.5), respectively.
Then, the following a priori bound holds:

12 = 2 GO1F oo 0. 72120y + VIV O = 2@ 20 7120
T
< c[mg_ ] /0 <||v X M3 llyn = ya @I+ llyn = ya@)|*+ m)d:}

x exp(Cv™ 1+ Cv =3y )| 4).
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Proof If the discrete (3.7) is subtracted from the auxiliary (5.5), with the choice of
vy, = Ap — Ap(u), one gets

(= An @) A= Apn @) — v (Vi — Ap (), VO — Ap (@) + (Yn (u)h x (V x Ap(u)),
— (™ X (VX Ap)y k= k)= (v — Y (), kpy— 2y () — (Eh— )\h(”)hv A= A (U)).
(5.8)

Arranging the nonlinear terms in (5.8) gives

On@)" % (V X ). oy — k(@) = G x (V% Ay, hoy — ki (a0)
== (G = 300" % (V3 2, 2= 2 @)) = (3@ % (Vx Gup = 2 (@), 2 = 2 (@) )

Also,

(7" =@ 2 = 2a@)
= (" = )" 2 = o+ ) = ), g = @)
= G ) — An @) A = A (@) — G — A+ = M) + o — An (), A — 2 () -

(5.9)

The terms on the right of (5.9) are bounded as follows:

(GF" = @) x (V% ), 2 = 2 w))
< v IV x R I = ) 12 + %nmh — h ()|

-1 2 2, Y 2
= CvIV X Aaligollyn = ya@OII™ + IV @i = A @),
(00" (% Gy = 2 @), 2 = 2 0)) = CV 2 @I g = 24 @I + 3519 Cp = 21, @) P
— Vv
(= (@), o = 2 @) = C™ v = 3@ P + IV G = 2n @)1,
h -1 —hy Y 2
G = A = A (@) = Cvfidn = A 17+ Z IV a = An @),

—h —1 —h 2 Vv 2
An(u) = An @)™, Ap = A () = Cvfdn @) = An @) 17+ IV = An @),
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_ v
Ot = M (), oy — A (w)) < Cv™ Yy — An() || + V0 = A )%
Using above estimations in (5.9) and Lemma 5.1 for filtered terms yields
1d 5V 2
5 77 12 = A @I+ 21V G = 2 @)
<cv! (nv X AnllZollyn — ya GO + v 2 ya @I A — A @) I* + lyn — ya @)l
—h ——h
Fln = 2n 1A I @) — 2 @) 11> 4 Ndn — )Lh(u)”z)
<cv! (nv x AnllZollyn — yaGOI2 + v 2 ya @I e — A @) I* + llyn — ya )|

+Ko, + a0 — kh(u)||2)-
Integrating over [0, T'] gives

T
I = (I 4+ v /0 IV (i — A ) Pt
7 2 2 2 4 2 2
< Cv—ljo <||Mh||oo||yh—yh<u)|| v 2@ — @I + s — vl

+ Koy + |hn — Ah(u)nz)dz,

and by using Gronwall’s inequality, we get the required result. O

Lemma5.6 Let (v, A, u) and (yp, A, up) be the solutions of (1.1)-(1.4)-(1.5) and
(3.3)-(3.7)-(3.1), respectively. Then, one has

”M — Up ||%2(0,T;L2(Q)) = C (”A' - )‘h(”)”iz(O,T;U(Q)) + h21+2) >

where | denotes the polynomial degree in the approximation properties of the control.

Proof The approach employed in Hacat et al. [25] applies equally to the NS-« and
NS-w models. O

We now state our main error estimation theorem.

Theorem 5.1 Let (y, A, u) be the solutions of (1.1)-(1.4)-(1.5) and (yh, M uly be the
solutions of (3.3)-(3.7)-(3.1), respectively. Then, the following estimate holds

1y = 3l I = 242+ e =l = € (W + (@ + ma® +1247).
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Proof Through the utilization of the auxiliary problem, it is possible to formulate
Iy = Y"1% < Dy = y" @I + 1y a0 — y" |1
The results of the inequalities in Steps 1 and 3 lead to
Iy = "7 = € (Ey + lu = u" ).
Similarly, for adjoint error, we apply the triangle with the use of Step 2 and Step 4
I = A2 = € (Ex + llu — 1)
By combining the errors, the following result is obtained:

Iy = M2+ 1 = 2212 4 = 1P < € (B, + Ex+ = 1)
Applying Lemma 5.6 and the approximation estimate (2.6) results in the statement of
the main theorem. O
6 Numerical experiments
In this section, we conduct numerical experiments to demonstrate the effectiveness
of the proposed method and validate some of the theoretical predictions outlined
in the previous sections. For these tests, a public domain finite element software,
FreeFem++,1s used; see Hecht [26]. We consider the inf-sup stable finite element pair,
Taylor-Hood finite elements, on a regular triangulation of the computational domains.
Newton’s method is considered to deal with non-linearities, and the second-order
Crank-Nicolson method is chosen for temporal discretization. Algorithm 3.1, which
consists of the optimality conditions of the discrete control-constrained problem, is

solved by the primal-dual active set algorithm as a semi-smooth Newton step, as
described in Bergounioux [27]. The algorithm stops at a feasible and optimal solution.

6.1 Convergence Study

The following manufactured solutions of Wachsmuth [14] are used:

sin (7 x1) sin(rx2) cos(mx2)
— sin?(7xp) sin(zwxp) cos(zwxy) |

y(t,x) =e v [

A va-T) _ sin“ (7w x1) sin(mwxp) cos(mwxp)
M, x) = ( ¢ te ) |:— sin(x2) sin(x;) cos(nxl):| ’
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Table 1 Errors and rates of

convergence for NS-o h Iy — yh I Rate % — M I Rate
21 0.0014818 - 1.38351e-7 -

272 2.87621e—4 2.37 8.3041e-8 0.74

273 3.25096e-5 3.15 9.25913e-9 3.17

4 3.81827e-6 3.09 9.18238e-10 3.33

273 5.13114e-7 2.92 1.2709e-10 2.86

26 6.53542e-8 2.98 4.62331e-11 2.98

so that the right-hand side functions and the desired state are computed with respect
to

¥ (63) = v+ (= = VAL = (- V) A+ (V) 2,

yo=1y(0),
f=y—vAy+ (O -V)y—u,

in which ¥ = min(b, max(a, —A)) is used as the control variable and choose a = 0,

and b = 1, specific to this test case. This form for u is chosen to ensure the control
variable remains within the admissible bounds a < u < b. This formulation balances
optimization effectiveness and adherence to problem constraints, ensuring a feasible
and stable control process. As the Reynolds number, Re, increases, the flow’s viscous
effects decrease, and the flow exhibits more complex dynamics. Therefore, we choose
Re = 10* to investigate the results in a more challenging scenario. A relatively small
time step size, At = 104, is selected to isolate spatial error and calculate the errors for
different spatial mesh sizes. Table 1 presents the results obtained for the NS-« model,
while Table 2 presents the results for the NS-w model. Third-order convergence (for
k = 2) is achieved for the state and adjoint variables, as predicted by the theory in
Section 5. Furthermore, second-order convergence (for / = 0) is obtained for the
control variable Hacat et al. [25].

Optimal control problems aim to optimize the NSE under a given performance
criterion (cost function). In NSE optimal control problems, the cost function measures
the performance of a given fluid dynamics problem in achieving specific objectives.
This cost function usually reflects the effort to achieve a desired system behavior under
particular control strategies. A good outcome usually refers to the case where the cost

Table 2 Errors and rates of

convergence for NS-w h Iy—v "I Rate I3 =21 Rate
21 0.0014818 - 1.38352e-7 -
22 2.87622e—4 2.37 8.30412¢-8 0.74
23 3.25097e-5 3.15 9.25943¢-9 3.17
24 3.81835e-6 3.09 9.18261e-10 3.33
273 5.13147e=7 292 1.27023e~10 2.86
276 6.5368¢-8 2.98 4.59479¢—11 2.98
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Fig. 1 Variation of cost function according to mesh size, for o = 10

function is minimized. Figure 1 shows the behavior of the cost functional with respect
to the mesh size h. As h becomes finer, the cost function tends to zero as expected.
This shows the success of the optimal control strategy applied here.

6.2 Flow around a cylinder

A well-known benchmark problem for testing codes of flow problems, the two-
dimensional flow around a cylinder test [28], is considered here to assess the effect of
optimal control. A detailed presentation of this test problem without consideration of
optimal control can be found in John [29]. Some numerical instabilities are expected
in this flow setup for smaller viscosity values due to fluid interaction with obstacles.

We expect our optimal control strategy to regularize the flow characteristics accord-
ing to y,; and to obtain a better approximation for the flow patterns. The computational
domain is a 4 x 1 rectangle with a cylinder obstacle close to the inflow boundary. We
study with different values of v (1 and 2.1073) in the time interval [0, 1] to better
understand the effect of the optimal control for varying Re.

The boundary conditions are chosen to be no-slip on the horizontal walls of the
domain and around the cylinder, while the vertical inlet and outlet boundary conditions
are parabolic in the x-direction and are specified precisely as follows:

y= <4x2(10— x2)> .

While the desired velocity is taken to be the solution of steady Stokes flow for the
same domain, other variables are chosen as a = 0, b = 0.5, 0 = 10, At = 0.1,
a =0.125.

Controlled flows typically outperform uncontrolled solutions in all flow parameters
and closely mimic y,. It should be noted that, due to the nature of the problem, neither
the controlled nor uncontrolled solutions can exactly match y,. Figure 2 shows the
speed contours for y4, the controlled and uncontrolled cases. Since Re = 1 in this case,
no significant difference could be observed between the controlled and uncontrolled

@ Springer



Numerical Algorithms (2025) 101:477-507 499

Fig.2 Velocity profiles for uncontrolled, controlled, and desired states from top to bottom, respectively for
Re=1

states, even with y,;, which is expected due to the flow’s higher viscosity and laminar
behavior.

We expect the real difference between controlled and uncontrolled states for higher
Reynolds numbers. Figure 3 presents the speed contours for the y;, controlled and
uncontrolled case for Re = 2000. As it could be easily deduced at a glance, the
controlled flow is far more similar to y; than the uncontrolled case. The fluctuations
seen in the uncontrolled state are reduced, and the flow behavior is close to the desired
state. The controlled results are closer to the desired state because the optimal control
strategy minimizes the difference between the flow and desired states as defined by
the objective function. While the controlled results show improvement, the observed
deviation from the desired state reflects the difficulties of achieving precise control in
complex turbulent flows, even with advanced optimization techniques. Thus, the effect
of optimal control on the flow patterns is observed, which verifies the effectiveness of
our schemes.

As a last effectiveness indicator, we show the energy dissipation rate, (v||Vy||?),
statistics for the same flow, see Fig. 4. In particular, considering the turbulent nature
of the flow, it is essential to control and optimize energy dissipation. In [30], energy
dissipation rates were determined by establishing links between the reduced NS-«
(rNS-«) model and some well-studied models. Tests have shown that this ratio exhibits
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Fig.3 Velocity profiles for uncontrolled, controlled, and desired states from top to bottom, respectively for
Re = 2000
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Fig.4 Impact of the parameter o on system performance
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Fig.5 Energy dissipation rates; a) Re = 1, b) Re = 100, c) Re = 2000

a steady and stable state in a turbulent flow. For our case, we aim to compare the
controlled and uncontrolled case and their resemblance to the desired state.

As shown in Fig. 5, the optimal control strategy is found to optimize the energy
dissipation more effectively as Re increases. We should also point out that since con-
servative Crank-Nicolson time stepping is considered here, numerical dissipation is
generally low in magnitude. The optimal control method better adjusts the control
parameters to achieve the objectives for optimizing the system’s behavior. It also
reduces the system’s sensitivity to external influences and enables more precise man-
agement by adapting to changing requirements. This leads to more stable and desirable
regulation of energy dissipation.

7 Conclusions

This study gave a detailed presentation of the optimal control problems for the NS-«
and NS-w turbulence models of NSE. The problem was discretized with the finite
element method in space and analyzed regarding stability and convergence. The per-
formances of the proposed schemes were assessed with quantitative and qualitative
numerical tests.
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Utilizing continuous data assimilation strategies with data from real-life applica-
tions in these models is the next step to explore.

A Proof of Lemma 5.2

Proof First, to obtain the required inequality, subtract (5.4) from the weak formulation
of the rotation NSE. Then, for NS-«, one has

(er, vi) + v(Ve, Vo) + ((V X 3) X ¥, 0) — ((V X y30) x 35" o) — (p — Pp, V- 0y) = 0 (AL 1)

where ¢ = y — y(u). Decompose the errorase =y — y — (yp(u) — y) = n — ¢y
where y is the best approximation of y. Choosing the test function vy = ¢y, in (A.1)
results in

Gt dn) + V(Y. Von) = (. ) + v (T, Vo) + ((V X 3) X ¥, ép)
—((V X @) X yh @ ) — (p— Pu. V). (A2)

One can arrange the nonlinear terms as

(V% y) %y, dn) — (V 5 yu() X ya (@) )
= (V% (v — yp()) X y. ) + (Y % yu (@) x (v — yn@) ). én)
= (V% 1) Xy, dn) — (V X dn) X v, dn) + (Y X ya (@) x (y — yaGa) ). ).

Then, (A.2) is written

1d
EE”(ﬁh”z + VORI = 12y d1) + vV, Vo) — (p — P, V - dp)
F(V X 1) Xy, dn) — (VX dn) X y. ) + (VX yp(@)) X (v — ya(@)'). fn).-

The terms on the right-hand side are bounded in a standard way:

-1 2, VY 2
M, on) < Cv e ll” + ﬁIIWhII
V
vV, Vi) < CvlIVlE + 2 IVenll®
-1 2, VY 2
(p—Pp,V-¢p) <Cv|Ip— Pyl +ﬁllv¢hll
-1 2 2,V 2
((Vxn) xy, ép) <Cv [IVnlI7lIVyll© + QIIV%II

(VX ) Xy, dn) < Cv73 ol IIVyI* + %||V¢h||2

(V< yp(u)) x (y — ,Vh(u)h), on) = ((V x yp() x (v = "), o) + (V x yp () x " — yh(u)h)y n)
= (VX v @) x (v =), 1) + (V x yu () x 7", ¢)
=T1+T

@ Springer



Numerical Algorithms (2025) 101:477-507 503

For T1,

((V Xy @) x v =5, ¢n) < IV x yn@)lloolly = 5 11 Ve
_ _ V
< Cv IV <y lZlly = Y17 + ﬁnww

_ V
< v oIV x ya) I 1y13 + ﬁ||v¢h||2-
For 7>,

((V @) > 7" d) < CIVy@IIYT 1V
— v
< OV IVI@ IV + I Venll®

Combining all these estimates gives us

1d 2V 2
—— —|IV
5 27 1on 1>+ S 19en]
= (o™ el + vl + v g = PP+ v IR O + v lgn 219y

7 Iy &Iy + v IV 121Vl

Integrating over [0, T']

T
0TI+ [ 190121
2 r 1 =y 12 sy112 1 2 1 syv112 2
< lon Ol +C/0 (O = PP IV = DIZ 7 = P2+ 0T VG = DIZI
2 1gn IV + v e IV B + v IV @RIV G = PIP).

and the application of Gronwall’s inequality, the approximation properties, and the
triangle inequality yields the required result. O

B Proof of Theorem 3.1

Proof For NS-«a:
The Lagrange approach is used to obtain the continuous optimality system. First,
define the Lagrangian function for the control problem by

LOVVou, o n) = Jw) + (i =AY + T -V + (VD y + Vp —u, 1) + T — y — a? A, 1)

1 2 o 2
= | (y—yp) dxdt+ = | u”dxdt
2 0 2 0
+/ (—At -y —VAA-y+ (Vp —u)r) dxdt
o]

+ [ o adsar+ [ @9 dsar+ [ @7 -a?ay 7 yhanaqB.D)
0 0 Q
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Then, the first-order optimality conditions are obtained by letting the first-order
partial derivatives of the Lagrangian function L be zero, similar to in [31-33]. Denoting
(A, 1) adjoint parameters and Lagrange multipliers, respectively, optimality conditions
are obtained by solving the system given below:

VyL(y, 5, u, A, %) =0
V5L(y, 5, u, A, %) =0
VuL(y, v, u, A, 1) =0
Vo L(y, y,u,h,A) =0
ViL(y, ¥, u, A, 1) = 0.

These solutions are obtained from (B.1) as follows:
VyL(8y) = / ((y — yqg)éy)dxdt +/ (—At.8y —vAASy)dxdt + Vy(Sy) (/ (&.V)yldxdt)
0 0 0

+v T 6y) (f (vy)Tyxdxdz) —/ (8y)rdxdt
0 0

= / O = y4 =M —vAA)dxdz—f (y.vmsy)dxdz—/ ((V;)T)x(ay)dxdz—/ (8y)rdxdt =0,
0 0 0 0
and from here

= VAL = (- VA= (VD A =yg—y+ i

V5L(83) = V5L(87) </ (;~V)y,\dxdt+/ (v.y)Tyxdxdt+/ (y}\—aQAi.y—y.X)dxdt>
0 0 0
= V5L(57) <f (Vy)T,\ydxdz—/ (A.V)yyxdxdz+/ (X—azAz)aydxdt>
0 0 0

=/ ((Vy)Tmy - (A-V)y(ay)+isy—a2Aisy) dxdt =0,
0

and from here

r—a?AL = —(V) A4+ (- V)y.

AuL(Su) = /

oududxdt —/ Mudxdt = 0,
[0}

Q

and from here
ou—X2=0.
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Accordingly, Theorem 3.1 is obtained. O

Proof For NS-w:
As in the NS-« case, the Lagrange approach is used to obtain the continuous opti-
mality system. Lagrangian function for the control problem is defined by

Ly, o, %) = T + G —vAY + (- VT + (DT T+Vp—u, 1) + T — y — a?AF, %)

1
- E/Q (y_yd)zdxdt+%fg uldxdr

+/ (=At -y —vAX-y + (Vp —u)A) dxdt
Qo

+/ (y~V)y,\dxdt+/ (Vy)Tyxdxdr+/ 37— a2AY - & — yhdxdt (B.2)
0 0 0

Then, optimality conditions are obtained by solving the system given below:

VyL(y,y,u, A, ) =0
V5L(y, ¥, u, A, 1) =0
VuL(y,y,u,A,2) =0
Vo L(y, y,u, A, A) =0
ViL(y, ¥, u, A, 1) = 0.

These solutions are obtained from (B.2) as follows:

VyL(8y) :/ O = ya — A —vAA)dxdt—/ ()MV)Y(Sy)dxdt—&-/ (V@T,\(ay)dxdz—/ (8y)rdxdt =0,
0 0 0 0

which results in
i = VAL (VI A= (- V)Y = yg — y + A

Similarly, the first order partial derivative of (B.2) in the direction of §y gives
V5 L(85) = f (—(y VIASY — (V)T A(8F) + R85 — amsy) dxdt =0,
o

which results in
A—a?Ar=(y-Vr+ (Vy)Ta.

Finally,

A, L(Su) = /

oududxdt —/ Mudxdt = 0,
0

Q
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which results in
ou—X\=0.

Thus, the proof of Theorem 3.1 is completed. O
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