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Abstract In the recent literature a growing number of research papers have been dedicated to apply
the techniques of global stability and sensitivity analysis to the design of flow controls. The controls
that are designed in this way are mainly passive or open-loop controls. Among those, we consider here
controls that are aimed at linearly stabilizing flow configurations which would be otherwise globally
unstable. In particular, a review of the literature on flow controls designed on the basis of stability
and sensitivity analysis is presented. The mentioned methods can be rigorously applied to relatively
simple flow regimes, typically observed at low values of the Reynolds number. In this respect, the recent
literature also demonstrates a large interest in the application of the same methods for the control of
coherent large-scale flow structures in turbulent flows, as for instance the quasi periodic shedding of
vortices in turbulent wakes. The papers dedicated to this subject are also reviewed here. Finally, all
the described methods imply the solution of eigenvalue problems which are at the state-of-the-art for
computational complexity. On one hand, there are attempts to reduce the complexity of the involved
computational problems by applying local stability analysis, and some examples are illustrated. On the
other hand, recent advances in numerical methods, also concisely reviewed here, allow the manipulation
of large eigenvalue problems and greatly simplify the development of numerical tools for stability and
sensitivity analysis of complex flow models, often built using existing fluid-dynamics codes.

Keywords Flow control - Global stability analysis - sensitivity analysis - adjoint methods

1 Introduction

Flow control is an important subject from both the scientific and the engineering points of view,
and therefore it is widely treated in the literature (see for instance [67,17,86,32,28]); the same is
true for hydrodynamic stability (see for instance [147,33,148,166,64,149]). The two fields are strongly
interconnected. Indeed, control is often designed in order to stabilize flow configurations that would
be otherwise unstable, so that control design and/or verification heavily relies on stability analysis.
The interest of the scientific community in control design based on linear stability analysis is testified
by a continuously growing number of dedicated review papers (see, for instance, [10,157,9,8]). Among
those, [157] is the closest one to the subjects covered by the present review, and for this reason we will
often refer to that work.

Clearly, the class of flow controls designed using stability analysis is far too wide to be covered in
a single review paper. For this reason, the present review focuses on a definitely smaller subclass of
controls. We consider here controls that are designed to stabilize flow configurations which would be
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unstable in the uncontrolled system. The target configurations considered here are globally unstable
flows, which are characterized by an intrinsic self-sustained dynamics that can be observed also in the
absence of external noise or of other sources of excitation. The review focuses on cases in which the
design of the control completely relies on the results of a linear stability analysis of the flow and of the
sensitivity analysis of the identified instabilities to a generic variation of the free control parameters.
In the reviewed examples the sensitivity analysis is carried out systematically by adjoint methods.
The word ”inspired” has been added in the title because, as will be shown, several reviewed works
provide detailed information to design a generic flow control but they do not implement or test any
specific control design. With the exception of a few examples, we focus on passive controls of globally
unstable flows. Passive controls do not employ actuators or sensors, and they are implemented by
modifications which do not need any energy supply to work, as happens for instance when a control
body is introduced in the flow. Conversely, open-loop active controls employ actuators which need
an energy supply, as for instance blowing or suction over a permeable surface, and their action is
independent of the behavior of the flow, since sensors are not employed. A few examples of open-loop
controls are also considered here. Thus, the main part of the present review is dedicated to introducing
the methods and the strategies to perform a sensitivity analysis of a global instability to a generic
variation of the free control parameters. Subsequently, the different kinds of perturbations usually
considered in the literature are illustrated, and it is shown how to use the results of this analysis to
design a control which stabilizes a considered instability. This part of the work is strongly based on
global stability analysis, which implies the solution of large eigenvalue problems, with computational
costs that easily become prohibitive for three-dimensional configurations. In order to reduce the size
of the associated eigenvalue problems, global instabilities are sometimes investigated by means of local
stability analysis and dedicated asymptotic methods. For this reason a section is dedicated to reviewing
examples of control of globally unstable flows designed on the basis of local stability analysis.

The methods described above are usually rigorously applicable only at very low values of the
Reynolds number, which are generally far from practical applications except for particular cases, as
for instance in micro-fluidics. However, in the recent literature there is a growing number of works
dedicated to extending the above mentioned tools for control design to flows at the high Reynolds
numbers typical of engineering applications. As an example, this is possible in turbulent flows that are
characterized by large-scale vortical structures, as it happens in the wakes past bluff bodies. Due to
the great practical importance of such methods and to the attention of the scientific community to this
kind of applications, a part of the present paper is devoted to review the recent literature on global
stability analysis and control based on mean flow fields of a turbulent flow.

Finally, as highlighted above, stability analysis implies the solution of eigenvalue problems whose
complexity is at the state-of-the-art for 3D flow configurations. Thus, advanced numerical methods
play a key role in the development of the methods considered here. For this reason, a quick overview
of the most recent works in the literature on numerical methods for stability and sensitivity analysis
is also reported, referring to [166] for a detailed review of the works published before 2011.

For the sake of brevity, we omit to systematically review examples of closed-loop control (i.e.
controls employing sensors and actuators) of globally and, especially, of convectively unstable flows,
which is a widely considered subject in the recent literature. For this specific subject we refer to the
reviews in [10,157,9], where it is shown that for such cases the controls are usually designed by applying
classical control techniques to reduced-order models mimicking the linearized dynamics of the systems
to be controlled. Reduced-order models are necessary because the size of the discretized flow equations
is generally far larger than what can be managed computationally by straightforward application of
classical methods in control theory, although a few exceptions exist in which the use of a reduced-order
model is bypassed (see, for instance, [137,150]). We suggest to integrate the above-cited reviews with
more recent works on reduced-order modeling aimed at flow control of linearly unstable flows (see, for
instance, [100,13,45,46,162,72,44,36]).

Before entering in more details on the specific class of controls considered in the present review,
we dedicate the next section to introducing concepts, definitions and nomenclature, with the objective
of making the paper as self-contained as possible and of rendering it accessible to the fluid mechanics
community in general, and not only to specialists in the field of hydrodynamic stability.



2 Generalities on hydrodynamic stability

Hydrodynamic stability studies the behavior of a flow when disturbances are introduced in it. If the
flow is initially in a precise configuration, which is often a steady one but it can be a time-periodic
state as well, and it eventually returns to the initial configuration after the introduction of a generic
disturbance, the configuration is defined as a stable one. This concept can be formalized by monitoring
the energy of the disturbance in time, E(t). If E(t) vanishes monotonically in time, whatever the
initial energy Eg = F(0) is, the flow is monotonically stable. If E(t) vanishes asymptotically but not
monotonically in time the flow is globally stable. If E(t) vanishes asymptotically in time provided
that Ey < dg, dp being an energy threshold, the flow is conditionally stable. Finally, if at least one
infinitesimal disturbance exists which is unstable, the flow is linearly unstable. (see for instance [75,
147] for more details).

We consider here flow controls that are designed to stabilize a target configuration that is an
unstable solution of the flow equations. To this purpose, tools are needed in order to characterize
the stability of a flow configuration (see [147]). The monotonic, global and conditional stability are
very difficult to be characterized because of the role of non-linearities, and most of the results are
available for very simple flow configurations. For instance, generalized energy methods can be used
to identify conditional stability but applications are limited to extremely reduced-order models (see,
for instance, Refs. [159,41,128,25]). In this respect, techniques exist for systematically formulating
generalized energy (see for instance [30]). Other works attempt to characterize the conditional stability
by an iterative use of direct numerical simulation (DNS) and linear stability analysis, as for instance
for the investigation of secondary instabilities (see, for instance, Refs. [147,37]). Some attempts and
techniques also exist based on the direct use of DNS to explore the conditional stability limits of a flow,
as for instance those based on the identification of edge states (see for instance [50,90]). Finally, we
refer to the review in [84] as an example of a non-linear stability analysis relying on an adjoint-based
optimization approach. At difference with conditional stability, linear stability is a simpler property to
be investigated since it involves linear equations. In this review we focus on control design based on
linear stability analysis.

2.1 Global linear stability analysis

Although most of the reviewed papers deal with incompressible homogeneous Navier-Stokes Equations
(NSE), there are examples in which different models are considered. For this reason we will use here a
more general notation. Let us consider a non-linear evolutive PDE of the following type:

dq
where q (x,t) is the solution vector, which is a function of space x and time ¢, and N is a generic
non-linear differential operator. We assume that proper boundary conditions are provided, depending
on the specific problem. For the sake of simplicity, in the case of the incompressible NSE we consider q
as the divergence-free velocity field, thus avoiding to include the divergence-free constraint directly in
the system of equations, which would be otherwise slightly more complicated than (1). Let us consider
a steady solution of Eq. (1), Qp (i.e. such that N(Qp) = 0, Qp being denoted in the following as the
baseflow of the stability analysis), and the linearized dynamics of a small disturbance q’ superposed

to Qb:

oq’ _ ’
2 =L (Qb)a (2)
where L (Qp) is the linearization of N around Qy,
’ —
€0 € 8(1 a=Qb

The last equality in Eq. (3) generalizes the notation of partial derivative to the Fréchet derivative of
an operator, and the same notation is used in the following. The boundary conditions (BCs) for q’ are
homogeneous, or in general such that g’ = 0 is a solution of Eq. (2) and satisfies the BCs. Since the



stability problem is linear, the solution to Eq. (3) can be searched in modal form, q’(x,t) = e**q(x),
leading to the following EigenValue Problem (EVP):

Aa=L(Qb) 4 (4)

where A = 0 + iw is a generic complex-valued eigenvalue of the spectrum. The associated eigenmode
is linearly unstable when o > 0. This instability is also called modal instability, or even exponential
instability, and the flow is denoted as globally unstable. Conversely, if all the eigenvalues of the system
have negative real part (o < 0), a generic disturbance will eventually decay at large times, and the
baseflow is defined as asymptotically stable or globally stable. The imaginary part w of A is the angular
frequency of the mode, while its frequency in time is w/(27). In the following we will refer to w
generically as the frequency of the mode. As discussed in [166], the notion of global stability analysis
has different meanings in the literature. Here we denote as global stability analysis the solution of
the EVP in Eq. (4), in which no assumption is made on the existence of special spatial directions
along which the baseflow is slowly evolving. The continuous eigen-problem in Eq. (4) can be solved
numerically by properly discretizing the involved partial differential equations. The numerical methods
used for the discretization are those typically employed in computational fluid dynamics, and they are
reviewed for instance in [166]. As a result, the discretization of Eq. (4) leads to a generalized eigenvalue
problem whose size equals the number of degree of freedom of the discretization. The problem can be
formally recast in a form identical to Eq. (4), indicating this time with § a vector collecting the discrete
solution of the problem and with L a matrix depending on the discretized baseflow vector Qp and on
the numerical method employed for the discretization. The boundary conditions are included in the
discretized problem and, depending on the numerical method, a mass matrix can arise which multiply
the vector § in the Lh.s. of Eq. 4, thus leading to a generalized EVP. Analogously the non-linear PDE
in Eq. (1), once semi-discretized in space, can be recast in the same form of Eq. (1) but indicating
in this case with q a vector collecting the discrete solution of the problem and with N a vector of
non-linear functions depending on q. In the descrete framework, Eq. (3) simply indicates that L is
the Jacobian matrix associated to IN. Since all the problems described in the following necessarily
need a numerical discretization to be solved, we invite the reader to always consider this duality of
the adopted notation, which can be thought as a continuous or a discrete approach. More details on
the descrete approach to sensitivity analysis are given in Sec. 3.1.3. Usually, the size of the resulting
eigenvalue problem can be very large, leading to a computational complexity at the state-of-the-art
for 3D flows. For this reason, most of the global stability analyses documented in the literature are
applied to 2D flows. Numerical methods employed in the solution of stability eigenvalue problems
are also reviewed in [166]. For general flows in a bounded domain a countable number of isolated
eigenvalues of the EVP exists, while in open flows EVP (4) may admit also a continuous spectrum (see
for instance [147,157]).When the EVP is discretized numerically [169] the spectrum necessarily becomes
of finite dimension due to the numerical discretization. As a consequence, only a few eigenvalues of
the discretized EVP are meaningful, and those show (i) convergence with the numerical discretization
and (ii) independence from the computational domain dimension. It is important to stress that the
other eigenvalues of the spectrum are not physically meaningful since they are extremely affected by
domain truncation and by numerical discretization. We refer to [12,157] for more details. Any use of
such eigenmodes, as for instance to build reduced-order models (ROMs), leads to problems which can
easily become ill-conditioned [13].

As an example of global stability analysis, let us consider the incompressible flow past a circular
cylinder, which is often mentioned in the following. In this case flow stability is governed by the
sole Reynolds number. The critical value for the primary instability is Re ~ 47 (based on the cylinder
diameter and the incoming velocity), and the instability is characterized by an Hopf bifurcation leading
the flow from a steady symmetric state to a non-symmetric periodic state. The spectrum obtained by
stability analysis, shown in Fig. 1 for Re = 50 with filled symbols (consider only the uncontrolled
case in the figure), is thus characterized by a couple of complex conjugate unstable eigenvalues, with
a temporal frequency equal to that of the primary wake instability for slightly supercritical values
of Re (see Fig. 1). The flow remains perfectly two-dimensional up to a critical value in the range
180 < Re < 190 (see for instance [16,174]), thus all investigations concerning the primary wake
instability are carried out by two-dimensional analyses. The same qualitative behavior is generally
typical for all plane bluff-body wakes; see for instance Fig. 10(b) for the flow past a square cylinder
confined in a plane channel (consider only the uncontrolled case in the figure, i.e. the plus symbols).
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Fig. 1 Data from [110]: spectrum of the uncontrolled (filled symbols) and controlled (hollow symbols) flow
past a circular cylinder at Re = 50 with the control cylinder placed at point xo = (1.2,1.0) (see map in
Fig. 6(b)): the arrow indicates the shift of the globally unstable mode which is stabilized by the control, while
the other eigenvalues are only slightly influenced by the control and they remain stable.
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Fig. 2 Spectrum of the LNSE for (a) an open cavity flow (from [154]) and dominant eigenvalue (b) and
eigenmode (c) for a suddenly expanded channel flow (from [53]).

Other 2D examples considered in the following are the flow in an open cavity with an incoming
thin and controlled boundary layer and the flow in a suddenly expanded channel, whose stability
spectra are shown in Fig. 2(a) and (b), respectively. Note that in the case of a suddenly expanded
channel the instability starts as a symmetry-breaking pitchfork bifurcation and the resulting unstable
eigenvalue is real-valued. The associated unstable global mode is reported in Fig. 2(c), showing that
the mode implies an asymmetry of the flow when it is summed to a symmetric baseflow. Note that
the intensity of the mode is arbitrary, this being an eigenmode of an eigenvalue problem. Finally, as
a 3D example we consider the flow in a T-mixer with two rectangular inlet channels merging into
one rectangular outflow channel. For the geometry considered in [54,55] and sketched in Fig. 3(e)
the flow undergoes a symmetry-breaking pitchfork bifurcation at 140 < Re < 160 (based on the
hydraulic diameter of the outflow channel and on the bulk velocity) (at Re = 140 the less damped
eigenvalue is A = —1.52 x 1072) leading to a steady and asymmetric regime, called engulfment regime.
At 220 < Re < 230 the engulfment regime finishes and the flow undergoes an Hopf bifurcation leading
to a time-periodic regime at 220 < Re < 230 (at Re = 230 we have A\ = 2.33 x 1072 + 0.997i). The
associated global mode is depicted in Fig. 3(a).
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Fig. 3 From [55]: Hopf bifurcation occurring in the T-mixer of subfigure (e) (H = 0.83, W = 0.625 and
Wo = 1.25) at Re ~ 220: (a) global and (b) adjoint modes depicted by a small-value isosurface of the real part

of the velocity magnitude; (c) three dimensional view and (d) slice at y = 0.5 of the quantity ||q+ (x0) H |l (xo0)]]-

2.2 Non-modal instability

Although asymptotic stability implies that a generic disturbance vanishes for ¢ — 0o, no information is
provided on its transient behavior. In particular, the disturbance might experience a strong transient
amplification before vanishing, thus invalidating the accuracy of a linearized model for the disturbance
dynamics. This aspect can be quantified by monitoring the temporal evolution of the disturbance
energy, which can be derived from Eq. (3). In particular, if we consider for simplicity the discretized
form of Eq. (3), thus indicating with L a matrix and with (-,-) the scalar product in C", the temporal
evolution of the discretized disturbance energy is given by:

) = (L) o) Q
where # stands for the conjugate transpose matrix. Equation (5) shows that instantanous energy
growth is possible provided that the matrix (L +LH ) has positive eigenvalues. It can be shown that,
if L is self-adjoint (L = L), the eigenfunctions of L are orthogonal with respect to the considered
scalar product and transient growth of energy is absent if the flow is asymptotically stable. Conversely,
for non-self-adjoint matrices (as that arising from the discretization of the linearized Navier Stokes
Equations, LNSE) the eigenfunctions can be strongly non-normal (see [157] and referenced papers
for criteria to quantify non-normality), and the disturbance can experience large transient growth of
energy even if the flow is globally stable. This behavior is denoted in the literature as non-modal,
algebraic instability or short-term instability (see for instance [148]).

2.3 Local stability analysis

If a direction x exists along which variations of the baseflow are weak, i.e. the streamwise direction in
flows like boundary layers, the linear stability analysis can be simplified avoiding the direct solution of
Eq. (4), which is often computationally demanding. Indeed, at first order, linear stability can be studied
by a set of local analyses, each one carried out independently at a particular streamwise section of the
flow. In each local analysis the baseflow is assumed locally parallel and invariant in the streamwise
direction, so that periodicity of disturbances in that direction can be assumed and q’ in Eq. (2) can
be searched in the following modal form:

wt Jikx A

q'(x,t) =" e q(y, 2) (6)



If w is real and fixed and k is problem eigenvalue, the analysis is a spatial stability analysis and the
identified modes are harmonic in time but they can grow (unstable) or be damped (stable) in space
as they are convected by the baseflow. In the opposite case, i.e. with fixed real-valued k, the analysis
is a temporal one and disturbances are periodic in xz and they can be amplified or damped in time.
Non-parallel effects can be taken into account in the framework of local stability analysis for weakly-
non-parallel flows using asymptotic methods, as for instance the Wentzel-Kramers-Brillouin-Jeffreys
(WKBJ) method or the Parabolized Stability Equations (PSE). We refer to [147] for a general overview.

2.4 Convectively and absolutely unstable flows, oscillators and noise amplifiers

In the local stability analysis of open parallel flows the concept of convective and absolute instabil-
ity [147], related to the spatio-temporal analysis of the evolution of a generic disturbance, plays an
crucial role so as to connect the results of the local stability analysis to those of global stability one.
The definitions of convective and absolute instability are related to the linear response of the flow
system to an impulse, localized in space and time. A linearly unstable flow is absolutely unstable if
the wave packet generated by the applied impulse is amplified and its fronts travel both upstream and
downstream with respect to the point of introduction of the impulse itself, so that the disturbance
is amplified in time when observed in the laboratory frame (see [33]) at the fixed location in space
where the impulse was initially applied. If, conversely, the wave-packet is amplified but contemporarily
convected downstream the flow is convectively unstable. Flows that are absolutely unstable show an
intrinsic dynamics even when external disturbances are absent, as for instance mixing layers, wakes
and jets which may sustain, for specific flow conditions, synchronized periodic oscillations over large
regions of the flow domain. For this reason absolutely unstable flows are also denoted as oscillators.
If a global stability analysis of an absolutely unstable flow is carried out, a corresponding unstable
global mode is found whose frequency is similar to that of the sustained periodic oscillations. It is
indeed shown in [74] that the existence of a sufficiently extended region of absolute instability is a
sufficient condition for global instability. The connection between the global mode identified by the
global stability analysis and the mode identified by the local analysis, both in the linear and nonlinear
regimes, can be obtained for slowly evolving flows in the streamwise direction using the WKBJ ap-
proach, which provides a criterion to predict the frequency of the self-sustained instability using local
spatio-temporal stability analysis [34,125,94,33]. The criterion is shown to be accurate also in wakes,
where the assumption of slow evolution in the streamwise direction is questionable [61,83]. From a
technical viewpoint, the criterion is based on the identification of a saddle point in the analytic contin-
uation of the local absolute frequency curve in the complex x-plane (x being the streamwise direction).
Recently, a generalized frequency selection criterion in the general case of multiple saddle points has
been proposed in [134]. Comparisons between local and global stability analysis for oscillators can be
found in several works in the literature (see for instance [61,83,82]).

When a flow is convectively unstable, the global stability analysis identifies only stable eigenvalues,
thus the flow is globally stable and it shows the characteristics of a noise amplifier, i.e. external noise
is necessary to sustain flow unsteadiness. Moreover, the flow can sustain selective strong amplifications
of external noise, showing particularly intense response near particular excitation frequencies which
can differ from the natural frequencies of the system because of the non-normality of the linearized NS
operator. This behavior is known as pseudoresonance [170]. In the spirit of global stability analysis,
attempts to describe the dynamics of convectively unstable flows as a superposition of stable global
modes exist in the literature (see for instance [2,71]), expecially to build ROMs for the flow, but as
shown in [13] this approach can be ill-conditioned, not leading to robust ROMs and a clear criterion
does not exist to select dynamically meaningful stable global modes. Finally, methods exist to study
convective instabilities in the framework of global stability analysis [124,121,122], even if they are not
widely used in the literature.

3 Control design of globally unstable flows inspired by sensitivity analysis

In this section we focus on controls that are aimed at linearly stabilizing flows which are globally
unstable. We review examples in which the control, which is most of the times a passive control, is
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Fig. 4 Sketch of the trajectories of three eigenvalues (\) in the complex plane, identified by a global stability
analysis of the system, as the control parameter c is varied: (circles) an unstable eigenvalue which is stabilized
by the control, (stars) an stable eigenvalue which remains stable in the controlled case and (squares) a stable
eigenvalue which is destabilized by the control.

designed or suggested on the basis of the sensitivity analysis of the unstable eigenvalues, carried out
by adjoint methods [102].

3.1 General approach

Given the generic non-linear PDE (1), the action of a generic time-invariant control can be modeled
as F (g, ¢), where c is a scalar parameter governing the control such that F (q,0) = 0:

99 _

5 N(q) + F(q,¢) (7)

The spectrum of the EVP stability problem for Eq. (7) depends on ¢ and it is equal to that of the
uncontrolled system for ¢ = 0. Let us focus on a generic unstable eigenvalue A (¢ > 0). Eq. (7) and the
following discussion can be easily generalized to a set of control parameters F(q,¢;), j =1...N.. We
consider here only one control parameter for the sake of simplicity. In the controlled case A is a function
of ¢, and it moves on a trajectory in the complex plane as c is varied, as shown for instance in Fig. 4.
Acting with the control ¢ so as to obtain o(c¢) < 0 is equivalent to linearly stabilize the eigenvalue,
while changing its imaginary part w(c) consists into changing the frequency of the linearized unstable
mode, which however may differ from that of the non-linearly saturated limit cycle (see, for instance,
[15,155] and Sec. 4). Adjoint methods are now used to compute the gradient of A with respect to c, i.e.
its linearized displacement in the complex plane for a generic variation dc of ¢ (sufficient regularity of
the problem is assumed). The real advantage of adjoint methods is that the cost for the computation
of the gradient is independent of the number of control parameters, thus they are efficiently employed
in cases in which several control parameters are involved. The gradient V .\ indicates the angular
coefficient of a tangent line to the trajectories of the eigenvalues in the complex plane (see Fig. 4)
at the position corresponding to a generic value of ¢. In most of the reviewed works, the reference
configuration to compute V. A is the uncontrolled flow (¢ = 0), thus we will consider this case without
loss of generality. Linearizing F (g, ¢) around ¢ = 0 and deriving the stability problem from Eq. (7) for
a small variation dc of the control, as done in Egs. (1), (2) and (4), we have a perturbed EVP:

N(Qb) + ¢ C1(Qb) = 0 (8)
Aa=L(Qb)d+0cCa(Qw)d 9)
with Cy(q) = 22
C>(Qp) = 552

and, using the notation in Eq. (3) for the Fréchet derivative of an operator,

c=0

& The symbol ~ indicates quantities that are perturbed with respect to the
q9=<b
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uncontrolled case due to the control. In particular, A = A + 6\ and the objective of the analysis is
to find the linearized eigenvalue perturbation d\ caused by the control. As can be noticed in Egs. (8)
and (9), the action of the control modifies A in two ways: (i) by directly modifying the linearized
EVP problem (9) through the term Cs and (ii) by indirectly modifying the linearized operator L (Qyp)

due to a modification of the baseflow (Qp) induced by C; in the baseflow equation (8). These two
kind of perturbations can be considered separately in a linearized framework and the corresponding
effects can be summed together (§A = A1 + 0A2). The sensitivity analysis can be carried out by using
a perturbation approach, as for instance in [61]. In this case the starting point are the Egs. (8)-(9),
which are successively linearized in terms of perturbations and manipulated so as to derive the term
dA. As an example, the starting point of the perturbation approach are the Eqs. (8)-(9) linearized in

terms of perturbations 6Qp = Qp — Qp and 6§ = q — q:
L (Qh) (SQI) + oc CI (\Qb ) =0 (10)
. . oL (q) | . . ,
SAG+ 26§ = | ,)(\q” 0Qpb | 4+ 0cC2(Qb)d (11)
‘q v’/*Qh

Equivalently, the same result can be obtained by applying a classic augmented Lagrangian method,
where lagrangian multipliers (i.e. the adjoint variables) are used to satisfy the constraints of the
problem, as done for instance in [110] (see also [102] for a general overview). In both cases it is
necessary to use a properly defined scalar product, which is usually the one associated with the energy
of the disturbance q’. As an example, for the incompressible flow in a bounded flow domain 2; the
scalar product (-,-) is given by:

(u,v) = /Q u*(x) - v(x) d2(x) (12)

where u and v are two generic velocity fields and the symbol * stands for complex conjugate, for the
generic case of application to complex-valued velocity fields.

3.1.1 Perturbation of the linearized flow equations

The effect on 6 of the sole Cy term in Eq. (9) (dA2) is given by [61]:

6 =dc (§7,C2q) (13)
with @ solution of the adjoint EVP problem:
rat=Ltgt,  (at,q)=1 (14)
The adjoint operator L+ and field §* satisfy the definition:
(@",La)=(L"a",q) (15)

which is formally derived by integration by parts, transferring the differential operators from ¢ to §™.
The boundary conditions for the adjoint field §* are derived together with Eq. (15), and they are
chosen so as to nullify the boundary integrals coming from the integration by parts. As an example,
suppose that L is a scalar linear real-valued convection-diffusion equation on the domain {2 with
constant coefficients u (convection velocity) and v (diffusivity):

Lg¢g=—-u-Vq+vV3q (16)

Let us suppose that ¢ satisfies homogeneous Dirichlet boundary conditions on I'p, and homogeneous
Neumann conditions on Iy, the union of I'p and I'y forming the entire boundary of (2. By applying
the definition in Eq. (15):

<q+,Lq>=//Qq+qu9=//Q [¢* (—u-Va+vV2q)]d2 =
_//Q [(u-Vq" +2vV3qh) ] d(2+/FD+FN (¢¢* (u-n)) d7+,//

<+8q_ dq*
I'p+I'n
Oq* 0q
+ ot Yoy 04 +99
(Lt q ,q>+/FN (qq (u-n) qan>dv+V/FDq el

50 q8n> dy = (17)
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where the formal integration by parts has been applied, and n indicates the external normal to the
boundary of §2. Consequently, following the equalities in Eq. (17) the adjoint operator L™ is:

LT ¢" =u-Vq" +vV3iq" (18)

with ¢t satisfying homogeneous Dirichlet boundary conditions on I'p and the following homogeneous
Robin boundary conditions on I'y:

dqt
on
The boundary conditions on ¢ allows the nullification of all the boundary integrals arising by integra-
tion by parts, reported in the last identity of Eq. (17), leading to the identity in Eq. (15). The other
boundary integrals vanish for the boundary conditions applied to gq.

An example of a global adjoint mode for an incompressible flow is depicted in Fig. 3(b) for the flow
in a T-mixer. Adjoint stability equations (14) are derived for incompressible flows in [61], considering
perturbations acting both in the momentum and in the continuity equations, and for 3D perturbations
superposed to 2D baseflows in [35]. Derivation for compressible NSE in subsonic regime can be found in
[117,118,29,140]. Non-newtonian fluids are considered in [70,92,62]. The adjoint equations of a ROM
for a Rijke tube containing a hot wire are derived in [105,106,104]. The computational complexity
associated to the numerical solution of the adjoint problem in Eq. (14) is identical to that of the
stability EVP in Eq. (4), which can be very demanding depending on the size of the problem. In order
to reduce the computational complexity in [82] it is shown how to reconstruct the global direct (§)
and adjoint (§*) modes by local stability analysis showing applications to wakes, drastically reducing
the cost for their computation.

The analysis in Eq. (13) is a linearized analysis in the perturbation dc. In other words, only consider-

¢t (u-n)— 0 (19)

ing for the moment the effect of d¢ Cy on A\, we have A ~ A+d Xy, A2 being linear in dc. The second-order
variation of the eigenvalue could also be computed, i.e. the term JAg, such that A >~ A + dAs + 0o
with 6Agp scaling as §c2. This analysis has been proposed for the first time for incompressible flows in
[164], where it is applied to study particular cases in which the first-order sensitivity d\y is null.

A particular form of the perturbation C, is considered in the literature in order to define the
structural sensitivity of the flow, proposed for the first time in [61]. This is the sensitivity of a global
unstable mode to a local linear feedback of the type Co = M (x — xq), X0 being the local point of
application of the feedback, ¢ the Dirac function and M a constant square matrix of compatible size
with q. It is shown in [61] that when the previous local feedback is considered, Eq. (13) leads to

A2 = 0 G™ (x0) M@ (xo) = 6 M : Sy (x0) < dc M| [|&™ (x0) [ & (o) (20)

where the norms in Eq. (20) are a generic vector and the induced matrix norms, the symbol : indicates
the Frobenius matrix inner product and S; (zg) is a sensitivity tensor. The regions where Sp (xg)
is significantly non-null, i.e. in the overlapping regions between the direct and the adjoint modes as
highlighted by the last inequality, are denoted also as the core of the instability or, alternatively,
the wavemaker region. It is also shown in [61] that it is sufficient to include the instability core in
the computational domain for global stability analysis in order to have an accurate prediction of the
unstable eigenvalue. This second information is used in [22] to discriminate a-posteriori the physically
meaningful global modes obtained from the stability analysis of experimental PIV data past a porous
cylinder. Giannetti & Luchini [61] carried out the structural sensitivity analysis, illustrated in general
terms in Eq. (20), for the incompressible flow past a circular cylinder by considering a local velocity-
force feedback acting on the momentum equation, thus identifying the wavemaker region. This region
is shown in Fig. 14(a), where the last term of the inequality in Eq. (20) is plotted for the primary
instability at Re = 50 and in Fig. 3(c-d) for the Hopf bifurcation in a 3D T-mixer. Maps of structural
sensitivity are reported in several works in the literature for both the analysis and the possible control
of a global instability. See, for instance, [31] for the separation bubble localized on a flat plate, [115] for
the steady axisymmetric wake of a disk and a sphere, [109] for the separated flow in a S-shaped duct.
Moreover, [11,79,54,55] are, to the author’s knowledge, among the very few works in the literature in
which a stability and sensitivity analysis is carried out for a genuinely three-dimensional flow.
Equation (13) and the concept of structural sensitivity are generalized to time-periodic baseflows
(Qp(t) is T-periodic in time) through a Floquet analysis in [60]. In this case § is also a function of
time and it is T-periodic, T" being the period of the baseflow, and stability is again characterized by
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Fig. 5 (a) Floquet multipliers of the three-dimensional stability analysis of the wake past a circular cylinder
(From [16] ) parametrized with Re and spectral norm of the mean structural sensitivity tensor for (b) mode A
(Re =190, k. = 1.585) and (c) mode B (Re = 260, k. = 7.64) (from [60]).

monitoring the eigenvalue A or, more often, the Floquet multiplier x = e*”, the flow being unstable
when |u| > 1. An example of the spectrum of 3D stability in the wake past a circular cylinder is
shown in Fig. 5(a), where u is shown vs the wavenumber of the perturbation in the spanwise direction,
k., indicating that two continuous bands of unstable modes are found: a first one, with space-time
symmetries denoted as mode A, becomes unstable at Re ~ 189 and k, ~ 1.6 (k. is denoted as /3 in the
referenced figure), and a second one, mode B, for Re ~ 260 and k. ~ 7.6. In this case the flow is periodic
and the structural perturbation can be applied steadily or locally in time at a precise phase of the
baseflow, thus deriving average and instantaneous sensitivity tensors which generalize the sensitivity
sensor Sp in Eq. (20). Norms of the averaged structural sensitivity tensors for the floquet multiplier of
modes A and B are reported in Fig. 5(b) and (c), respectively. In [60] the sensitivity analysis is applied
to investigate the secondary three-dimensional instability of the wake past a cylinder and to explain
the previous results reported in [14] showing heuristically that it is possible to accurately predict the
Floquet multipliers by carrying out a stability analysis on a small sub-part of the computational domain
just including the separation region of the wake. The explanation is provided showing that the necessary
condition to obtain an accurate prediction of the Floquet multipliers is that the computational domain
contain the region of high structural sensitivity, similarly to what observed in [61] for the primary
instability. Structural sensitivity maps of the three-dimensional instability in a time-periodic confined
wake are reported in [23]. In [27] structural sensitivity maps of a time-periodic baseflow are provided
to investigate the flip-flop instability in the wake past two side-by-side circular cylinders.

3.1.2 Perturbation of the baseflow equations

The analysis described in Sec. 3.1.1 can be used also to estimate the effect on A of a generic perturbation
of the baseflow, 6Qp. In this case Eq. (13) becomes [20,110]:

N = dc <q+, OLQ)

Q& (21)
8Q q=Qb >

Equation (21) highlights that the sensitivity to generic variations of the base flow is related to the
Hessian of the Navier-Stokes operator (see also(11)). This idea is at the basis of the discrete method
for sensitivity analysis proposed in [119] and described in the following. If the perturbation is localized,
ie. 0Qp = €i0(x — Xp), €; being the generic i-th versor, Eq. (21) leads to an associated sensitivity
vector map Sy (Xg). An example is shown in Fig. 7(a) for the flow past a circular cylinder.

The perturbation §Qy, in Eq. (21) is generic and thus it can be even not realizable in practice. One
indirect way to obtain a realizable baseflow perturbation is to apply a steady forcing to the baseflow
equations, namely the term proportional to C; in Eq. (8). The resulting effect 6A; on the eigenvalue
shift is given by [110]:

6A1 =0c (QpT,C1(Qp)) (22)
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where the adjoint baseflow QT is the solution of a forced non-degenerate linear PDE where the
forcing is a function of both § and §*, which can be formally written as follows (if derived around the
uncontrolled state ¢ = 0):

9 L@a

L*(Qb)] Qbt = — 2Q

+
] q* (23)
Q=Qb

the symbol T on rhs indicating the adjoint of the operator contained between square brackets. If a
localized forcing is applied, C; = § (x — %g) ej, Eq. (22) shows that the complex number Qp™ (xo)
represents the variation of A\ in the complex plane for unitary dc. Thus the real and imaginary parts
of Qp ™ (x) are vector sensitivity maps for the growth factor and frequency of the global mode to a
local introduction of a constant forcing in the equations. Equation (22) has been proposed for the first
time in [110] and computed for the primary instability in the cylinder wake, as shown in Fig. 7(b). The
application to the unstable global modes of the flow past a rotating cylinder is documented in [135,
136]. Examples of computation of Qp ™ for fully 3D incompressible flows are documented in [54,55].
Compressible flows are treated in [117], where sensitivity to a variation of the Mach number is also
computed, in [118], where forcing in the mass, momentum, and energy equations are considered. See
[105,106,104] for a model of Rijke tube containing a hot wire.

In the case of a time-periodic baseflow, an original sensitivity analysis is proposed in [103], where
the baseflow for the stability analysis is the non-linearly saturated periodic flow past a circular cylinder
with Re in the range 50 < Re < 100. Using Floquet analysis and an original transformation of the
temporal variable so as to avoid secular terms in the asymptotic analysis, the authors investigate the
sensitivity of the vortex shedding frequency to a localized force-velocity feedback in the momentum
equations of the NSE. The considered generic perturbation acts directly on the baseflow and modifies
the period of the saturated instability. The result is a sensitivity tensor map indicating the variation
of the Strouhal number of the saturated vortex-shedding instability as a function of the position of the
localized force-velocity feedback perturbation.

The globally unstable eigenvalues can also be controlled by a proper modification of the boundary
conditions of the problem. In this way it is possible to model, for instance, blowing/suction from a solid
surface or a variation in the inflow boundary conditions. Receptivity of a global mode to a boundary
forcing is investigated in [61]. The derivation of the linearized effect of a steady forcing acting on the
boundaries in the baseflow equations can be found in [35,110,112] for incompressible flows and in [118]
for compressible flows. As for bulk forcing, adjoint methods are used to study sensitivity to a generic
modification of Dirichlet boundary conditions and, using a localized perturbation, surface sensitivity
maps can be obtained. Example of surface sensitivity maps are shown in Fig. 9, which is commented
in Sec. 3.3.

3.1.3 Discrete approach to sensitivity analysis

In the previous sections, sensitivity has been introduced in a continuous framework, i.e. working directly
on the PDEs which govern the considered problem. As a result, systems of PDEs are derived whose
results are involved in the sensitivity analysis, i.e. the linearized and adjoint stability problems and the
adjoint baseflow problem. When a numerical solution to a sensitivity analysis is searched, the derived
PDEs are discretized and the results used as indicated above to estimate sensitivities. This approach is
one possible way to compute sensitivities. In this approach PDE systems involved in the computation
of sensitivities and the corresponding boundary conditions are well defined before discretization. As a
drawback, their derivation, including the associated boundary conditions, is sometimes difficult to be
found and sensitivities, as well as other properties of the adjoint modes as bi-orthogonality between
adjoint and direct modes (<61j', qj> = 5%, 5fj being the Kronecker symbol), are affected by discretization
erTors.

An alternative approach which is widely used in the literature consists in semi-discretizing in
space the original non-linear problem (7), thus obtaining a system of non-linear evolutive ordinary
differential equations (ODEs), and to perform sensitivity analysis directly on the discretized system.
The subsequent method for global stability and sensitivity analysis is analogous to what is described in
the previous sections. Analogy is so strong that the previous equations can be left formally unchanged,
as already stated in Sec. 2.1, and interpreting in this case q as the vector collecting all the unknowns
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in the discretized system, N as a vector collecting non-linear functions of q, L (Qy,) as the jacobian
matrix of N computed for q = Qp, the scalar product (-,-) as a scalar product in CVs (Ng4 being the
size of q) and so on for all the other quantities involved. As stated in Sec. 2.1 a mass matrix multiplying
the evolutive term in the equations can be present depending on the numerical method used for the
spatial discretization. Since the discrete starting problem contains the boundary conditions, in the
subsequent derivations boundary conditions are automatically taken into account and derivation of
the adjoint problems is obtained by trivial algebric operations. Moreover, the computed sensitivities,
as well as other properties of the adjoint modes, are statisfied exactly by the discrete solutions except for
truncation errors. As an example of this approach, in [119] the stability analysis, the associated global
direct and adjoint modes and the related sensitivity maps are computed in a discrete framework solely
by evaluations of the residuals of the discretized nonlinear Navier-Stokes equations. In the derivation of
sensitivity maps by a discrete approach care is necessary in the definition of a discrete Dirac function,
as discussed for instance in [61]. A very detailed discussion of differences and advantages between a
continuous and a discrete approach can be found in [102].

3.2 Examples of passive control by means of controlling devices in the flow

In the examples reviewed here, the flow is controlled by the introduction of a small control body
in the flow, and the sensitivity analysis described in Sec. 3.1 is used to estimate its linearized effect
on a globally unstable mode. Usually the control body is modeled as a localized force, acting on
the momentum equations and depending on the local velocity field by means of the aerodynamic
characteristics of the control body. A generic model for the force exerted by a small control body on
the flow has the form Fr = aF(U)d (x — x¢), where « is a small parameter related to the size of the
control body positioned in xy. Provided that F is sufficiently regular, its linearization around U, has
the following form:

Fr ~a[F(Up)+ Vu Fly_y, u'] § (x —xo) (24)

The term proportional to F(Uj,) in Eq. (24) acts as a steady forcing in the baseflow equations, leading
to a shift of a considered eigenvalue which is quantified by Eq. (22). The term proportional to VyF
in Eq. (24) is a perturbation of the linearized NS operator, and its effect on the eigenvalue is given by
in Eq. (13). Consequently, as shown for instance in [53,135] the eigenvalue shift is given by the two
contributions just mentioned and can be recast in the form do = a(S;(x0) + Sp(x0)) = @S(xg), where
Si, Sy and S = S; + Sp are complex-valued scalar sensitivity maps for control (due to a modification
of the linearized stability operator and to a perturbation of the baseflow, respectively), which can be
derived combining Eqgs. (24), (22) and (13), indicating the effect of the local introduction of a small
control body in the flow. The fact that a control body induces two contributions, one at the base-
flow level and one at the perturbation level, has first been shown in [111] (see also [73,118]). The
quasi-steady aerodynamic characteristics of the control body in terms of force response to an incoming
velocity are given by specifying Fr. The real part of the sensitivity map S is related to the effect of
the control in terms of amplification factor, and the imaginary part gives to the shift of the eigenmode
frequency. When compressible flows are considered, the action of the control body also affects the
energy equation, as shown for instance in [118,140] for compressible subsonic regimes. Finally, fluid
injection/extraction, for instance through a porous surface of the control body, can be modeled by
adding a localized source perturbation term, formally analogous to F, in the continuity equations.

In the following we will list examples in the literature of passive controls designed on the basis of
the sensitivity analysis and obtained by introducing small control devices in the flow. One classical
example is treated separately in Sec. 3.2.1, in order to describe the whole procedure. Other examples
are reviewed successively.

3.2.1 Primary instability of the flow past a circular cylinder

The seminal work documented in [110] is entirely dedicated to the use of sensitivity analysis for the
passive control of the primary instability past a circular cylinder. The control body in the experiments
is a small circular cylinder. This work is inspired by the classical experiments in [160], where a small
control cylinder with diameter in the ratio 1 : 10 with the main circular cylinder is systematically
displaced in the near wake and its effect on vortex shedding is measured. Experimental results from
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Fig. 6 Figure (a) (from [160]): spatial map of the critical Reynolds number for primary wake instability past
a circular cylinder with diameter D as a function of the placement of a control cylinder with diameter equal to
D/10; (b) estimation of the experimental map (a) made on the basis of map in Fig. 7(b) and on the estimation
of the force acting on the control cylinder (from [110]).
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Fig. 7 Vector sensitivity maps of the growth rate of the unstable mode (a) to a generic variation of the
baseflow and (b) to a localized force applied to the momentum equation, the color indicating the intensity and
the vectors both the direction and intensity of the map (an equivalent figure is reported in[110]).

[160] are reported in the map in Fig. 6(a), which indicates where to place the control cylinder in order
to obtain a desired critical Re for the vortex shedding instability. As shown in Fig. 6(a), the control
cylinder has a stabilizing effect on the primary instability when placed near the detached shear layers
in the cylinder near-wake. In [110] the control cylinder is modeled as a pure localized drag depending
quadratically on the local velocity through an analytical expression of the drag coefficient vs Re, tuned
on the basis of dedicated DNSs. Sensitivity of the growth rate of the global mode to a steady forcing
Re(Qp™), (see Eq. (22)), is reported in Fig. 7(b). When this is combined with the drag law of the
control cylinder, the final result is reported in Fig. 6(b), which compares fairly well with Fig. 6(a).
As a general comment, the control maps are obtained on the basis of a linearized analysis around
the uncontrolled baseflow. As already highlighted, in the controlled configuration the action of the
control is usually intense enough to trigger also non-linear effects which are neglected in the analysis.
The design carried out solely on the basis of a linearized analysis around the uncontrolled baseflow
is conceptually equivalent to approximate the root of a non-linear function using only the first step
of a Newton method, i.e. linearizing the function around a given starting point. Obviously, as in the
Newton method, the methodology described here can be iterated but, to the author’s knowledge, only
one example exists of such a procedure [24] which is reviewed in Sec. 3.4. Moreover, the control might
destabilize other stable modes (see the sketch in Fig. 4). In [110] the control is verified by DNS of the
controlled system and by carrying out the stability analysis of the controlled baseflow, whose spectrum
is plotted in Fig. 1 showing that in this case only the unstable mode is significantly affected by the
control.

3.2.2 Other examples

The procedure described in Sec. 3.2.1 is followed in several works in the literature. In most of them the
control body is a circular cylinder, modeled as a pure drag. For instance a cylinder modeled as a force
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Fig. 8 Figure from [53]: linear estimation of the real-valued unstable eigenvalue (dashed line, based on the
analysis of the uncontrolled flow) and non-linear behavior (continuous line, computed by performing the sta-
bility analysis of the partially controlled flow field) for various Reynolds numbers, as a function of control
amplitude a (proportional to the size of the control cylinder), the position of the control cylinder being fixed.
Symbols indicate the value of a corresponding to 3 control cylinders of different normalized diameter.

depending quadratically on the local velocity is used in [53,26], the drag coefficient being specified
as a function of Re. A linear Lamb-Oseen drag force is used to model the control cylinder in [135,
163]. A pure drag force, independent of a specific control body, is considered in [165]. Finally, both
an elongated cylinder and a ring with a circular cross section are considered for axi-symmetric flows
in [118]. In particular, the case of a heated control ring is also treated in [118]. A small wing section
modeled as a pure lift, according to the theory of wing sections, is considered in [112].

As for the example in Sec. 3.2.1, most of the works reviewed here design the control on the basis
of linearized sensitivity maps derived around the uncontrolled configuration. As already highlighted,
in this case non-linear effects need to be estimated a-posteriori, together with a check on the existence
of short term instabilities due to transient behaviors of the system, even if this last aspect can also
be quantified from the non-orthogonality degree of the global modes in the controlled case (see for
instance [157]). An interesting quantification of the non-linear effects by DNS is reported in [53] for the
stabilization of a pitchfork bifurcation in a suddenly expanded channel (see the stability spectrum in
Fig. 2(b)). Results are reported in Fig. 8. This figure sheds light on the possible effect of non-linearities,
and shows that, as in the case of the circular cylinder [110], the non-linear effects initially (in terms
of intensity of the control) have a stabilizing effect, and the results of the linearized analysis correctly
predict the tangent line for vanishingly small control intensity (proportional to «). However, as the
control intensity is increased, non-linearities start to be destabilizing and an optimal control intensity
exists for the maximum stabilization of the unstable eigenvalue. This maximum stabilizing effect is not
sufficient to stabilize the controlled flow when Re > 120.

As deduced from Eq. (22), Qp™ represents the sensitivity of A to a steady forcing in the momentum
equations. Thus, its shape is a sensitivity map to a local forcing (see Fig 7(a) for a circular cylinder). In
[165], where the flow stability around a fixed spheroidal bubble is considered, attention is dedicated to
the differences in terms of Qi between the case of a rigid bubble and that of a real bubble. Differences
among the two are in the boundary conditions applied to the surface. It is shown that for the real
bubble the adjoint baseflow Qp ™", for which convection is oriented in the upstream direction, does
not separate from the bubble surface as it happens if no-slip boundary conditions are applied on the
bubble surface (solid bubble). This explains the remarkable feature specific to bubbles that a small
body placed upstream with respect to the bubble has a destabilizing effect on both the two unstable
global modes of the flow, while it is stabilizing if the bubble is considered as a rigid body.

As stated previously, one of the main limitations of the considered approach for control design is
that only one or a few unstable global modes are followed in the design of the control, but the action
of the control affects all the stability spectrum and it may destabilize other stable eigenvalues, as
illustrated in detail for instance in [24]. An example of destabilization of stable modes while trying to
control an unstable mode is reported in [163] for the case of globally unstable wakes with co-flow. In
that case the sensitivity analysis of the baseflow leads to the identification of two separate regions with
high structural sensitivity. One region is similar to the case of unconfined wakes and is located near the
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inlet in the wavemaker region; a second region of high sensitivity is identified further downstream and it
is very elongated, which is probably related to a pressure feedback. The sensitivity to a perturbation of
the baseflow identifies an alternating sequence of stabilizing and destabilizing regions in the streamwise
direction, located inside the downstream region of high structural sensitivity. The passive control is
designed to stabilize the flow when the control body is placed in the downstream sensitivity region,
but when this is truly introduced in the DNS it is shown that several stable modes are destabilized by
the control.

Another example of mode destabilization is reported in [26], where the primary instability of the
flow past two side-by-side circular cylinders is considered. In this example two unstable global modes
are identified and the control is designed so as to suppress both, i.e. more than one global mode
at the same time. This is possible because the sensitivity maps of the two modes are quite similar
with large overlapping, so that it is possible to find positions for the control cylinder which have
a stabilizing effect for both the unstable modes. A first control is designed using only one control
cylinder, asymmetrically placed as regards the geometric symmetry of the flow, which is thus broken
in the controlled case. However, when the control with one cylinder is checked by DNS, it is shown
that although the target modes are stabilized, other modes are excited and destabilized by the control.
Since the destabilization is related to a symmetry breaking of the controlled flow, a second control
is built using a couple of control cylinders symmetrically positioned in the flow. In this case all the
unstable modes are stabilized.

Finally, since the target of the control is to obtain a linearly stable flow on the basis of a linear
sensitivity analysis, no information is provided on the conditional stability of the system, which can be
also extremely reduced. Attempts to verify the robustness of the control and thus, indirectly, to test
the conditional stability of the controlled system, can be carried out a-posteriori by DNS, as done for
instance in [24,53].

3.3 Examples of passive control by modifications of the boundary conditions

Following the methods mentioned in Sec. 3.1.2, sensitivity analysis can be carried out to estimate
an appropriate variation of the boundary conditions for the stabilization of global instabilities. For
example, in [118] base-bleed estimated by sensitivity analysis is applied to stabilize the flow past an
axy-symmetric bluff-body and the effect verified by DNS. Since compressible flows are considered,
suction from the base affects also the energy equation in that case. In [24] actuation is implemented
by blowing/suction slots on the wall of a bluff-body. Control maps to a localized blowing/suction from
solid walls in incompressible flows are reported in [112,165,54,55,93,35]. In particular, [54] investigates
the instability of the flow in a T-mixer which drives the flow from a steady symmetric configuration,
i.e. the vortex regime, to a steady asymmetric regime, i.e. the engulfment regime, through a pitchfork
bifurcation. Sensitivity of the engulfment regime to a variation of the inflow velocity profile in a T-
mixer is investigated and the maps are verified by DNS showing that non-fully-developed velocity
profiles at the inlet of the mixer lead to a stabilization of the engulfment regime. Examples of surface
sensitivity maps of the unstable real-valued eigenvalue to a perturbation of the normal boundary
velocity are shown in Fig. 9 for the geometry reported in Fig. 3(e). The map in Fig. 9(a) indicates
that a decrease of the inflow velocity at a generic location of the inflow section, which corresponds
to a positive velocity perturbation due to the fact that the normal to the computational domain is
oriented externally, always implies a negative shift of the eigenvalue, and this means that the instability
eventually leading to engulfment occurs at larger Reynolds numbers. However, the map also shows that
the stabilizing or destabilizing effect depends on the location of the velocity perturbation and that the
sensitivity is not symmetric. Analogously, maps in Figs. 9(b-c) indicates the effect of blowing/suction
on the top and lateral walls of the mixer, respectively.

In [93] the instabilities occurring in a planar X-Junction are investigated. As in the case of the
T-mixer, the primary instability of this flow is a symmetry-breaking pitchfork bifurcation. Sensitivity
maps of this instability with respect to suction or blowing from the junction walls are derived and used
to design a passive control, which is shown to significantly delay the onset of the instability.
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Fig. 9 Figures from [54]: sensitivity of the growth factor of the unstable eigenvalue in a 3D T-mixer to a
perturbation of the inlet velocity distribution (a) and to local blowing/suction jets on the top (b) and lateral (c)
walls of the mixer at nearly critical conditions for the engulfment instability (pitchfork bifurcation, Re ~ 140).

3.4 An example of feedback control designed by sensitivity analysis

In the work documented in [24] sensitivity analysis is used to design a closed-loop control for the
primary instability in the wake past a bluff-body. A prototypical bluff-body flow is considered and
control is implemented as a simple proportional feedback control, in which actuation is provided by
two jets localized on the cylinder surface and a few velocity sensors are used for feedback control.
Since only the perturbation velocity enters in the feedback, the baseflow is not affected by the control.
The free control parameters are: the position of each sensor, the component of velocity measured by
each sensor and the associated feedback coefficient. The sensitivity analysis allows the construction
of sensitivity maps for the optimal placement of the sensors in the flow. The original aspects of the
work are basically two. Firstly, the design of the control includes, besides the unstable mode, those
stable eigenvalues that are physically meaningful, significantly affected and potentially destabilized
by the controller. Thus, information from the sensitivity analysis of all the monitored eigenvalues is
used contemporarily in the design of the controller. Secondly, the design of the controller is carried
out iteratively by minimizing a scalar function, which reaches its minimum value when the monitored
eigenvalues reach a desired target configuration in the complex plane. The minimization is carried out
by a gradient method, and at each iteration the gradient of the function to be minimized is computed
using the sensitivity analysis of all the monitored eigenvalues carried out around the partially-controlled
flow. The paper shows that, if the controller is designed as usually done in the literature, i.e. using only
the results of the linearization around the uncontrolled state of the system, the stabilization may not be
possible, whereas it can be obtained with the proposed iterative procedure. An example of the behavior
of the monitored eigenvalues is shown in Fig. 10(b). In Fig. 10(a) sensitivity maps of the uncontrolled
flow to a local placement of a unitary feedback sensors on the flow symmetry line are shown for a
given value of Re. Fig. 10(a) shows that it is not possible to place the sensor so that the action of
the controller is contemporarily stabilizing for all the monitored modes. Moreover, when the sensor
position is chosen to be reasonably stabilizing according Fig. 10(a), i.e. according to a linearization
around the uncontrolled configuration, Fig. 10(b) shows that the system cannot be stabilized. The
linearized map Fig. 10(a) only provides the correct tangent line along which the eigenvalues move for a
small action of the control, but the trajectories of the eigenvalue quickly depart from linearity so that
the linearized information in Fig. 10(a) is no longer representative. Fig. 10(b) shows that if the control
design is carried out iteratively leaving also the sensor position as a free control parameter, the flow
can be stabilized at the considered Reynolds number. The potentially erroneous indications that may
derive from the sole linearized analysis on the uncontrolled system are also highlighted in [42,43,164]
for the case of a spanwise-varying control past a circular cylinder, as commented in Sec. 3.6.
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Fig. 10 Figure from [24]: (a) (adapted figure) sensitivity maps for the three monitored eigenvalues oj, j =
1, 2,3 to the introduction of a sensor measuring the vertical component of velocity in the uncontrolled config-
uration at Re = 90 and feeding back the measurement to the actuators with unitary feedback coefficient (x is
measured from the square cylinder center whose edge length is D); (b) trajectories of the monitored eigenvalues
when both the feedback coefficient and the sensor position are optimized together (continuous line), verification
of their final position on a refined grid (filled circles), trajectories (dotted lines) in case the position is fixed
(z1 = 4.9 and 1 = 2.5) and the feedback coefficient K is varied so as to stabilize the unstable mode (K > 0
for z; = 2.5 and K < 0 for z; = 4.9, in agreement with maps (a)).
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3.5 Open-loop control of global instabilities by harmonic forcings

As for a steady forcing, harmonic forcing for flow control can be applied only to the LNSE or directly
to the NSE. As concerns the first case, it is shown in [157] that a harmonic forcing of the form feiet
(w real-valued) acting on the discretized linearized Eq. (2) leads to a system response q ! which can
be formally written in terms of eigenvalues/eigenvectors/adjoint eigenvectors (A;, q;, qj) of the EVP
problem in Eq. (4):

A—.‘— s
a=> (4.5) & (25)

iw— A

Equation (25) shows that, if a marginally stable global mode exists (say, the j-th mode), i.e. a mode
with null growth rate, this mode is strongly excited if the forcing is applied at a frequency close to that
of the mode (Im();)) with a spatial distribution f as close as possible to the adjoint mode qj. Thus,
(];r characterizes the receptivity of the global mode to near-resonance harmonic forcing. An extensive
discussion on receptivity of global modes can be found in [102]. A discussion on the effect of harmonic
forcing through body force and through periodic blowing and suction at the body wall can be found in
[115]. Several examples exist in the literature of forcing based on a receptivity analysis so as to excite
a particular global mode.

When a convectively unstable flow or the stable subspace of a globally unstable flow are considered,
the harmonically-forced discretized equations governing the linearized dynamics Eq. (2) can be written
as follows:

oq’

5 = Lq + fe“? (26)

The asymptotic harmonic solution of Eq. (26) is q’(x,t) = §(x) e“! with:
d=R(w)f (27)

where R (w) = (iwl — L)™' is the global resolvent of the flow, and it is well defined for a generic real
value of w when a globally stable (sub-)system is considered. In the case of globally unstable flows the
homogeneous unstable solution related to the global instability is summed to the particular harmonic
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solution (Eq. (27)) of Eq. (26). If an optimal forcing is searched in terms of the output asymptotic
energy, the problem to be solved is the following;:

4,4
p* = supg 9.9 (28)
()
which can be shown to be related to the solution of the following self-adjoint eigenvalue problem:
RIRE = 1°f (29)

By indicating with (,u%f'j) th~e solutions to the eigenproblem (29) (u; is necessarily real-valued), the
generic response to a forcing f can be written as follows:

a- Y (5)a 0

The global resolvent operator is investigated in several recent works in the literature (see for instance [4,
126,156,59]). In [44] the singular value decomposition of the global resolvent is used to build reduced-
order models for amplifier flows. See also [157] for more details.

In [154] the case of a harmonic forcing acting on the NSE is considered, both as a volume force
in the momentum equation and as blowing/suction from a wall. The strategy followed in [154] and
concisely described here consists into deriving, on the basis of a weakly-non-linear analysis and adjoint
methods, an evolutive equation of the amplitude of the globally unstable mode in the controlled system
(Eq. (34)) arising from a supercritical Hopf bifurcation; successively the control is designed on the basis
of this equation, showing an application to the flow in an open cavity (see the uncontrolled spectrum
in Fig. 2(a)). The starting point is the work in [155] where a global and weakly nonlinear analysis is
carried out considering the small parameter € = Re;.l — Re™ !, Re., being the critical value of Re for
the global stability. It is shown that the complex-valued amplitude A of the unstable mode arising
from a supercritical Hopf bifurcation as Re > Re., obeys a Stuart-Landau equation:

dA

- =eAA—c (utv) AJAP (31)
An original aspect of [155] is that the complex-valued constants A, p and v in Eq. (31) are computed
rigorously using adjoint methods and a multiple scale analysis, at difference with previous works
employing single-point measurements (see for instance [138,49]). The analysis shows that the eigenvalue
of the global stability analysis carried out on the baseflow is 02 + iwPBF with

oPF = eRe (), wWBE = Wy + eIm (N) (32)

wp being the frequency at critical conditions e = 0 (see also the example in Fig. 13 concerning the flow
past a circular cylinder). The frequency of the non-linearly saturated limit cycle resulting from the
analysis of Eq. (31) is (see again Fig. 13 as an example):

Im () + Im ()

W =wo +em(A) — eRe (V) gm0

(33)
When a periodic volume force is applied to the momentum equation of the incompressible NSE,
E et fr(x) + c.c. (fg(x) being the spatial distribution of the forcing and c.c. stands for complex
conjugate), the amplitude equation modifies as follows for a non-resonant case (i.e. wy sufficiently
different from the frequency of the uncontrolled mode wp and its sub- and super-harmonics):

dA

E:eAA—E(Mu)A|A|2_(u2(wf) E*) A (34)
Equation (34) shows that the considered harmonic forcing modifies the linear part of the amplitude
equation, and the complex coefficient s (wy) is the result of non-linear interactions between the forced
response at frequency wy with its complex conjugate, and between the forced response and the global
mode (frequencies wy + wy and wy — wp). Equation (34) suggests two types of control, one aimed at
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Fig. 11 Figure from [154]: (a) plot of Re (u2 (wy)) (absolute value as solid line and sign as dashed line) in
case of optimal forcing distribution fg(x); (b-c) DNS at Re = 6250 in which the control (optimal fg, wy = 13)
is turned on at time ¢ = 92.2. The horizontal lines in (b) indicate the values predicted by the amplitude
equation (34) in the uncontrolled (left) and controlled (right) cases; (c) indicates the local frequency of A(t),
the arrows indicating the natural frequency of the flow, w = 7.23, and and the forcing frequency, wy = 13.

modifying the growth rate of the global mode, which could be thus stabilized, and the second one
aimed at modifying the frequency of the non-linearly saturated global mode. In the first case, the
growth rate of the controlled mode is given by:

o5k = onr = Re (2 (wy)) B2 (35)

while the frequency of the controlled limit-cycle of Eq. (34) is

s b (S B s

Depending on the behavior of us (wy) and vy (wy), which also depend on the spatial distribution of the
forcing fg(x), the amplitude and frequency of forcing can be chosen to obtain a target amplification
factor of the global mode (Eq. (35)) and/or a target frequency of the saturated limit cycle (Eq. (36)).
For a fixed control frequency wy, the distribution fg(x) can be also optimized so as to reduce the
amplitude of the control. In Fig. 11(a) ps (wys) is reported for optimal fg(x) in a cavity flow. This
map is used to design the control tested by DNS in Fig. 11(b), which shows that Eq. (34) correctly
predicts the frequency and the amplitude of both the uncontrolled and the controlled flow. Fig. 11(b)
also shows that the control, which suppresses the global mode with w = 7.23, does not lead to a steady
flow since the flow is forced harmonically at wy = 13, this frequency thus persists also in the controlled
flow.

In the case in which the forcing frequency is similar to that of the uncontrolled mode (wy >~ w,) its
action can be represented in the amplitude equation (31) as a constant term [154]. In this case the forced
amplitude equation predicts, for a sufficiently large amplitude of the control but still significantly lower
than in the non-resonant case, a lock-in phenomenon, i.e. the frequency of the forced system becomes
identical to that of the harmonic forcing wy. As a consequence, the frequency of the globally unstable
mode, at saturation, is synchronized with the forcing frequency. This is a very well known phenomenon
in the excited wake past bluff bodies, and it is already used for controlling or regularizing the frequency
of vortex shedding (see, for instance, [138,127,176]) and for globally unstable oscillators in general (see,
for instance, [99,98] and referenced bibliography for excited jets).

The strategy followed in [154] consists into designing a control on the basis of a model equation for
the amplitude of the unstable mode, and the same strategy, even if not directly involving harmonic
forcing, is used in other works in the literature. For example, in [113] a system of two equations
is derived to represent the dynamics of the globally unstable mode of a circular cylinder elastically
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constrained in a uniform flow. This system of equations is subsequently used in [114] to explore and
design a feedback control so as to extract energy from the flow by vortex-induced vibrations of the
cylinder.

3.6 Controls of global instabilities based on local stability analysis

In the previous sections works have been reviewed which rely entirely on the global stability analysis
of the flow. As already stated, a sufficient condition for global instability of a slowly evolving flow is
that a sufficiently extended region of absolute instability exists in the flow and a criterion for frequency
selection of the global mode is provided by the local analysis. Thus, a passive control for a globally
unstable flow can be designed or verified also by local stability analysis, checking the effect of the
control on the absolute instability. In this way a global stability analysis, which is far more demanding
from a computational viewpoint, can be bypassed. Most of this kind of works investigate modifications
of the baseflow so as to suppress or modify the absolute instability.

A classical example, which however focuses on the spectrum of a convectively unstable flow (plane
Couette flow), is documented in [20] . In this work the sensitivity analysis of the spectrum of the Orr-
Sommerfeld operator is investigated to generic perturbations of the baseflow by adjoint methods. The
work in [20] has been generalized in a probabilistic framework in [89], where a random perturbation of
the baseflow is considered, which is modeled as a Gaussian random field of prescribed correlation length,
and the resulting effect on the stability spectrum of a Couette flow is investigated using a generalized
polynomial chaos method. In [76] the effect of baseflow modification on the absolute instability in
two-dimensional parallel wakes at low Reynolds numbers is investigated. In [76] the sensitivity analysis
of absolute instability suggests how to modify the baseflow so as to suppress or enhance the absolute
instability in the wake past a circular cylinder. In [96] the onset of absolute instability in low-density jets
is investigated for a large variety of velocity- and density-profile shapes. Following the approach in [76]
optimal velocity and density profiles are found that promote the absolute instability. In [68] using the
same method proposed in [76] it is shown that low-density axisymmetric jets can shift from absolute to
convective instability when sufficient co-flow is provided around the jet periphery, suggesting a control
strategy for suppressing the global instability of the jet. In [151] local analysis is used to show that
base-bleed suppresses the absolute instability in the wake past an axisymmetric body with a blunt
trailing edge. In [52] local spatio-temporal stability analysis is used to explain the observed effect
of the density ratio in the wake characteristics of flames that are stabilized by a bluff-body. In [97]
local analysis is applied to show that base-bleed from the trailing edge of a thick plane splitter-plate
eliminates the absolute instability of the wake and, thus, the resulting vortex shedding instability.

The method proposed in [76] is used in [78] to investigate the stabilization of a plane wake past a
nominally 2-D bluff-body by means of spanwise-varying passive actuation (namely three-dimensional
control) which modifies the baseflow in a varicose or sinuous way, the first being far more effective. It
is also shown that the variations of the absolute growth rate depend linearly on the amplitude of the
spanwise (2D) perturbations of the base flow [76], and quadratically for 3D perturbations, those being
more effective. In [42] it is shown that optimal 3D perturbations, artificially forced in parallel wakes in
order to generate velocity streamwise streaks by a lift-up mechanism ([51,91]), can completely suppress
the absolute instability of the flow. A similar effect is obtained by periodically distributed porosity in
[132]. In agreement with [78] it is shown that the absolute growth rate of the primary instability
depends quadratically on the streaks amplitude measured in the region of absolute instability. This
is an interesting example of how to critically evaluate the results of a linearized sensitivity analysis
based on the uncontrolled flow. Indeed, since the dependence of the absolute growth is quadratic on the
amplitude of 3D perturbations (Asp), the sensitivity analysis carried out around the uncontrolled flow
(Asp = 0) predicts a null effect on the instability. Thus, according to the analysis of the uncontrolled
flow, the 3D control would be ineffective and the 2D one preferable. However, it is shown in [78,42,43]
that for finite control amplitudes the 3D control is far more effective than the 2D one. This is shown
concisely in Fig. 12. A second-order sensitivity analysis as that proposed in [164] would be needed in
this case to properly investigate the effect of A3p on the instability, carrying out the analysis on the
uncontrolled flow. In particular, in [164] a very similar case is considered, i.e. the effect of a steady
perturbation which is periodic in the spanwise direction on the primary instability of a plane wake,
and the proposed second-order global analysis is shown to be able to reproduce curves equivalent to
those reported in Fig. 12.
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Fig. 12 Figure from [43]: dependence of the growth rate of the global unstable eigenvalue (s,) (a) on the
inflow 3D optimal perturbation amplitude A and (b-c) on the resulting streak amplitude A, measured in the
centre of the absolute region of the reference 2D wake (circles). An equivalent spanwise uniform perturbation
(2D) is also reported for comparison (triangles); (c) is a zoomed view of (b).

When the flow has two non-homogeneous directions orthogonal to the streamwise direction, local
stability analysis is generally denoted as bi-global stability analysis (see, for instance, [166] and reported
bibliography). To the author’s knowledge, in the literature there are not examples of local spatio-
temporal bi-global analysis and the only examples of adjoint-based sensitivity analysis within the
framework of bi-global stability analysis are documented for a convectively unstable flow in [6,18]. In
[6] the flow formed by the intersection of two perpendicular flat plates, both parallel to the incoming
flow, is considered. In [18] a sensitivity analysis is carried out to quantify the effect of a perturbation
of the baseflow in a duct flow on the dynamics of the traveling waves identified as responsible for rapid
breakdown to turbulence.

4 Control design inspired by stability and sensitivity analysis of mean flows
4.1 General approach

As already pointed out, the stability and sensitivity analysis described in Sec. 3.1 can be rigorously
applied when the target baseflow is at flow conditions of incipient instability. As the flow conditions
depart from those of incipient instability, the predictions of the stability analysis, and consequently
the provided indications for the control of global instabilities, progressively become less accurate. This
is shown for instance in [155] for the flow past a circular cylinder and the flow in an open cavity.
In both cases the frequency associated to the unstable mode found by the linear stability analysis
of the steady unstable flow (wpp) differs progressively from that of the saturated instability as Re
is increased beyond the critical one. This behavior is shown in Fig. 13 for the flow past a cylinder,
showing that wpp progressively becomes larger than that of the saturated vortex shedding instability
as Re is increased.

Consequently, rigorous application of the methods described in Sec. 3 is limited to low Reynolds
numbers. However, there are classes of oscillators characterized by the peculiarity that, if the linear
stability analysis is applied to the time-averaged flow field, even if the contribution of the Reynolds
stresses is neglected and thus using only the molecular viscosity in the stability equations, the analysis
predicts a nearly marginally stable mode with the same frequency of the non-linearly saturated instabil-
ity. This was firstly noticed for wake flows as for instance [69,133,171], where the local linear criterion
for weakly nonparallel flows [125] applied to the mean flow field is shown to yield the correct prediction
of the saturated wake instability. In [168] it is shown that that the effect of rotational oscillations of
a circular cylinder on the frequency of the vortex shedding can be predicted by the stability analysis
of the mean flow field, the modifications of which thus accounting for the main effects of control. The
same behavior, i.e. the accurate prediction of the vortex shedding frequency by the stability analysis
of the mean flow field, was observed, by global stability analysis, for the flow past a circular cylinder
up to Re = 180 by [15,155,121] and it was confirmed up to Re = 600 in [95]. In both the referenced
papers the mean flow field was computed by DNS and stability analysis was carried out on the mean
(i.e. time-averaged) flow field. In [85] local spatio-temporal analysis is applied to mean wake profiles
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Fig. 13 Figure from [155]: Results for the flow past a circular cylinder. (a) Pulsation w against Reynolds
number Re. The solid line represents the experimental results of Williamson (1988). The dotted line sketches
the pulsations obtained by linear stability analysis of the baseflow ([15]). The triangles ([15]) refer to analogous
calculations applied to the mean flows. Quantities wpr (0BF), wrc and wyr (omrF) are defined in Eq. (32),
Eq. (33) and Eq. (37), respectively.

fitting experimental measurements past a circular cylinder in the range 600 < Re < 4600 showing a
good agreement between the predicted and the measured vortex shedding frequency. In [22] the global
stability analysis is applied to the PIV experimental mean flow field past a porous circular cylinder at
Re = 3.5 x 103, showing that the stability analysis leads to the identification of only one mode that,
for all the considered transpiration ratios from the cylinder surface, is nearly marginally stable with
a frequency very close to that of the vortex shedding in the turbulent wake. Analogous results have
been observed for a variety of oscillators as, for instance, in [66,161] for jets. In general, as pointed out
in [120], it is reasonable to expect that the stability analysis of the mean flow field leads to a correct
prediction of the frequency of the saturated instability in flows that are driven by Kelvin-Helmholtz
like instabilities (jets, shear-layers, wakes).

To the authors knowledge, the first work conjecturing the property of marginal stability of a mean
flow field is documented in [107]. In the cited reference this conjecture is assumed as a constraint for
the mean flow field in a fully developed turbulent flow, together with the assumption that neglected
turbulent transport due to turbulent fluctuations have a stabilizing effect. The mean flow field is thus
found as a result of an optimum constrained problem by maximizing the dissipation rate of energy. In
the specific context of bluff-body wakes, an interpretation of the above behavior was reported already
in [129], suggesting that the amplitude of the oscillating wake saturates precisely when the mean flow
becomes nearly marginally stable. The same conjecture has been recently used in [108] in order to
formulate a self-consistent model that provides, for a given supercritical value of Re, the saturation
amplitude of the primary instability in the wake past a circular cylinder, the saturated frequency, the
mean flow field and the distribution of the Reynolds stresses. The model is made by one equation for
the mean flow field, coupled with a second equation which is the stability problem of the mean flow
field. The equations are coupled because the unstable mode gives rise to Reynolds stresses in the mean
equation. The amplitude of the unstable mode and the resulting mean flow field are found imposing
that the mean flow field is marginally stable. Predictions of the model are in excellent agreement with
DNS up to Re = 110.

A first attempt to perform a systematic study on the results that can be obtained by carrying
out a global stability analysis of time-averaged flow fields without including any Reynolds stress effect
can be found in [155] for laminar flows. The investigation is carried out using, as in [154], the weakly
nonlinear analysis to the small parameter € = Re;} — Re™! for the flow past a circular cylinder. The
complex amplitude of the globally unstable eigenvalue obeys Eq. (31), the global mode obtained by
the linearized dynamics around the baseflow is 2F +iwPBF given in Eq. (32); the frequency w”® of the
non-linearly saturated limit cycle is given in Eq. (33). It is shown in [155] that the stability analysis



25

applied to the mean flow field identifies the following eigenvalue o™ ¥ + jwM ¥

Re (v)
Re (1) +Re ()’

Im ()

ME — Re —_—
o7 =eRe(}) Re (p) + Re (v)

WME — g 4 eIm () — € (37)
The behavior of the quantities in the above equations are shown in Fig. 13 for the primary instability
of a circular cylinder. By comparison between Eq. (33) and Eq. (37) two conditions can be derived for

the stability analysis of the mean flow field to be significant:

— if 11 = |Re (v) /Re (p)] < 1 then the mean flow is marginally stable
— if 7o = [Im (v) /Im ()| < 1 then wMF ~ € | ie. the marginally stable mode computed on the
mean flow field has a very similar frequency to that of the non-linearly saturated instability

Not every flow satisfies the above conditions. For example, the above conditions are fulfilled for the
flow past a circular cylinder (rq ~ 0.03, r2 ~ 0.03), and they are not fully satisfied for the case of the
flow in an open cavity (r1 ~ 0.34, 1o ~ 0.09). In this last case the mean flow field remains unstable and
the frequency of the dominant mode is progressively different from that of the non-linearly saturated
instability as Re is increased. In the literature it is accepted that conditions listed above hold for bluff-
body wakes even if the majority of examples concern the flow past a circular cylinder. Moreover, the
asymptotic analysis in [155] provides indications only for flow conditions which are slightly supercritical,
and by itself it is not sufficient to explain why the stability analysis of mean velocity fields past bluff-
body continues to be meaningful even for turbulent wakes at very high Reynolds numbers [22,85].

When the considered flows are general and turbulent, a formally consistent approach to justify the
stability analysis of mean flow fields was originally proposed in [143] (see also [141]), where a triple
decomposition is used for the flow variables (q(x,t)), separating the following contributions: (i) the
time-averaged flow field (q,,(x)), (ii) the large-scale coherent part (q.(x,t)) and (iii) the fluctuating
part (qs(x,t)). The coherent part q. is related to low-frequency large-scale periodic motions and it
can be obtained through phase-averaging (mean flow is subtracted) applied at the fundamental period
of the low-frequency motions. The fluctuating part qf = q — g, — qc is related to the turbulent
fluctuations. A systematic classification and interpretation of the stability analysis of a turbulent flow
based on the triple decomposition is given in [120] and it is concisely summarized here. The objective
of the stability analysis of a time-averaged turbulent flow q,, can be two-fold: (1) to check whether
an unstable organized wave q. can grow on q,, thus leading to the generation of large-scale organized
motions and/or (2) to estimate the frequency of a non-linearly saturated large-scale organized motion
developed on q,,. If goals (1) and (2) are achieved, then by the adjoint methods described in Sec. 3
it is possible to devise control strategies (1) to suppress large-scale instabilities or (2) to modify their
frequencies. Thus, it is desirable to recast the objectives (1) and (2) in the form of a classical stability
analysis. The two objectives imply two different types of stability analysis, which are denoted in [120]
as the base-flow and mean-flow approaches, respectively, and are now illustrated. If the exact equations
of motion for q,, and q. are derived (see for instance [120,173]) it is found that q,, depends on the
Reynolds stresses q.q. and qrqs generated by q. and q, respectively, and q. depends on q,, and on
the phase-averaged Reynolds stresses qyqs due to turbulence (mean value is subtracted before phase
averaging). A RANS model can be used to model the Reynolds stresses due to qy in the dynamics of
both q,, and qc.

If the objective of the analysis is to verify the possible existence of coherent large-scale motions

on a mean flow, the mean flow that is considered for the stability analysis, q%), must be a field
which is generated solely by the contribution of qrqy, since it is assumed that q. is a small-amplitude
perturbation not affecting qs,ll) itself. Provided that a RANS closure model is used, q$,1} is the steady
solution of the RANS equations for the mean flow. The linearized dynamics of q. on q%) leads to a
stability problem analogous to a classical one with an additional term modeling the effect of qrqy,
which is naturally given by the linearized RANS model used for q,,. If no unstable modes exist,
thus q,, is the real meanflow that can be observed in an experiment, provided the closure RANS
model is sufficiently accurate. Otherwise, an organized large-scale motion q. will grow on q%) and
non-linearly saturate, giving origin in the case of an oscillator to a periodic motion with a mean flow
field different from qﬁ,?. The frequency of the saturated instability will differ from the one predicted
by the stability analysis if the flow conditions are far from incipient instability or, equivalently, if the
associated amplification factor is sufficiently large. Conversely, the amplification factor of an identified
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unstable mode is physically meaningful, and a control which is able to stabilize unstable modes will
lead to the suppression of large-scale fluctuations in the real flow. This approach, denoted in [120] as
the base-flow approach, is followed for instance in the global stability analyses documented in [39,40]
to study the buffeting flow on transonic airfoils and in [119] for a cavity flow. Thus, summarizing, the
base-flow approach consists in carrying out a stability and sensitivity analysis of the URANS equations,
including the turbulence closure.

If the objective of the stability analysis is to predict the frequency of the saturated large-scale
fluctuations, it is necessary to perform the stability analysis on a mean flow qsg) which results from the
contribution of both Reynolds stresses qyqy and q.q.. This is for instance the time-averaged flow field
that can be measured experimentally in a flow where the large-scale instability is already non-linearly
saturated, as for instance in [22], or by averaging in time the flow field resulting from a DNS/LES or
URANS simulation, as done for instance in [116,120]. In this case the stability analysis of an oscillator
identifies, as discussed above for mean laminar flows (see [155]), a nearly marginally stable mode whose
frequency is close to that of the saturated instability. Thus, the amplification factor is meaningless while
the frequency of the observed large-scale fluctuations is well predicted and, thus, a control designed
to shift the frequency of the identified mode will change equivalently the frequency of the large-scale
motions in the turbulent flow. In this kind of stability analysis, denoted in [120] as mean-flow approach,
the contribution from q;qy on the linearized stability equations can be neglected without affecting the
accuracy of the results, as demonstrated heuristically by the examples cited at the beginning of this
section and as discussed in [143,120]. Thus, the stability equations used in the mean-flow approach

are formally identical, even if conceptually different, to those used for the stability analysis of laminar

flows. As stated above, in the mean-flow approach the mean flow qg) is measured from experiments

or is obtained by time-averaging unsteady simulations; therefore, it is not usually obtained as the
steady solution of a given set of equations. For this reason the sensitivity to a steady forcing cannot

be found straightforwardly by perturbation methods applied to the governing equations for qg,%). Two
possible solutions that can be found in the literature (see [120]) are to assume that a perturbation of
qg) caused by a localized small-amplitude volume force is governed (a) by the laminar Navier-Stokes
equations (quasi-laminar approach) or (b) by the RANS equations in which the turbulent viscosity is

considered to be unchanged by the corresponding perturbation of qsz) (quasi-laminar mixed approach).
Both approaches are shown to be accurate for a bluff-body flow in [120].

Finally, many examples also exist in the literature of local stability analysis of mean flow fields
(EVP and IVP) explicitly based on the triple decomposition and employing models for the Reynolds
stresses in the linearized equations (see, for instance, [173,87,88,77,38,139,3,21,143]). For instance in
[5] the linear amplification of coherent structures on a turbulent boundary layer is studied by stability
analysis of RANS equations and adjoint methods are used to derive its sensitivity to a perturbation of
the mean flow field.

4.2 Examples of control of turbulent flows

We review here examples of controls of turbulent flows based on stability and sensitivity analysis,
designed following the strategies illustrated in Sec. 4.1. Almost all the examples that can be found in the
literature concern turbulent wakes past bluff-bodies. This can be explained by the strong engineering
impact of such problems, by the fact that mean flow fields in this case are a sufficient information
to predict the frequency of the saturated instability even neglecting the contribution of the Reynolds
stresses and by the fact that stability analyses of mean flow fields past bluff-bodies have been carried
out by several decades in the literature, well before attempting to explain the reason for their success
in the prediction of the instability frequency.

In [22] a global direct and adjoint stability analysis is carried out on the experimental mean flow field
measured by PIV past a porous circular cylinder following the mean-flow approach, i.e. using only the
molecular viscosity in the stability equations. Different transpiration ratios I" = 100 V; /Uy (V; and Uy
being the transpiration and the asymptotic velocities) through the cylinder surface are considered. To
the author’s knowledge, this is the first example of direct-adjoint analysis carried out on experimental
flow fields. As a first output of the study, a criterion is proposed, based on the identification of the
region of structural sensitivity of the instability, to evaluate a-posteriori the adequacy of the size of
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Fig. 14 Maps of the quantity A(x) = H H la (x)]| (see Eq. (20)) for modes computed by global stability
analysis of (a) the baseflow at Re = 50 DNS from [61]), (b) the mean flow at Re = 400 (DNS, from [22]) and
(c) the mean flow at Re = 3.5 x 10° (experlmental mean flow, figure from [22]). Streamlines of the baseflow
(meanflow) are also reported in (b) and (c), while the dotted line in (a) indicates the recirculation region of
the near-wake.

I Estimated St (sensitivity) Computed St (linear stab. analysis) Difference (%)

-5.0 0.333 0.290 14.8
-3.86 0.261 0.266 -1.9
-3.21 0.252 0.255 -1.2
-2.57 0.282 0.285 -1.0

0 0.223 0.232 -3.9
0.68 0.210 0.218 -3.7
1.93 0.161 0.193 -16.6

Table 1 Data from [22]: estimation of the Strouhal number of vortex shedding using the sensitivity maps

obtained for I' = —1.9 and the experimental averaged flow fields at Re = 3.5 x 103; comparison with respect to
the same quantity computed by linear stability analysis carried out on the averaged flow fields is also provided.

the PIV window used in the experiments for a meaningful application of the stability analysis. In the
spirit to investigate how the structural sensitivity changes with respect to the classical case when the
analysis is applied to the mean flow field and the Reynolds number is progressively increased, we report
in Fig. 14 the same map computed for a circular cylinder without transpiration at Re = 50 (DNS),
Re = 400 (DNS) and Re = 3.5 x 10® (experiments). As shown in the figure, the sensitivity increases in
amplitude and it is progressively more localized on the boundaries of the recirculation region past the
cylinder. The same behavior can be observed for the sensitivity to a generic variation of the baseflow,
not reported here for the sake of brevity.

Results of the global stability analysis identify only one unstable mode, and they show a good agree-
ment between the predicted and the measured frequencies in the flow as a function of the transpiration
parameter. This is in line with the finding of [168] concerning the role of mean-flow modifications due
to control in the results of the stability analysis. In order to provide indications on the capabilities of
the global analysis for flow control, the transpiration I" is considered as a control parameter for the
flow. Sensitivity analysis to baseflow modifications (see Eq. (21)), carried out for I' = I = —1.9 is
used to estimate the variation of the vortex shedding frequency for I' # Iy and results are compared
against the values directly computed by stability analysis, showing a fairly good agreement between
the two, as reported in Tab. 1. This result shows the potential of the methods based on global sta-
bility and sensitivity analysis for the prediction of possible controls of high-Reynolds-number flows,
and it shows that for bluff-body wakes this result can be obtained also neglecting the contributions
of the Reynolds stresses, thus significantly simplifying the complexity of the stability problem. Since
the meanflow is obtained experimentally and not as the solution of a given set of equations, direct
application of the methods described in Sec. 4.1 for the estimation of sensitivity to a localized steady
forcing was not carried out in [22]. This kind of analysis is carried out for controlling the frequency
of the turbulent vortex shedding past a bluff body in [116,120]. The work documented in [116,120] is
based on the experiments in [130,131]. In the same spirit of [160], in [130,131] the sensitivity of the
global characteristics of the turbulent wake past a plane D-shaped cylinder at Re = 13000 is inves-
tigated experimentally by placing a small control cylinder in generic positions of the wake. Among
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Fig. 15 (a) map of the vortex-shedding frequency variation caused by the introduction of a small control

cylinder of normalized diameter d* = 0.04 and comparison with the equivalent experimental map derived in
130] (from [116]); equivalent map obtained by a quasi-linear (b) and mixed quasi-linear (c) approaches (from
120]).

several sensitivity maps provided, a sensitivity map for the frequency of the vortex shedding is ex-
perimentally built. The same map is estimated in [116] on the basis of a sensitivity analysis which
mixes the base-flow and the mean-flow approaches introduced in Sec. 4.1. In particular, the URANS
equations for the mean flow, using the Spalart-Allmaras (SA) one equation closure [158], are solved for
the same flow configuration of the experiments in [130,131]. The resulting flow is averaged in time to

obtain the field qg) for the stability analysis, as in the mean-flow approach. The stability analysis is
carried out, as in the base-flow approach, using the linearization of the URANS equations (including
the additional equation for the SA model) employed for the simulation of the mean flow field. The
control cylinder is modeled as a pure drag force, as described in the examples in Sec. 3.2.2, estimating
the drag coefficient by interpolation of the results tabulated in [56]. The resulting sensitivity map for
the vortex shedding frequency is reported in Fig. 15(a), where it is compared to the experimental one
showing a good agreement and thus demonstrating the potential of the described strategy to control
large-scale instability in the turbulent wake past a bluff body.

In [120] the same control map derived in [116] and plotted in Fig. 15 is estimated using the mean-
flow approach. Although the followed approach can be applied to a mean flow field that can be obtained

also from experiments, the mean flow field q,,% is computed in [120] by time-averaging the unsteady
3D flow field obtained by a dedicated and validated URANS simulation. The sensitivity analysis to
a localized steady forcing is carried out using both the quasi-laminar and the mixed quasi-laminar
approaches introduced in Sec. 4.1, and results are shown in Figs. 15(b) and (c), respectively. In the
first case the molecular viscosity is used and, despite the strong assumptions behind this choice, results
are in good agreement with the experiments and the resulting approach is definitely simpler than that
followed in [116]. In the second case, the Reynolds stresses deriving only from the modeled part, i.e.

drdy, are included in the approximate equation for qg) in order to estimate the linearized variation

of q%) due to the localized forcing. It is shown in Fig. 15 that this approach leads to an improvement

of the predicted sensitivity maps if compared to the quasi-laminar approach.

As discussed in Sec. 4.1, the mean-flow approach used in the examples cited above can be used to
devise controls for shifting the frequency of the large-scale organized fluctuations in a turbulent flow.
For controls aimed at suppressing the large-scale fluctuations a base-flow approach need to be used.
This approach, which strongly relies on the accuracy of the RANS closure used for the equations, is
used, for instance, in [119] for the turbulent and compressible flow in a deep cavity. The sensitivity
maps of the amplification factor of the identified unstable complex-conjugate modes to a localized
forcing are shown in [119], thus suggesting strategies for their passive suppression. The maps are also
derived using different RANS closures, so as to show the effect of the turbulence model on the results.

In the literature there are also examples of sensitivity maps for flow control derived experimen-
tally, using the same method followed in [130,131]. These works provide experimentally built control
maps which can be used directly for control design or as validation for future numerical works as
those documented in [22,116]. For instance in [65] the flow past an axisymmetric bluff body with a
blunt trailing edge is investigated, for which a global unsteady mode is identified, and its sensitivity
investigated when controlled by placing a small control cylinder (m = 1 disturbance, m being the
azimuthal wavenumber) or by a thin control ring (m = 0 disturbance). In [172] the effect of placing
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a small control sphere in the flow past a sphere at Re ~ 3.3 - 10* (based on the sphere diameter) is
investigated experimentally. In [167] the effect of a small control cylinder placed in the wake past a
bluff-body with a blunt trailing edge is investigated, with focus on the effects on the globally unstable
mode and on the drag coefficient. Reference [175] investigates experimentally the effect of a detached
downstream plate on the near wake of a circular cylinder. Similarly, in [152] the effect of a narrow
strip in the near-wake of a circular cylinder is investigated experimentally. The suppression of vortex
shedding at low Reynolds numbers from a two-dimensional rectangular cylinder by using additional
control bodies of different shape is studied in [81].

5 Recent advances in numerical methods for global stability and sensitivity analysis

A detailed review on numerical methods for large-scale eigenvalue problems related to global stability
analysis can be found in [166]. Thus we concisely review here references that have been mainly published
afterwards. As it will be shown, the recent literature on the subject is aimed at using existing codes
for DNS/RANS simulations also for stability analysis by limiting as much as possible any additional
programming or modification. Thus, most of the methods are aimed at using existing codes as time-
steppers, coupling them with matrix-free algorithms for eigenvalue estimation.

The first step in the stability analysis is the computation of a steady solution of the NSE (or,
equivalently, of the RANS equations). To this purpose Newton methods [47] are often used but they
are limited to problems of relatively small size. An alternative method which employs an existing code
as a time-stepper is the ”selective frequency damping method” proposed in [1] and successfully used in
the literature for very large 3D problems (see, for instance, [11,79,54,55]). Recently, a new formulation
of the same method has been proposed in [80], which simplifies its implementation when coupled with
an already existing code used as a ”black box”. The Recursive Projection Method (RPM) proposed in
[153] is also suited to find steady and periodic solutions of large-scale discrete systems (see for instance
[142] and references therein) and it consists in identifying the unstable subspace of a given system
and in applying Newton iterations only in this subspace, while iterating in time in its orthogonal
complement, which is stable. An original alternative to RPM is used in [27]. Continuation methods in
time have been developed in the field of nonlinear dynamical systems to track the solutions (e.g. fixed
points, limit cycles, bifurcation points) of a dynamical system as the system parameters are changed.
Most of these methods can be applied to systems with a very few degrees of freedom. Examples of
matrix-free methods that can be applied to large systems, as those arising from the discretization of
the NSE, are described for instance in [145,48,144,146] and in their bibliographies.

For the localization of particular eigenvalues in the spectrum of extremely large matrices, as those
deriving from the discretization of the LNSE in 2D or 3D, spectral transformations are of fundamental
importance. We refer to [166] for a detailed list. Recently, in [58] an original transformation has been
proposed which allows the computation of the least stable eigenmodes in a prescribed frequency range,
showing an application for a compressible jet flow. A new time-stepping shift-invert algorithm based on
a Krylov subspace iteration for linear stability analysis of large-scale problems is proposed in [19] having
the advantage of converging to specific parts of the global spectrum. In [7] a matrix-free method is
proposed for global stability analysis based on a multi-domain DNS code, discretizing the equations in
multi-connected rectangular subdomains and using an Arnoldi method. In [101] matrix-free method is
proposed for the computation of the perturbation fields induced by harmonic forcing of the linearised
Navier-Stokes equations. In [123] a stabilized finite element method is proposed for global stability
analysis, in which elements of equal order are used for both velocity and pressure in an incompressible
flow, thus simplifying the implementation and solution of the problem.

Concerning the use of existing RANS/DNS codes for global stability analysis, with minimal pro-
gramming and possibly as "black-boxes”, in [57] a novel technique for the evaluation of the direct
and adjoint operators directly from compressible flow solvers is presented and extended to include
nonlinear differentiation schemes and turbulence models. In [63] a general Jacobian-free approach is
proposed for the solution of large-scale global stability analysis by coupling a time-stepping algorithm
with industry-standard second-order accurate aerodynamic codes, showing examples with the Open-
FOAM toolbox ( www.openfoam.org). Finally, in [119] a fully discrete method is proposed to perform
global stability and sensitivity analysis of complex 3D flows using an existing code as a ”black-box”.
The code is used to compute the residual of the equations, and second-order finite-difference schemes
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are used to approximate the Jacobian and the Hessian matrices of the discretized equations. As high-
lighted in Sec. 3.1.2 the Jacobian matrix is related to the stability problem and the Hessian to the
sensitivity to baseflow modifications. As an example, this general method is applied in [119] to a RANS
2D compressible code and control maps for the introduction of a small control cylinder in the flow are
derived for the turbulent flow in an open cavity.

6 Final remarks and future perspectives

In this paper we have reviewed the recent literature dedicated to the application of the techniques of
global stability and sensitivity analysis for the control of global instabilities. Considering the growing
number of dedicated review papers, there is an evident attention of the fluid dynamics community
on this subject. While the methods for global stability and sensitivity analysis can be considered well
established, their application to flow control is more recent and still in evolution. The design of passive
controls of classical flow configurations, as for instance the flow past a circular cylinder, is also starting
to be well established and it is treated in very recent review papers. However, some peculiar aspects,
such as the theoretical investigation of open-loop harmonic forcing for the control of global instabilities,
are very recent and less known. Moreover, the application of these methods to complex flow systems
is still an open problem in the literature with very significant scientific and technological implications.
These systems can range from multiphase flows and free-surface fluid systems to applications involving
elastic bodies and fluid-structure interactions. The very recent literature also indicates a strong interest
in extending the methods for global stability and sensitivity analysis to the control of coherent large-
scale flow structures in turbulent flows. Some examples are dedicated to turbulent wakes past bluff
bodies, indicating that in this case the analysis of mean flow fields can provide quantitative information
on flow control even neglecting the effects of the Reynolds stresses. For other flows, Reynolds stresses are
taken into account by performing the stability analysis of the (U)RANS equations including standard
turbulence closures. In this respect several aspects are still open, as for instance the formulation of
proper turbulence closures for stability analysis of mean flow fields or the identification of strategies to
include experimentally measured Reynolds stresses in the stability analysis of experimental databases
(see for instance [87,173]). The analysis of the literature suggests that probably this kind of applications
will become more and more popular in the near future. An additional indication in this direction is
given by very recent advances in numerical methods, most of which are dedicated to simplify the
implementation of numerical tools for global stability and sensitivity analysis, so as to include, with
minimal effort, existing CFD codes used as ”black-boxes”. In this way, the application of stability
analysis to complex flow models, such as RANS equations or models for multiphase flows, is greatly
simplified. As a side effect, the interest of the scientific community to this kind of applications drives
the research in high-performance parallel algorithms for large-scale sparse eigenvalue problems, and a
growing number of dedicated numerical libraries are now available and in continuous evolution.
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