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ABSTRACT

This brief articlereviewsthe important advances in the field of turbuldltw control thattook

place during thepast fewyears. This broad area of research remains of great interest for its
numerous potential benefits for both the military aailian sectors.Spurred by therecent
developments in chaos control, microfabrication and neural networks, reactive contuobuient
flows is now in the realm of the possible for future practical devices.

1. INTRODUCTION

The ability to manipulate a flow field to effect a desiredange is of immense practical
importance. As a scientific discipline and as a technological curiosity, flow control is penttaps
hotly pursued byscientistsand engineers than any other area in fluid mechafilsy control
involves passive or active devices to effect a beneficial change in wall-bounded or frefiestear
Whether the task is to delay/advance transition, to suppress/enhambalence or to
prevent/provoke separation, useful end results include drag reduction, lift enhancerxemg,
augmentation and flow-induced noise suppression.

Considering the extreme complexity of the turbulence problem in general and the unattainability
of first-principles analytical solutions in particular, it is not surprising that controllingrtzulent

flow remains achallengingtask, mired in empiricism and unfulfiled promises and aspirations.
Brute force suppression, taming of turbulence via active, energy-consuming control strategies is
always possible, but the penalty for doing so often exceeds any potential savings. The artifice is to
achieve a desired effect with minimum energy expenditure

The present articleeviewsthe important developments in the field of turbuléiiv control that

took place during the past seven years and suggests avenues for future research. The withphasis
be on reactive flow control for future vehicles and other industieaices,but moremarket-ready
methods of control will be briefly mentioned.

2. UNIFYING PRINCIPLES

For the purposes of the present section, we focus on the technologically very impouauoiary
layers. An external wall-boundefiow, such as that developing on the exterior surface of an
aircraft or a submarine, can be manipulated to achieve transition delay, sepposipanement,

lift increase, skin-friction and pressure drag reductiambulence augmentation, he@tansfer
enhancement, or noise suppression. These objectives are not necessarily mutually exclusive. For
example, by maintaining as much obaundarylayer in the laminar state as possible, #kén-
friction drag and the flow-induced noise are redudddwever, aturbulent boundarylayer is in
general more resistant to separation than a laminar one. By preventing separatioenhénsed

and form drag is reduced. Moreover, mixing and heat transfer are enhanced toybtilence.

The challenge in choosing feow control scheme is of course to achieve a beneficial goal at a
minimum cost, without adversely affecting another goal. An ideal method of control that is simple,
is inexpensive to build and to operate, and does not have any tradeoff doesish@nd the
skilled engineer has to make continuous compromises to achieve a particular design objective.

There are different classification schemes for flow control methods. One is to consider whether the
technique is applied at theall or awayfrom it. Surface parameters that can influence ftbwe
include roughness, shape, curvature, rigid-wall motion, compliance, temperaturgoarsity.
Heating and cooling of the surface can influence fin via the resulting viscosity andensity
gradients. Mass transfer can take pldwe®ugh a porouswall or a wall withslots. Suction and
injection of primary fluid can have significant effects on flew field, influencing particularly
the shape of the velocity profile near thall and thus theboundary layer susceptibility to
transition and separation. Differeradditives, such as polymers, surfactantsicro-bubbles,
droplets, particles, dust or fibers, can also be injethedugh the surface imvater or airwall-
bounded flows. Control devices located away from the surface can also be benddigaleddy
breakupdevices (also calleduter-layer devices, or OLDs)acoustic vavesbombarding a shear
layer from outside, additives introduced in the middle of a shear layer, manipulatiogestream
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turbulencelevels and spectra, gust, anshagneto- and electro-hydrodynamic bodlyrces are
examples of flow control strategies applied away from the wall.

A second scheme for classifying flow control methods consiéeresrgy expenditure and the
control loop involved. As shown in the schematic in Figure 1, a control device cpasbie,
requiring no auxiliary power, or active, requiring energy expenditure. As for the actipassive
devices,some prefer to use the term flomanagement rather thafiow control (Fiedler and
Fernholz, 1990), reserving the latterminology for dynamic processeActive control isfurther
divided into predetermined aeactive. Predetermined control includes the applicatiorsteady

or unsteady energy input without regard to the particular state of the flow. The control loop in this
case is open as shown in Figure 2a, and no sensors are redReeadivecontrol is a speciatlass

of active control where the control input is continuously adjusted based on measurensorie of
kind. The control loop in this case can either be an open, feedforward one (Figure 2b) or a closed,
feedback loop (Figure 2c). Classical control theory deals, for the most part, with reactive control.

The distinction between feedforward and feedback is particularly important when dedlinidne

control of flow structures which convect over stationary sensors and actuatoisedforward
control, the measured variable and the controlled variable differ. For example, the pressure or
velocity can be sensed at an upstream location, and the resulting signal is used tioijlether
appropriate control law to trigger an actuator which in turn influences the velocity at a downstream
position. Feedback control, on the other hand, necessitates thatothelled variable be
measured, fed back and compameith a reference inputReactivefeedback control idurther
classified into four categoriesaadaptive, physical model-basedynamical systems-based, and
optimal control (Moin and Bewley, 1994).

A yet another classification scheme is to consider whether the control technique diredifies

the shape of the instantaneous/mean velocity profile or selectively influence thedssiphtive
eddies. An inspection of the Navier-Stokes equations written at the surfacéofserample,Gad-
el-Hak, 1990), indicates that tlgpanwiseand streamwise (streamwise vorticity exisialy if the
velocity field is three-dimensional, instantaneously or in the mean.) vorticity fluxes atathean

be changed, either instantaneously or in the medm, wall motion/compliance, curvature,
suction/injection, streamwise or spanwigessure-gradient (respectively), or normabcosity-
gradient. These vorticity fluxes determine the fullness ofdaheespondingvelocity profiles. For
example, suction, favorable pressure-gradientower wall-viscosity results in vorticitflux away
from the wall, making the surface a source apanwise and streamwise vorticity. The
corresponding fuller velocity profiles have negative curvature awtileand are more resistant to
transition and to separation but are associaté#fi higher skin-friction drag. Conversely, an
inflectional velocity profile can bgroduced byinjection, adverse pressure-gradient igher
wall-viscosity. Suchprofile is more susceptible to transition and to separation and is associated
with lower, even negative, skin friction. Note thatany techniques are available to effectvall
viscosity-gradient; for example surface heating/cooling, film boiling, cavitation, sublimation,
chemical reactionwall injection of lower/higher viscosity fluid, and the presence sbiear
thinning/thickening additive.

Flow control devices can alternatively target certain scales of motion rather than gldtetiging

the velocity profile. Polymers, riblets and LEBUSs, for example, appear to selectively damp only the
small dissipative eddies iturbulent wall-boundedlows. These eddies are responsible for the
(instantaneous) inflectional profile and the secondary instability in the buffer zonethand
suppression leads to increasszhles, alelay in the reduction of the velocity-profilgope, and
consequent thickening of theall region. In the buffer zone, thecales of the dissipative and
energy containing eddies are roughly the same and, hence, the energy containingviédalies

be suppressed resulting in reduced Reyndalilessproduction, momentum transport and skin
friction.

3. REACTIVE CONTROL
3.1 Targeted Control

Numerous methods oflow control have already been successfullygplemented in practical
engineeringdevices.Yet, limitations exist for some familiar control techniques when applied to
specific situations. For example, in attempting to reduce the drag or enhance the likoafy a
having a turbulenboundarylayer using global suction, theenalty associatedvith the control
device often exceeds thgaving derived fromits use.What isneeded is avay to reduce this
penalty to achieve a more efficient contrdReactive control geared specifically towards
manipulating the coherent structures in transitional and turbulent shear flows, tboogiderably

more complicated thapassivecontrol or everpredeterminedactive control, has the potential to

do just that. As will be argued in this and the following three sections, future systems for control of
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transitional and turbulentlows in general and turbulent boundamayers in particularcould
greatly benefit from the merging of the science of chaos control and the technologies of
microfabrication and neural networks. Such systems are envisaged as consisting ofnanabge

of intelligent, communicativevall sensors and actuators arranged iohackerboard pattern and
targeted towardgontrolling certain quasi-periodic, dynamically significant coherent structures
present in the wall region.

Successful techniques to reduce the skin friction in a turbulent flow, such as polymers, particles or
riblets, seem to act indirectithrough local interaction with discrete turbulent structures,
particularly small-scale eddies, within the flo@ommon characteristics dll these methods are
increased losses in the near-wall region, thickening of the blayer, and loweregroduction of
Reynolds shear stress (Bandyopadhyay, 1986). Methods that act directly on the mean flow, such as
suction or lowering of near-wall viscosity, also lead to inhibition of Reynolds stiesgever,skin

friction is increased when any of these velocity-profile modifiers is applied globally.

Could these seemingly inefficient techniquegy. global suction, be used more sparingly and be
optimized to reduce their associated penalty? It appears that the more suaressfdduction
methods,e.qg. polymers, act selectively on particular scalesnobtion and are thought to be
associated with stabilization of the secondary instabilities. It is also clear that energy is wasted when
suction or heating/cooling is used to suppress the turbuldgmoaghoutthe boundarylayer when

the main interest is to affect a near-wallenomenon.One ponderswhat wouldbecome ofwall
turbulence if specific coherent structures are to be targeted, by the optmatogh areactive

control scheme, for modification? The myriad @fjanized structures present afl shearflows

are instantaneously identifiable, quasi-periodic motig@antwell, 1981; Robinson,1991).
Bursting events in wall-bounded flows, for example, are both intermittent and random in space as
well as time. The random aspects of these events reduce the effectiveness of a prededetivined
control strategy. If such structures are nonintrusively detected and altered, on the other hand, net
performance gain might be achieved.sdems clear, however, thegmporal phasing awell as

spatial selectivity would be required to achieve proper control targeted towards random events.

A rather simple version of the above idea is the selective suction technique which cosulzities

to achieve an asymptotic turbulenbundarylayer and longitudinal riblets to fix the location of
low-speed streaks. The feasibility of the selective suction dsag-reducing concephas been
demonstrated by Gad-el-Hak and Blackweld@©89). Low-speedstreaks wereatrtificially
generated in a laminar boundary layer using the method of Gad-el-Hak and Hussain (1986), and a
hot-film probe wasused to record the near-wall signature of the streaks. Usitegdiorward

control loop, an equivalent suction coefficient Gf = 0.0006 was sufficient to eliminate the
artificial events and prevertursting. This rate ifive times smaller than the asymptosaction
coefficient for a corresponding turbulebhbundary layer. Ithis result is sustained in reaturally
developing turbulent boundary layer, a skin-friction reduction of close to 60% would be attained.

The recent numerical experiments of Chatial. (1994) also validate the concept dérgeting
suction/injection to specific near-wall events intabulent channel flow. Based ocomplete
interior flow information, their direct numerical simulations indicate a 20% net dzdgction
accompanied by significant suppression of thear-wall structures and the Reynoldgess
throughout the entire wall-bounded flow. Whenly wall information wasused, a drageduction

of 6% wasobserved; a rather disappointing result considering that sensing and actaation
place ateverygrid point along the computationatdall. In a practical implementation of this
technique, even fewewall sensors would perhaps beailable,measuring only a small subset of
the accessiblénformation and thus requiringgven more sophisticated control algorithms to
achieve the same degree of success.

Time sequences of the numerical flow field of Clebial. (1994) indicatethe presence of two
distinct drag-reducing mechanismshen selective suction/injection is usefirst, deterring the
sweep motion, without modifying the primary streamwise vortices above theall, and
consequently moving the high-shear regions from the surface to the interior of the ctaumnel,
directly reducing the skin friction. Secondly, changing the evolution ofwdidkvorticity layer by
stabilizing and preventing lifting of the near-wapanwise vorticity, thusuppressing a potential
source of new streamwise vortices above the surfaaed interrupting a veryimportant
regeneration mechanism of turbulence.

3.2 Reactive Feedback Control

Moin and Bewley(1994) categorizeeactivefeedback control strategies by examining thaent
to which they are based on the governftayv equations. Four categories are discerraghptive,
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physical model-based, dynamical systems-based, and optimal control (Figure 1). Nebecéyst

for adaptive control, the other three categories of reactive feedback control can also be used in the
feedforwvard mode or the combined feedforward-feedback modso, in a convective
environment such as that forbmundary layer, a controller would perhaps combifeedforward

and feedback information and may include elements from each of the four classifications. Each of
the four categories is briefly described below.

Adaptive schemes attempt to develop models and contrafi@rsome learning algorithm without
regard to the details of the flow physics. System identificatigmeiformed independently of the
flow dynamics or the Navier-Stokes equations which govern this dynamics. An adegtireller
tries to optimize a specifiederformance index by providing a control signal to an actuator. In
order to updatats parameters, theontroller thus requires feedback information relating to the
effects of its control. The most recent innovation in adaptive flow control schemes involves the use
of neural networks which relate the sensor outputs to the actuator itpatggh functionswith
variable coefficients and nonlinear, sigmoid saturation functions. The coefficientapdeded
using the so-called back-propagation algorithm, and complex control laws can be represtémted
a sufficient number of terms. Hand tuning is requirkdyever, to achievgood convergence
properties. The nonlinear adaptive technique has been successfully used #lyaFgd993) and
Jacobson and Reynolds (1993; 1995) to contrespectively, the transition process and the
bursting events in turbulent boundary layers.

Heuristic physical arguments can instead be used to establish effective tamnt.dThat approach
obviously will work only in situations in which thdominant physics arevell understood. An
example of this strategy is tleetive cancellation scheme, used Gwnd-el-Hak and Blackwelder
(1989) in a physical experiment and by Chobial. (1994) in a numerical experiment, teduce
the drag by mitigating the effect of near-wall vortices. The idea is to oppose the nearesialh

of the fluid, caused by the streamwise vortices, with an opposing wall control, thus liftifggtine
shear region away from the surface and interrupting the turbulence regeneration mechanism.

Nonlinear dynamical systems theory allows turbulence to be decomposed intdl asmber of
representative modes whose dynamics are examined to determine the bestlawniroé task is

to stabilize the attractors of a low-dimensioagplproximation of a turbulent chaot&ystem. The

best known example is the OGY method which, when applied to simpler, small-numbegrets

of freedom systems, achieves stabilizatiovith minute expenditure of energy. This amdher

chaos control strategies, especially as applied to the more complex turbulent flows, will be revisited
in Section 4.2.

Finally, optimal control theory applied directly to the Navier-Stokes equations can be used to
minimize a cost function in the space of the control. This strategy provides perhapmgshe
rigorous theoretical framework for flow control. In this method, feedback colawsare derived
systematically for the most efficient distribution of control effort to achieve a degioadl
Abergel and Temam (1990) developed such optimal control theory for suppressing turbulence in
a numerically simulated, two-dimensional Navier-Stokksv, but their method requires an
impractical full flow-field information. Choiet al. (1993) developed a morpractical, wall-
information-only, sub-optimal control strategyhich they applied to theone-dimensional
stochastic Burgers equation. Later application of the sub-optimal control theorpuimexically
simulated turbulent channel flow is reported by Moin and Bewley (1994).

4. CHAOS CONTROL
4.1 Nonlinear Dynamical Systems Theory

In the theory of dynamical systems, the so-called butterfly effect demetes#tivedependence of
nonlinear differential equations on initial conditions. The solution of such equations may be in the
form of a strange attractor whose intrinsic structure contains a well-defined mechansodtae

a chaotic behavior withoutequiring random forcing. A questioarises naturally: just as small
disturbances can radically grow within a deterministic system to yield uigiredictable behavior,

can minute adjustments to a system parameter be used to reverse the process and.eontrol,
regularize, the behavior of a chaotic system? Recently, that questisranswered in the
affirmative theoretically asvell asexperimentally, at least for system orbits which residdoon
dimensional strange attractors (see the review by Lindner and Ditto, 1995). Before dessuitiing
strategies for controlling chaotisystems, we first sumamize the recent attempts to construct a
low-dimensional dynamical systems representation of turbulbotuindary layers. Such
construction is a necessary first step to be able to use chaos control methods for turbulent flows.

Boundary layer turbulence is described bged of nonlinear partial differential equations and is

4



characterized by an infinite number of degrees of freedom. This makes it rather difficudtdisl

the turbulence using a dynamicaystemsapproximation. The notiorthat a complex,nfinite-
dimensional flow can be decomposed is®veral low-dimensional subuniits however, anatural
consequence of the realization that quasi-periodic coherent structures dominate the dynamics of
seemingly random turbulent shefdfows. This implies that low-dimensional, localizetynamics

can exist in formally infinite-dimensional extended systems—such as open turlildesst
Reducing the flow physics to finite-dimensional dynamical systems enables a stitgeatiavior

through an examination of the fixed points and the topology of thiible andunstable
manifolds.

In one significant attempt the proper orthogonal, or Karhunen-Loéve, decomposition method has
been used to extract a low-dimensional dynamical system from experimental data wéllthe
region (Aubry et al. 1988; Aubry, 1990). Aubryet al. (1988) expandedhe instantaneous
velocity field of a turbulentboundary layer using experimentally determinesigenfunctions

which are in the form of streamwise rolls. They expanded the Navier-Stokes equations using these
optimally chosen, divergence-freetthogonal functions, applied a Galerkin projection, ahdn
truncated the infinite-dimensional representation to obtain a ten-dimenssenhadf ordinary
differential equations. These equations represent the dynamical behavior oblitheand are
shown to exhibit a chaotic regime @agll as anintermittency due to a burst-likphenomenon.
However,Aubry et al's ten-mode dynamical system displaysegular intermittency, in contrast

both to that in actual turbulence asll as tothe chaotic intermittency encountered Bpymeau

and Manneville(1980) in which event durations are distributed stochasticallgvertheless, the
major conclusion of Aubnet al's study is that the bursts appear to be produced autonomously by
the wall region even without turbulence, but are triggered by turbulent pressure signals from the
outer layer. More recently, Berkooat al. (1991) generalizedhe class of wall-layemodels
developed by Aubnet al. (1988) to permit uncoupled evolution sfreamwiseand cross-stream
disturbances. Berkooet al's results suggest that the intermittent events observédibny et al.

do not arise solely because of the effective closure assumption incorporated, but areocaéter
deeper in the dynamical phenomena of the wall region.

In addition to the reductionist viewpoigixemplified by the work of Aubryet al. (1988) and
Berkooz et al. (1991), attempts have been made to determine directly the dimension of the
attractors underlyingspecific turbulentflows. Again, the central issue here is whether or not
turbulent solutions to the infinite-dimensional Navier-Stokes equations caasyraptotically
described by a finite number of degrees of freedom. Grappin and LE&®81) computed the
Lyapunov exponents and the attractor dimensionstvad- and three-dimensional periodic
turbulent flows without shear. They found that the number of degrees of freedom contained in the
large scales establishes apper bound forthe dimension of the attractor. Deane and Sirovich
(1991) and Sirovich and Deane (1991) numerically determined the number of dimemsexed

to specify chaotic Rayleigh-Bénard convection over a moderate range of Rayleigh nuRdbers,
They suggested that thetrinsic attractor dimension is ®F"].

The corresponding dimension in wall-boundimivs appears to be dauntingly high. Keefeal.

(1992) determinedthe dimension of the attractor underlying turbuldPaiseuille flows with
spatially periodic boundary conditions.Using a coarse-grained numerical simulaticthey
computed a lower bound on the Lyapunov dimension of the attractor to be approximately 352 at
a pressure-gradient Reynolds number of 3200. Ketfal. (1992) arguethat the attractor
dimension in fully-resolved turbulence is unlikely to be much larger than 780. This suggests that
periodic turbulent sheditows are deterministic chaoand that a strange attractor dosasderlie
solutions to the Navier-Stokes equations. Temporal unpredictability in the turbulent Poiseuille
flow is thus due to theexponential spreading property of such attractors. Althofigie, the
computed dimensionnvalidates the notion that the global turbulence can be attributed to the
interaction of afew degrees of freedom. Moreover, in a physical channddoondary layer, the

flow is not periodic and is open. The attractor dimension in such case is not known but is believed
to be even higher than the estimate provided by Kee#d. for the periodic quasi-closed) flow.

In contrast to closed, absolutely unstable flows, such as Taylor-Caystiems, where theumber
of degrees of freedom can be small, local measurements in open, convectively dlstabkch
as boundarylayers, do not express the global dynamics, and the attractensiiom in that case
may inevitably be too large to be determined experimentally. According testireateprovided
by Keefeet al. (1992), the colossal data required (about, WhereD is the attractodimension)
for measuring the dimension simply exceeds current computer capabilities.



5.2 Chaos Control

There is another question of greater relevance here. Given a dynamical systemcimaakie
regime, is it possible to stabilize itehavior through some kind daictive control? While other
alternatives have been devisedg, Fowler,1989; Hibler and Lischer, 1989; Hubermdm®9o0;
Huberman and Lumer, 1990), the recent method proposedvdiikers at the University of
Maryland (Ottet al., 1990a; 1990b; Shinbradt al., 1990; 1992a; 1992b; 1992c; Romeietsal,
1992) promises to be a significabhteakthrough. Comprehensiveviewsand bibliographies of
the emerging field of chaos control can be found in #éneécles by Shinbrotet al. (1993),
Shinbrot (1993; 1995), and Lindner and Ditto (1995).

Ott et al. (1990a) demonstrated, through numerical experimeuritis the Henon map, that it is
possible to stabilize a chaotic motion about any pre-chosen, unstablethwdugh theuse of

relatively small perturbations. Therocedure consists of applying minute time-dependent
perturbations to one of the system parameters to control the chaotic systend one of its
many unstable periodic orbits. In this contdargetingrefers to the process whereby arbitrary

initial condition on a chaotic attractor is steered toward a prescribed point (target) attrigsor.

The goal is to reach the target as quickly as possible using a sequence opestoabations
(Kostelichet al, 1993a).

The success of the Ott-Grebogi-Yorke's (OGY) strategyctotrolling chaos hinges on the fact

that beneath the apparent unpredictability of a chaotic system lies an intricdtigluyt ordered
structure. Left taits own recoursesuch a system continually shifts from one periodic pattern to
another, creating the appearance of randomness. An appropriately conggaitenh, on thether

hand, is locked into one particular type of repeating motldiith such a reactive control the
dynamical system becomes one with a stable behavior. The OGY-method can be simply illustrated
by the schematic in Figure 3. The state of the system is represented as the intersection of a stable
manifold and an unstable one. The control is applied intermittently whenever the siggiarts

from the stable manifold by a prescribed tolerance, otherwise the control is shut oftoritnel
attempts to put the system back onto the stable manifold so thatateeconverges toward the
desired trajectory. Unmodeled dynamics cause noise in the system and a tendencystate ttee
wander off in the unstable direction. The intermittent control prevents that andietieed
trajectory is achieved. This efficient control is not unlike trying to balance a ball in the center of a
horse saddle (Moin and Bewley, 1994). There is one stable direction (front/back) and one unstable
direction (left/right). Therestless horse is the wateled dynamics, intermittently causing the ball

to move in the wrong direction. The OGY-control needs only be applied, in the direst
manner possible, whenever the ball wanders off in the left/right direction.

The OGY-method has been successfully applied in a relatively simple experiment bythitto
(1990) and Ditto and Pecora (1993)tla Naval Surface Warfare Center, in whiglversechaos

was obtained in a parametrically driven, gravitationally bucklednorphous magnetoelastic
ribbon. Garfinkelet al. (1992) applied the same control strategy to stabdizey-induced cardiac
arrhythmias in sections of a rabbit ventricle. Other extensions, improvements and applications of
the OGY-strategy includdigher-dimensional targeting (Auerbaat al, 1992; Kostelichet al,

1993b), controlling chaotic scattering in Hamiltoniane.( nondissipative, area conservative)
systems (Laiet al, 1993a; 1993b), synchronization of identical chaatjstems thatgovern
communication, neural or biological processes (Lai and Grebogi, 1993), use of chaos to transmit
information (Hayest al, 1993), control of transient chaos (Leti al, 1994), and taming spatio-
temporal chaos using a sparse array of controllers (€hah, 1993; Qinet al, 1994; Auerbach,
1994).

In a more complexsystem, such as d&urbulent boundarylayer, there existnumerous
interdependent modes and mastable aswell asunstable manifolds (directions). Factors that
make turbulence control a challenging task are the potentially quite large perturbations caused by
the unmodeled dynamics of tlilew, the non-stationary nature of the desired dynamics, and the
complexity of the saddle shape describing the dynamics of the different nibelestheless, the
OGY-control strategy has several advantages that are of special interest in the control of
turbulence: the mathematical model for the dynamical system need not be knowrsnaily
changes in the control parameter are required; and noise can be tolgvdatecppropriate
penalty).

Recently, Keefe(1993a; 1993b) made a useful comparisbetween two nonlinearcontrol
strategies as applied to fluid problems. Ott-Grebogi-Yorke's feedback method described above and
the model-based control strategy originated by Hulisere,for example, Hibler and Luscher,
1989; Liuscher and Hubler, 1989), the H-method. Both novel control methods are essentially a
generalization of thelassicalperturbation cancellation technique: apply a prescribed forcing to
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subtract the undesired dynamics and impose the desired one. The OGY-strategy exploits the
sensitivity of chaotic systems to stabilize existing periodic orbits and steady statesfe®atinack

is needed to steer the trajectories toward the chosen fixed point, but the required control signal is
minuscule. In contrast, Hubler's scheme does not explicitly make use of the system sensitivity. It
produces general control response (periodic or aperiodic) and heledsr no feedback, but its
control inputs are generally large. The OGY-strategy exploits the nonlinearity dynamical
system; indeed the presence of a strange attractor and the eseesigvity of thedynamical

system to initial conditions are essential to the success ahétieod. In contrast, thel-method

works equally for both linear and nonlinear systems.

Keefe (1993a)first examined numerically the two schemes as applied to fully-developed and
transitional solutions of th&inzburg-Landau equation, an evolution equattbat governs the
initially weakly nonlinearstages of transition in severffdws and that possessésth transitional

and fully-chaotic solutions. The Ginzburg-Landau equathas solutions that displagither
absolute or convective instabilities, and is thus a reasonable model for both closed afidvapen
Keefe's main conclusion is that control of nonlinear systems is best obtained by mrekiilgum

use possible of thanderlying natural dynamics. If the goal dynamics is an unstabtdinear
solution of the equation and tHew is nearby at the instant control is applied, botlethods
perform reliably and at low-energyost in reaching and maintaining this goal. Predictably, the
performance of both contrdtrategies degrades due to noise and the spatially discrete nature of
realistic forcing. Subsequently, Keefe (1993b) extended the numerical experiment in an attempt to
reduce the drag in a channel flavith spatially periodicboundary conditionsThe OGY-method
reduces the skin friction to 60—80% of the uncontrolled value at a mass-flux Reynolds number of
4408. The H-methodails to achieve any drageduction when starting from flly-turbulent

initial condition but shows potential for suppressing or retarding laminar-to-turbulence transition.
Keefe (1993a) suggests that the H-strategy might be more appropriate for bolayaargontrol,

while the OGY-method might best be used for channel flows.

It is also relevant to note here the work of Bau and his colleagues at the University of Pennsylvania
(Singeret al, 1991; Wanget al, 1992), who devised a feedback control to stabilieéga(ninarize

the naturally occurring chaotic oscillations of a toroidal thermal convection loop héated

below and cooled from above. Based on a simple mathematical model ftiretiheosyphonBau

and his colleagues constructed a reactive control system that was used to alter significélotly the
characteristics inside the convection loop. Their linear control strategy, perhaps a special version
of the OGY's chaos control method, consists simply of sensing the deviation ofeftupkratures

from desired values at a number of locations insidettieemosyphon loop and then altering the

wall heating either to suppress or to enhance such deviatlidaisg et al. (1992) also suggested
extending their theoretical and experimental method to more complex situations sticiseas
involving Bénard convection (Tang ar®hu,1993a; 1993b). Hu anBau (1994) used a similar
feedback control strategy to demonstrate that the critical Reynolds number for the loss of stability
of planar Poiseuille flow can be significantly increased or decreased.

Other attempts to use low-dimensional dynamical systems representatitiowfarontrol include

the work of Berkoozt al. (1993), Corkeet al. (1994), and Colleet al. (1994a; 1994b)Berkooz

et al. (1993) applied techniques of modern control theory to estimate the phase-space location of
dynamical models of the wall-layer coherent structures, and used these estimates to control the
model dynamics. Since discrete wall-sensors provide incomplete knowledgehask-space
location, Berkoozet al. maintain that a nonlinear observevhich incorporates pashformation

and the equations of motion into the estimation procedure, is required. Using an eXahded

filter, they achieved effective control of a bursting pair of relith the equivalent of twawall-
mounted shear sensors. Corideal. (1994) used a low-dimensional dynamicistem based on

the proper orthogonal decomposition to guide control experiments for an axisymjeetriBy

sensing the downstream velocity and actuating an array of miniature speakers located at the lip of
the jet, their feedback control succeeded in converting the near-firdthbilities from spatial-
convective to temporal-global. Collet al. (1994a; 1994b) developed a feedback control strategy
for strongly nonlinear dynamicasystems,such as turbulenflows, subject to smallrandom
perturbations that kick the system intermittently from one saddle point to anatloegy
heteroclinic cycles. In essence, their approach is to use local, weakly nonlinear feedback control to
keep a solution near a saddle point as long as possible, but then to let the naturahagitbehr
dynamics runsits course whenbursting (in a low-dimensional model) does occurhadugh
conceptually related to the OGY-strategy, Colerl's method does not actually stabilize the state

but merely holds the system near the desired point longer than it would otherwise stay.

Shinbrot and Ottino (1993a1993b) offer yet another strategy presumably most suited for

controlling coherent structures in area-preserving turbuldmws. Their geometric method
exploits the premise that the dynamical mechanisms wirictuce the organized structures can
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be remarkably simple. By repeated stretching and foldinghofseshoes”which are present in
chaotic systems, Shinbrot and Ottino have demonstrated numericallgllas experimentally the
ability to create, destroy and manipulate coherent structures in chaotic fluid systems. Tileakey
to create such structures is to intentionally place folds of horseshoes near lowpertstic
points. In a dissipative dynamical system, volumes contract in state space aiwildication of a
fold with a periodic point leads to an isolated region that contracts asymptotically pioird.
Provided that the folding is done properly, it counteracts stretching. Shinbrot and Q2®®a)
applied the technique to three prototypical problems: a one-dimensional chaotic nhap: a
dimensional one; and a chaotically advected fluid.

5. MICROFABRICATION

Manufacturing processes that can create microscopic machinery are termed microfabrications. In
this emerging technology, undeintensive development only since 1990, electronic and
mechanical components are combined on a single silicon chip. Sensors for pressure, temperature,
velocity, mass flow or sound are currently combined with motors, electrostatic actyeteusnatic
actuators, pumps, valves, gears or tweezers on single programmable elements of typi@ilQ0fze

K]. Microelectromehanical systems (or MEMS) have been constructed and tiested thelast

few years at numerous laboratories. Thew Journal of Microelectromehanical Systerasd
Journal of Micromechanics and Microengineeriage dedicated to this technology, and theer
Sensors and Actuatoris increasingly allotting more oits pages to MEMS. Entire sessions in
scientific meetings have been increasingly assigned to MEMS applications in fluid medisarics
for example, the presentations by McMichakdj, Mehregany, Mastrangelo, ardun, all made at
the AIAA Third Shear Flow Control Conferend®rlando, Florida, 6—9 July 1993, and the volumes
edited byBandyopadhyayet el, 1994, and Breueet al, 1996). Recentreviews ofthe use, or
potentialuse, of MEMS in flowcontrol include those by McMichael (1996), Mehregasty al.
(1996), Ho and Tai (1996; 1998), and Gad-el-Hak (1999; 2000).

MEMS would be ideal for the reactive flow control concept advocated in the prpapeatr.
Methods of flow control targeted towards specifioherent structuresnvolve nonintrusive
detection and subsequent modulation of events that occur randomly in space and time. To achieve
proper targeted control of these quasi-periodic vorteantstemporal phasing asell asspatial
selectivity arerequired. Practical implementation of such an idegessitates the use oflarge

number ofintelligent, communicativewall sensors and actuators arranged ircheckerboard
pattern. Gad-el-Hak (1994) provides estimates for the number and characteristics of such elements
required to modulate the turbulebbundary layer which develops along a typicabmmercial

aircraft or nuclear submarine. An upper-bound numbeactdeve total turbulence suppression is
about one million sensors/actuators per square meter of the surface.

The sensors would be expected to measure the amplitude, location, and pfrageency of the
signals impressed upon theall by incipient bursting events. Instantaneous wall-pressurealir
shear stress can be sensed, for example. The normal or in-plane motion of a minute membrane is
proportional to therespective point force of primary interest. For measurnmall pressure,
microphone-likedevicesrespond to the motion of a vibrating surface membrane omntamnal
elastomer. Several types are availaieluding variable-capacitance (condenser alectret),
ultrasonic, optical€.g, optical-fiber and diode-laser), and piezoelectric dev{ses,for example,
Lofdahl et al, 1993; 1994). A potentially useful technique for our purposas beenrecently
tried at MIT (Haritonidis et al., 1990a; 1990b). An array of extremely small (0.2 mdiameter)
laser-powered microphones (termed picophones nachined in silicon using integrated circuit
fabrication techniques, andasused for field measurement of the instantaneous sugfeessure
in a turbulent boundary layer.

Actuators are expected to produce a desired change in the targeted coherent structures. The local
acceleration action needed to stabilize an incipient bursting event can be in the form of adaptive
wall, transpiration omwall heat transfer. Traveling surfaceavescan be used to modify a locally
convecting pressure gradient such that wadl motion follows that of thecoherent eventausing

the pressure change. Surface motion in the form of a Gaussian hill with y*éighlo[lo] should

be sufficient to suppress typical incipient bursts (Lumley, 1991). Such time-dependent alteration
in wall geometry can be generated by driving a flexible skin using an array of piezoelectric
devices (dilate or contractiepending on the polarity of current passing through them),
electromagnetic actuators, magnetoelastic ribbons (made of nonlinear materials thattbleange
stiffness in the presence of varying magnetic fields), or Terfenol-d rods (a novel metal composite,
developed at Grumman Corporation, which changes its length when subjected to a nfeddgtic

Note should also be made of other exotic materials that can be used for actuation. For example,
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electrorheological fluids (Halsey and Martin, 1993) instantly solidien exposed to an electric
field, and may thus be useful for the present application. Recently construateshatuators
specifically designed for flow control include those Wjiltse and Glezer (1993), Jamed al.
(1994), Jacobson and Reynolds (1995), and Vargo and Muntz (1996).

Suction/injection at many discrete points can be achieved by simply connecting a large number of
minute streamwise slotsarranged in a checkerboargattern, to a low-pressure/high-pressure
reservoir located underneath the working surface. The transpiration through each individual slot is
turned on and off using a corresponding number of independently controilecbvalves.
Alternatively, positive-displacement or rotargicropumps (see,for example, Seret al, 1996;
Sharatchandrat al, 1996) can be used for blowing or sucking fluid throughalkinoles/slits.

Based on the results of Gad-el-Hak and Blackwelder (1989), equivalent suction coefficients of
about 0.0006 should be sufficient to stabilize the near-wall region. Assuming thekirkiiction
coefficient in the uncontrolled boundary layerds= 0.003, and assuming further that #ection

used is sufficient to establish an asymptotic boundary laf dx = 0, wheref is the monentum
thickness), the skin friction in the reactively controlled case is @erD + ZC = 0.0012, or 40%

of the original value. The net benefit will, of course, be reduced by the energy expenditure of the
suction pump (or micropumps) as well as the array of microsensors and microvalves.

Finally, if the bursting events are to be eliminated by lowering the nearvigalbsity, direct
electric-resistance heating can be used in liglovs and thermoelectric devices based on the
Peltier effect can be used for cooling in the case of gasbousdary layers. The absolute
viscosity of water at 20°C decreases dyproximately 2% for each°C rise in temperaturayhile

for room-temperature aigl decreases by approximately 0.2% for ea€@ drop in temperature.

The streamwisemomentum equation nitten at thewall can be used to show that saction
coefficient of 0.0006 has approximately the same effect on the wall-curvature of the instantaneous
velocity profile as a surface heating of 2°C in water or a surface cooling of 40°C (lnieggmann

and Nosenchuck, 1982; Liepmaehal, 1982).

Sensors and actuators of the types discussed above can be combined on individual etddponic
using microfabrication technology. The chips can be interconnected in a communication network
that is controlled by a massively parallel computer or a self-learning neural network. Factors to be
considered in an eventual field application of chgpeduced using microfabrication processes
include sensitivity of sensors, sufficiency aftdquency response of actuatoastion, fabrication

of large arrays at affordablprices, survivability in the hostile field environment, aedergy
required to power the sensors/actuators. As argued by Gad-el-Hak (1994), sensor/ahtpator
currently produced are small enough for typical field application, and they can be programmed to
provide a sufficiently large/fast action in response to a certain sensor output (see also Jacobson and
Reynolds,1995). Present prototypeare, however, stiljuite expensive awell asdelicate. But so

wasthe transistor when first introduced! Itheped that the unit price of future sensor/actuator
elements would follow the same dramatic trends withessed in case of the simple transistor and even
the much more complex integrated circuit.

6. NEURAL NETWORKS

Biologically inspired neural networks are finding increased applications in many fields of science
and technology. Modeling of complex dynamicyistems, adaptive nois@nceling in telephones

and modems, bombniffers, mortgage-riskevaluators, sonatlassifiers,and word recognizers are

but a few of existing usages of neural nets. The book by Nelson and Illingworth (1991) provides a
lucid introduction to thdield, and thereview article by Antsaklis(1993) focuses orthe use of

neural nets for the control of complex dynamical systems.fléar control applicationshneural
networks offer the possibility of adaptive controllers that are simpler and potetgsdl\sensitive

to parameter variations as compared to conventional controllers. Moreover, if a colossal number of
sensors and actuators is to be used, the massively paatglutational power of neural neisll

surely be needed for real-time control.

The basic elements of a neural network are input layer, hidden layers and outputStxezal

inputs are connected to the nodes (neurons or processing elements) that form tHayeput
There are one or more hidddayers, followed by aroutput layer. Note that the number of
connections is higher than the totalmber of nodes. Both numbers are chosen based on the
particular application and can be arbitrarily large for complex tasks. Simply put, the multi-task job
of each processing element is to evaluate each of the input signals to that particular element,
calculate the weighted sum of the combined inputs, compare that total to some thlegiokind
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finally determinewhat theoutput should be. The variouseights are the adaptiveoefficients

which vary dynamically as the netwol&arnsto performits assigned task; some inputs an®re
important than others. The threshold, or transfer, function is generally nonlineanndbe
common one being the continuous sigmoid, or S-shaped, curve, which approaches a minimum and
maximum value at the asymptotes. If the sum of the weighted inputs is larger thimesteold
value,the neuron generates a signatherwise no signal iBred. Neural networks can operate in
feedforward or feedback mode. Complsystems,for which dynamical equations may not be
known or may be too difficult to solve, can be modeled using neural nets.

For flow control, neural networks provide convenigast, nonlinear adaptive algorithms to relate
sensor outputs to actuator inputsa variable-coefficient functions and nonlineasigmoid
saturation functionsWith no prior knowledge of the pertinent dynamics, a self-learnmegral

network develops a model for that dynamitsough observations of the applied control and
sensed measurements. The network is by nature nonlinear and can thereforehdnadiier
nonlinear dynamicakystems, alifficult task whenclassical,linear or weakly nonlinearcontrol
strategies are attempted. The feedforward type of neural network acts as a nonlinetrifilieg

an output from a set of input data. The output can then be compared to some desired output, and
the difference (error) is typically used in a back-propagation algorithm which updates the network
parameters.

The number of researchers using neural networks to control fllmigs is growing rapidly. In

here, we provide only a small sample. Using a pre-trained new@lork, Fanet al. (1993)
conducted a conceptual reactive flow control experiment to delay laminar-to-turbulence transition.
Numerical simulations of their flow control system demonstrate almost complete cancellation of
single and multiple artificialvave disturbances. Their controller also successfully attenuated a
natural disturbance signalith developingwave packets from an actual wind-tunnekperiment.
Jacobson and Reynolds (1993; 1995) used nengbliorks to minimize thdoundary velocity
gradient of three modelflows: the one-dimensional stochastic Burgers equation;twao-
dimensional computational model of the near-wall region of a turblleandary layer; and a
real-time turbulentflow with a spanwisearray of wall actuators togethewith upstream and
downstream wall-sensors. For all three problems, the neural network successfully learned about the
flow and developed into proficient controllers. However, for the laboratory experimltsbson

and Reynolds (1995) repothat the neural network training tinmas much longer and the
performancewas nobetter than a simplesd hoc controller that they developed. Jacobson and
Reynolds emphasize that alternative neural net configurations and convergence algorithms may,
however, greatly improve the network performance.

Using the angle of attack and angular velocity as inputs, Fetled. (1994) trained aneural
network to model the measured unsteady surface pressure over a pitching airfoil (seehedek

et al, 1995). Following training and using the instantaneous angle of attack and pitch rate as the
only inputs, their networkvasable to accurately predict the surface pressure topologyekhss

the time-dependent aerodynamic forces and moments. The madehen used to develop a
neural network controller for wing-motion actuator signals which in turn provided dicettol

of the lift-to-drag ratio across wide range of time-dependent motion historidgost recently,
Kawthar-Ali and Acharya (1996) developed a neural network controller for use in suppressing the
dynamic-stall vortex that periodically develops in the leading edge of a pitching airfoil. Based on
the current state of the unsteady pressure field, their control system specified the optimoumt

of leading-edge suction to achieve complete vortex suppression.

8. CLOSING REMARKS

The present article reviewed the important advances in the field of turbulent flow contrébdkat

place during thepast fewyears. An attempt has been made to place the field imigying
framework and to properly categorize the different consthtegies. Developments ichaos

control, microfabrication and neural networks are making it more feasible to peréactve

control of turbulent flows. Field applications, however, have to await further progress inthihese

areas. Other less complex control schemes, passive as well as active, are more market ready and are
also witnessing resurgence of interest.

As is clear from this briefeview,there is no lack of flow control methods to achievpaaticular

goal for free aswell as wall-bounded flows across the entireange of Mach andReynolds
numbers. Ranging from simple to complex, from inexpensive to expensive, piesive to active

to reactive,and from market ready to futuristic, the fluid engineer has a great varietpmnifol
devices to choosdrom. Flow control is most effective when applied near the transition or
separation points; in othewords,near the critical flow regimes where flow instabilitiegagmify
quickly. Therefore, delaying/advancing laminar-to-turbulence transition and preventing/provoking
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separation can be readily accomplished. To reduce the skin-friction dragnon-aeparating
turbulent boundary layer, where the mean flow is quite stable, is a more challenging problem.

Market-ready techniques includeassiveand predeterminedactive control. Shaping, suction,
heating/cooling and compliant coatings can be used to delay transition by an omegmifude

in Reynolds number, and, except for the latter technique, can also be used to prawedary

layer separation. The use of polymers, microbubbles, riblets and LEBUs can Iskid-faction
reduction in turbulent boundarlayers. Numerous other techniques are available to refiroe

drag, induced drag an@ave drag. Remainingissues for field application ofnarket-ready
techniques includeost, maintenance and reliability. Potential further improvementglassical

flow control techniqueswill perhaps involvecombining more than one technique aiming at
achieving a favorable effect that is greater than the sum. Examples include combining suction or
polymer injection with riblets for increased effectiveness and saving. Due to its obvious difficulties,
synergism has not been extensively studied in the past but deserves future consideration.

Substantial gains are potentially possible when reactive flow control strategiesisack
Particularly for turbulentlows, reactive control requires largeumber of sensors and actuators

and will not be possible until thiechnology for manufacturingnexpensive, robusticrosensors

and microactuators becomes availabletg@omous control algorithms arassociatedcomputers

to handle the required colossal data in real time must also be developed. Further research is
needed in dynamical systems theory particularly chaos contrigkoelectromechanicasystems,

and alternative neural network configurations, convergence algorithms and distriftmted
control. The difficulties are daunting but the potential payoffs are enormous.

In parting, it might be worth recalling that a mere 10% reduction in the total drag afcaaft
translates into a saving of $1 billion in annual fuel cost for the commercial fleet irilied

States alone. Contrast this benefit to the annual worldwide cost of perhaps a few million dollars for
all basic research in the broad field of fleentrol. Taming turbulence, though difficulgjll pay

for itself in gold.
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Figure 2. Different Control Loops for Active Flow Control.
(a) Predetermined, Open Loop. (b) Reactive, Feedforward, Open Loop.
(c) Reactive, Feedback, Closed Loop.
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