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Abstract— The stirring motion of shear layer vortices plays models [11]-[16] and very low order Galerkin models [17],
a prominent and often critical role in diverse engineering [18].
applications. Periodic zero net flow actuation is an established Here we focus on a yet simpler modeling framework

mechanism to effect shear layer instability and growth. Active o L . - .
feedback control is considered here as a means to regulateexpIOItIng the flip side of a generic restriction of feasible

and maximize shear layer mixing: Feedback utilizes estimated control to slow manipulation of phase in nearly periodic
vortex locations to harmonize actuation with vortex release. We actuators, such as pulsating synthetic jets: A key control

propose an observer structure based on a phenomenological gbjective, in such cases, is to regulate the phase differ-
dynamic phasor model for the travelling waveform of sensors ence between the actuator and a meaningful concept of the

readings, and illustrate its use in simulations and open and |, h 5 of the flow: tisfact del is th that
closed loop experiments with the backward facing step system, phase” or the flow; a salisiactory model IS then one tha

and in free shear layer simulations. is useful for dynamic estimation of _the phase in a near_ly
periodic flow. We propose a modeling framework that is
|. INTRODUCTION focused on the representation of sensor signals in terms of

Shear flows occur due to significant mean fluid velocitiravelling waveforms with slowly varying Fourier coeffiqits
changes, such as behind bluff bodies, airfoils and corne¢also known aglynamic phasor$19], [20]), which are the
Vortical structures interact and aggregate, forming largsubject of dynamic estimation. Following our preliminary
coherent structures [1] whose stirring motion is an efficiemesults in [21], [22], this article examines the developten
mixing mechanism [2]-[5]. Shear layer mixing plays af such models and their application to feedback, in two
prominent and often critical role in engineering applicati, generic flow configurations: The free shear layer in an ideal
including aircraft, automotive, imaging, air conditiogirthe two dimensional flow, and the shear layer behind a backward
chemical and bioreactor industry, and turbine engines, facing step. Designs are tested in both simulation models
name a few. The potential economic, technological and esnd in an experimental testbed for the backward facing step,
vironmental implications of viable methods to regulatesthe demonstrating both the capability of the suggested observe
mechanisms are enormous. The ability to actuate unsteatisign framework, and its utilization as a means to feedback
shear layers (e.g., by synthetic jets, plasma actuatordddlEregulate shear layer dynamics.

& fuel control), to generate or suppress mixing, has been
demonstrated experimentally and in dynamical systems stud
ies. Most past flow control studies concentrated on passive &Shear layer flows are unstable and sensitive to periodic
open loop actuation. The introduction of feedback (see epgrturbations [23]-[25], a phenomenon known Kealvin-

the books & reviews [6]-[10]) is a relatively new undertakHelmholtz instability. The instability is manifest by the
ing, aiming at substantial performance improvements and, periodic release of vortices that convect and grow along the
some cases, as a critical enabler. shear layer, undergo a series of pairwise merging into targe

A major hurdle for the feasibility ofnodel-basedeedback and larger structures, and eventually dissipate into the flo
design forreal time implementation is the complexity of aPeriodic excitation of upstream perturbations at the @étur
distributed, highly sensitive, nonlinear system, and itstfi frequency is an effective means to enhance mixing [26] and it
principles model, the Navier-Stokes equations (NSE). @Fesitends to reduce aperiodic modulations, typical of the r@étur
oriented models are thus bound to focus on the dynamicsflafiv. This harmonization effects is desirous in its own right
a low order parametrization of some coherent structuresunder a mixing objective, as it reduces the attenuatingeffe
the flow. Common examples include very low order vortegf out-of-phase waveforms.

Il. THE SYSTEM AND DESIGN OBJECTIVES



be used to further harmonize vortex release, enhance shear
layer growth and increase its mixing effect. Locating verte
position can also be used in a control aiming to enhance or

x delay vortex merging by local actuation at a specific locatio
along the shear layer [12], [22], [27]. Here we shall only
discuss the dynamic estimation component. In that context
we postulate measurements of the stream-wise fluid velocity
at 24 points along the lingg = —15 (relative to Figure

20 1). Velocity sensors were selected due to the relative ease

. ) to incorporate them in the vortex model we use to test the

> Opw # § ’ ‘A ' » o suggested framework, but the proposed estimation frantewor

' is equally applicable to more practical alternatives, sash

-20 pressure gages, as is done in the experimental setup used in
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Fig. 1. Top: A schematic of the free shear layer with a flap d@otua

Bottom: Visualization of vorticity distribution. ?}ee‘s‘ream velocity hear lager  Tcireultion

oo

A. The free shear layer inflow

The two dimensional free shear layer is an idealization L
of systems such as the wake behind a thin airfoil, where
no boundary interactions occur past the inception of the ioudspeaker
shear layer. A schematic is depicted at the top of Figure “""
1, featuring the discrepancy between the incoming flow
velocities above and below a separating wall, and the growth
of the of the shear layer as it evolves, downstream. Both
Kelvin-Helmholtz vortices and vortex pairing are apparent
in the shear layer visualization at the bottom plot of Figure
1. The flow velocity along the shear layer is the average of
the two input velocities, and shear layer vortices convéct a
that velocity, creating a simple relation between the vorte
generation frequency and the spatial wave length (i.e., the
average distance between vortices in the near field). Aalatur
instability determines a peak sensitivity at a charadieris
frequency, but the flow is sensitive to disturbances at agang
of frequencies, a fact that is reflected by seemingly random

drifts in the upstream periodic behavior as well as apemimﬁ'g' 2. Flow field downstream of a backward-facing step: Togchematic

o f our experimental testbed. Bottom: A detailed 3D Large Editylulation
vortex pairing, further downstream. from [28]

For rapid prototyping and observer proof of concept we ,
use a moderate order simulation vortex model. Its main pa: 1he flow over a backward facing step
rameters are: Incoming flow velocities 0f = 1.5, Us = .5, Observer and feedback development for the backward fac-
hence a shear layer velocity 6%, = 0.5(U; + Us) = 1. The ing step benchmark are tested in an experimental setup which
initial vortex core radius, defining the characteristicgdn is schematically sketched in Fig. 2, along with simulation
is R =1 and the circulation production ratedss/dt = —1. based visualization of the flow. The flow detaches at the step
The Strouhal number (i.e., the natural instability frequen and reattaches downstream. The wake area of current interes
normalized by the characteristic length and periodyis= comprises a recirculation bubble bounded by a shear layer
fR/U = 0.05, leading to a frequency ab = 0.1, time and a reattachment zone. Sinusoidal zero net flow actuation
period " = 20 and spatial wave length = 20. Periodic through a slot at the corner is effected by a loudspeaker,
actuation at the instability frequency is represented by aflowing for slow modulation of actuation amplitude and
oscillating flap at the end of the separating wall (Figure phase. The reattachment point is determined in terms of the
top). The flap length is\ = 20 and the vertical oscillation (period) average location of the zero shear stress point on
stroke is0.05\. the wall. Kelvin-Helmholtz vortices evolve along the shear

Random perturbations and drift in the periodic behavidayer and become large enough to be apparent at about 2 step-
will be a challenge in observer design, where the objectiveights downstream. At Reynolds number of 4000 (calibrated
is the estimation of the center location of vortical struetu with respect to step height), the shear layer above the
from data obtained from an array of sensors. As will beecirculation and the reattachment zones typically cosesri
seen in the backward step benchmark, this information cdnvortical structures, where the downstream pair merges

coherent vortical
structure
reattachment zone

zone

newly developing

mean reattachment length x, boundary layer




to form a larger structure. Inasmuch as the number atfte control objective can be restated in terms of a desired
merging behavior of large shear layer vortices is concernedlation between the actuation phase and the phase of that
the 2D backward facing step is considerably simpler andhvelling wave, as determined from long term average of
more regimented then the free shear layer. Nonetheless, Key sinusoidally actuated flow. Experiments indicate a @has
features, such as asynchronous perturbations, including Ildifference of —65° between actuation signal and vortex
frequency modulation of vortex release and merging, arelease, rather than the theoretically predicte®.
typical in the natural flow. The following is worth stressing in closing, when viewing
Large vortical structures cause large-scale entrainmmaht ahis problem from a mainstream control theoretical perspec
mixing, a highly desirable effect, e.g. in combustors [15]ve. The emphasis on “small” and “slow” corrections, above
and in a related configuration, in aggressive diffusers.[29% judicious, indeed, critical: First, near field vortice® aot
The objective of actuation is therefore to excite fastemshediscernable, and vortex release can be detected only once
layer growth to enhance mixing. Reattachment in the natuthk vortex has convected and grown downstream. As in any
flow is at about 6 step-heights downstream, whereas tbther control system, the presence of measurement delay
increased stirring motion under open loop actuation, herestricts feasible closed loop bandwidth to time constants
using the subharmonic of the natural instability frequencthat are significantly longer than the convection time of 2-3
can bring it to about 4 step-heights. The actuation frequengeriods. Beyond this generic restriction, high bandwidid a

and amplitude will be denoted and A, respectively: high gain actuation can introduce flow structures that devia
d significantly from the postulated periodically dominatemhfl
a(t) = Asin(¢,), ﬁqba =w (1) Given the intrinsic complexity of a fluid flow system, it is

hard, if not altogether impossible to predict such dynamics
Previous studies of feedback control of this system at Tid any low order modeling framework, including the phasor
Berlin aimed to regulate the reattachment point, using theodels discussed iflll. In addressing fluid flow control,
actuation voltage amplitude as a command signal, and qhe very intent to design real time feedback based on a low
taining flow information from an array of (15) pressure gagefimensional dynamic representation thus restricts aotat
(microphones) on the floor of the reattachment zone [3@b adhere to the rather limited dynamic repertoire that such
[31]. Here the objective is to refine the control commang model can cover.
with flow phase actuation: Simulations of the sinusoidally
actuated flow reveal that under open loop actuation thelll. OBSERVER ANDFEEDBACK FOR THEBACKWARD
average actuation phaseds~ —90° at the release of a new FACING STEP FLOW
vortex. Since the flow responds to a destabilizing pertisbat  We begin observer design with the simpler of the two
by synchronizing its unstable mode with the actuation, thigsnchmarks, the backward facing step. One approach to shear
phase coincidence is viewed as optimal for shear growth, alagler observer design is to use a detailed flow model (e.g., a
the design objective set forth is to introduce slow cor@@i Lagrangian vortex model) and estimate vortex location as a
into the actuation, to compensate for occasional sponteneonlinear inverse problem, as in [27], [32]. Recognizing th
and disturbance driven drifts from this phase reldtiofhat potential fragility and sensor requirements of such sohs;
is, control design, in this note, concerns slow feedbacke very simple alternative considered here was previously
corrections to the phase dynamics, in (1). tested in the context of a rotating vortex pair [22]: The tem-
The flow phase is defined by the (nearly) periodic vortgorally and spatially periodic travelling waveforpi, (¢, x)
release at the step corner. A dynamic observer, estimatiggdeally represented by a fixed set of Fourier coefficients,
the flow phase, is a critical component in this schemer phasors The system model is then reduced to a slow
As mentioned above an array of microphones is alignefift in these phasors, driven by a disturbance. Extracting
in the stream-wise direction, on the step floor. The micrehe innovation signafrom a comparison of sensor readings
phones provide readings;(t) of the short time pressureprojection on the waveforms subspace and the predicted
fluctuationsp!, (¢t,x) (wherex = (x,y) is the location of waveform is an effective means for filtering pervasive high
a point in the 2D section in which the microphones argequency perturbations and random span-wise dynamics in
located). Pressure fluctuations at each point result fraen tthe flow (i.e., in the orthogonal direction to the crosscang!
low pressure associated with passing shear layer vorticesFigure 2).
Thus, the travelling wave formed by, (t,x) has a fixed  Following are specific steps in the suggested algorithm.
nominal phase relations to shear layer vortices flow amteprocessing of raw sensor data comprise of the following:
e Microphones capture pressure fluctuations and induce fre-
1We are content here with a heuristic justification of the emodesign quency dependent nonlinear phase shift and damping. These
benchmark study, which is rather to demonstrate the utilitydyfiamic effects are calibrated against ideal value@Q(t,xi), where
phasor estimation for phase corrections in nearly periodie dind actuation, x; is the " microphone location.
as detailed below. _I\/I_oreove_r, _Whi_le a rigorously fo_und otijeccould be o |n addition to the effect of passing shear Iayer vortices,
based, say, on adjoint optimization of a well defined cost tion¢ our . . .
pressure fluctuations are caused by external acoustia-distu

criterion is well grounded in basic tenets of fluid mechanéos] its validity ) A
in the current context will be demonstrated in experimentslilts. bances and are subject to drift. Both the effect of remote



sources and slow drift are characterized by relatively low Dynamic observers, estimating the values\cénd ¢, are
spatial frequency, hence similar impact on the (calibratedimple 1% order low pass filters, suppressing high frequency
readings of all sensors. That component is removed Misturbances. Implemented in discrete time these are of the
subtracting the calibrated value of one sensor reading frdorm

those of all the other sensors. ~ ~

. At = (1—=0)Xtr) +orn(t
e Due to vortex growth and shear-layer bending, pressure ~ EtkH; - El - U))(é k& )iAt( k)j) (i)
fluctuations increase in the downstream direction. The en- “* A+l = PRPwlk W) T PPm k1 G

velope varies as a function of changes in the reattachmg\mereo < 0, p << 1 are the filter coefficients and\t —

point, and is determined by a combination of an off-llnefk | — ty, is the time step.

long term computation in a preprocessing step, and low-pas n estimatep’, (t,x) of the distributed pressure fluctua-
real time correction. Sensor readings are normalized by tpg e

| litud di t an ideal singko ns can now be obtained by reversing the normalization
envelope amplitude, to create readings of an ideal sinakoi tep, usingR,, (or a low pass filtered version) and the

travelling wave. The normalized instantaneous value of t'%%timated)\ and 5 in (2). That estimate, however, is

‘th 0
v Sensor are denotegl . ) unnecessary. The practical aspect of the estimation is the
The normalized travelling waveform representation of thg, rection for drift ing, in the actuation:

sensor readings is ideally of the form e The actuation phase at the timg is determined by the

pr(t) = Rsin(¢,(t) — 2mx; /) estimated phase of the sensor signal signal wave form and
= Rsin(¢o(t) + g — 2ma;/N) (@) the designate@,..

where ¢, (t) is defined as the phase of the pressure fluctu- Paltr) = Pu(tr)+ P (6)

ation wave form,¢,(t) is the actuation phase, as in (B,  Experimental ResultsThe algorithm was implemented in
is the spatial period ang, stands for thephase difference tne testbed in Figure 2. Results are depicted in Figure 3. The
between the normalized travelling wave and the actuation. diot compares the period average of the reattachment point

particular, the nominal natural dynamics are determined By, normalized by the reattachment length of the natural

(1) and a postulated constaht flow, under open (red line) and closed loop actuation (marked
d d points at selecte@,). Three closed loop experiments were
Zlw=w,  A=0 (3) conducted with different selection of the low pass filter

) ) ) o of the wave form Fourier coefficients. The efficiency of
The instantaneous spatial Fourier coefficients of the Cofje sctuation can be increased by forcing > 0, thus
bined sensor readings are :

effectively increasing the frequency slightly. The reeers
a(t) = Rsin(¢y(t)) = Rcos(da(t) + ¢a) @ effect is achieved by enforcing, < 0.
B(t) = Rcos(pw(t)) = Rsin(q(t) + ¢a)
and our control objective is stated in terms of a target va el
ba« for ¢4, whetherg,, is assigned the ideal value ¢f, =
0 or otherwise. g e == LA
The need for feedback is due to the possibility (inde¢ = .2 = o < =~ < - <5 .
likelihood) for slow drift in bothR, A\ and¢4. For example, TS o
fluctuations inA (and R) will result from changes in the °7[ B 'mo-onoe?o:}
mean incoming flow velocity. Other causes include Ic ..l .

@, "1

frequency dynamics in both the span-wise and stream wisc
directions th?‘t are not r,nanleSt in low order models. Trﬁg. 3. Wind tunnel experiments with the backward facing sfiepv.
next processing steps aim to extract measurements, f  comparison of the period average of the reattachment pointnormalized
and ¢4 from sensor data: by the reattachment length of the natural flow. The effect aérofpop

. . - actuation (red line) is compared to closed loop actuationa danction
° The Instantaneous measuremqlsgtst) are prqject(_ed (usmg of the selectedp; (marked points). Three closed loop experiments were
straightforward least mean square approximation) on tBenducted with different selection of the low pass filter loé vave form
spatial harmonic modms(%x) andsin(%m), for an array Fouri)e[)g;efﬁﬁient:s; _(Btlre]ick s:que;res: fast C?Ldaptatiotn \st_itimen;onséa;:tpof

_ J_. g . . 7 = 0.05T, whereT is the actuation period, magenta diamongds: 0.27,

of V\_’ave len.gthSAJ’ ,t‘? Obtalr_] associated first .harmomcasteriskzr = 0.57"). ¢4 > 0 increases¢p, < 0 decreased the efficiency of
spatial Fourier coefficient pairéa;(t), 3;(t)). Using the the actuation compared to open loop. The tracking capabilitiie observer
subscript #n” to indicate the value selected as the measur%diﬁﬁorates at Vedrydhigh and erf)f’fJO_Z"Vz, respectively. This puts a limit to
quantity, the instantaneous measured wave lefgthand °°" '"¢'€ase and decrease of efliciency.
the associated measuréd,(t), 5;(¢)) are those for which

the measuredamplitude R,, = /a2, + 32, is the largest IV. A FREE SHEAR LAYER OBSERVER

amongR; = |/a? + (7. The measuredoscillation phase is  Here we highlight features added to the previous case,
Om(t) = L(am(t), Bm(t)). to address the presence of asynchronous vortex merging.



The sampled trajectory of velocity measurements is denotisd evaluated over the intervalr;(tx) — 0.5\, Z;(tx) +
u, (t) = (um(t, (25, —15));, and the observer estimates th@®.5)]. If this expansion attains a minimum oves; (¢x) —

x-coordinates of shear layer vortices. 0.25), Z;(tx)+0.25)], it will be used as a measured position
The Near Field Shear Layef0 < x < 4\): Vortices do in updates, as above.

not merge and maintain the time frequengyspatial wave  — If no local minimum is found, no velocity
length A, and convection velocity of/. update is appliedw;(tx+1) = u;(ty) and z;(tg41) =

e The [0, 4\] component ofu,, forms a single harmonic z;(tx) + U; (tg+1) - Ot

travelling wave. Its spatio-temporal Fourier coefficieate

ideally constants. Dynamic corrections are obtained by tkégure 4 depicts two generic snapshots of the vorticityrdist
low pass filtered deviation between the coefficients of tHaution in the flow and dynamic estimates of the locations of
projected instantaneous wave form and previous estimateattical structures. The figure illustrates both near fidides
The used filter time constant (667 7T'. layer vortex tracking and a reasonable ability to continue
e Stream-wise velocity below the shear layer is negativiacking vortices as they aggregate into larger structures
Local minima indicate passing vortices. Measured locatio®ome local estimation distortions are due to the effect of
of local minima are easily extracted from the reconstructesriations in the vertical vortex positions on the measured
single (first) harmonic wave form. velocity. These variations are not accounted for in the Bmp

e As a vortex estimate reaches= 4), it is handed over to model used here, illustrating the potential advantages of
the downstream observer and a new upstream vortex locatiooluding more details, such as using a Biot-Savart egnatio
is estimated at: = 0. in the context of aggregated vortices, as a forward model in
The Downstream Shear Layét\ < x < 14)\): Estimation a dynamic inverse problem solution.

of individual \./ortex'locations becomgs local and the con- V. CONCLUDING REMARKS
vection velocity varies between vortices due to the effect ) o

of paired vortices and varying distances between them. The* proposed simple observer structure, estimating vortex

dynamic estimates for each vortex therefore inclunteththe 0Cations along a shear layer from an array of velocity or
position 7, and convection velocityi;, initiated at4\ and Pressure sensors is based on a phenomenological dynamic

U., respectively. Measured corrections, as described beldWasor model for the travelling waveform of sensors’ read-

are low pass filtered with a long time constant ings. The dynamic estimate provides phase information that

« A vortex pair is merged and the estimator for one of the tv\[f)nables harmonic corrections in a periodic actuation §igna

is removed once their estimated horizontal distance rexud® Order to manipulate - and increase - shear layer growth,
below a tolerance; — 2 — 0.1\, with beneficial effects on mixing. The observer is illustct

e We distinguish between several cases, relating to t b?lth 3|mulat|otr)1$ ind %Iofseq loop contrczjl gxpenrgen}sffor
position and convection velocity of th&"* vortex: the flow over a backward facing step, and In an ideal free

— If the i 4 1% vortex is a merged (double) vortex, itsShear layer simulations.

effect on sensor readings is typically larger than that ef th 20
it" vortex, excluding the search for- and use of the locatiol
of a local minimum in the measured fluid velocity below :
the i*" vortex. Thei 4+ 1% vortex has an accelerating effect M . '
on thei*" vortex. A very simple way to correct for that =
effect is as follows: At the time;.,, the sensor readings ;
over the interval(z;(tx), Z;(tx) + 2\] are projected over 0 50
the 1°¢ spatial subharmonic. The located minimum of this 20
waveform indicates a point;;; of maximal effect of the
merged vortex. This position is used as a low pass filtere I b
Yae M4

update for the next positiorz;(ty1) = (1 — ) Zi(ty) + > Opesr'® W
vZiv1 + ui(tx) - At, with the corresponding update on the
convection velocity. A long filter time constant 8f" was - e R A FE iR L bk
used. . . . 0 50 100 150 200
— Else, the second harmonic expansion of sensor sign:
1S evaluateq over the mter\_/dlfi(tk). o 0.25, ajj(t’f) + Fig. 4. Snapshots of the vorticity distribution and vorticdructures
0.25)]. If this expansion attains a minimum oVE¥;(t;) —  tracking in the free shear layer. Dark spots indicate higtiicity. Vertical
0.125), @(tk) + 0.125)\}, that minimum will be used as alines are estimates of vortex location and blue dots alprg —15 indicate

" - . - _velocity sensors. Estimates downstream of the last sensanpttated and
new measured position, and low pass filtered (with a tmi entually abandoned. Thus, no estimate is provided forategibns of the

constant of0.87") to update bothZ;(tx+1) and @;(tx+1). two downstream-most structures.
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