
748 AIAA JOURNAL, VOL. 39, NO. 4: TECHNICAL NOTES

IV. Summary
A new con� guration of vortex generatorhas been proposed.This

vortex generator, referred to as vane-type tab, can freely rotate
around the jet axis. The effects of rotation on � ow and acous-
tic � elds, as well as thrust penalty, were investigated. A higher
jet-spreading rate for the decay of the centerline velocity can be
achieved compared with the corresponding stationary vanes. The
jet plume cross section maintains an axisymmetric shape for the
rotatingcase, whereas it is often nonaxisymmetricfor the stationary
case, depending on the number of vanes and their azimuthal loca-
tions. The rotation does not increase the noise level, and it does not
impose larger thrust penalty either, compared with the stationary
case. The vanes can reduce the overall SPL by as much as 10 dB in
both cases, whereas the thrust penalty is about 1.5–2% per vane.
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Introduction

M ANY wake � ows exhibit self-excited � ow oscillations that
are sustained by the � ow itself and are not caused by ampli-

� cation of external noise. The archetypal example of a self-excited
wake � ow is the unsteady � ow past a circular cylinder. This � ow
exhibits self-sustained periodic vortex shedding above a critical
Reynolds number. Suppression of vortex shedding, by � ow con-
trol, is desirable to mitigate � ow-induced structural vibrations and
reduce drag and aerodynamicnoise. However, controllingany � uid
� ow� eld is a dif� cult task—the governingNavier–Stokes equations
are nonlinearandhave in� nite degreesof freedom.The controlprob-
lem is further complicated by the fact that � uid � ows often evolve
spatially and incorporate inherent time delays between control ac-
tuation and response. In this Note control is taken to mean complete
suppression of � ow oscillations.

In an actualcylinderwake the � ow is threedimensional.However,
it is reasonableto assert thatcontrolof the idealizedtwo-dimensional
wake must be demonstratedbefore associatedthree-dimensionalin-
stabilities are addressed. (Vortex shedding at start up is always two
dimensional.1;2) This Note only considers feedback stabilizationof
the idealized two-dimensionalcylinder wake and is only applicable
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to the very low-Reynolds-numberrange .<190/ where the wake is
two-dimensional, and also for cylinders of short span. Roussopou-
los and Monkewitz3 showed that two-dimensional models of vor-
tex shedding with single sensor feedback are only appropriate for
short spans .<30D/ such that the span between the feedbacksensor
and either end is less than a critical length; otherwise, shedding is
reestablishedat other spanwise locations as a result of end effects.

The appropriate control strategy for any � uid � ow depends on
the nature of the � uid � ow instability. In the low-Reynolds-number
� ow past a two-dimensionalcircular cylinder, the mean � ow veloc-
ity pro� les in the near wake are absolutely unstable, and this entire
region acts as a “wavemaker” for the vortex street.4 Absolutely un-
stable � ows are intrinsically unstable and demonstrate self-excited
oscillations even when all sources of noise are removed. These ab-
solutely unstable � ows present dif� culties for � ow control as they
are relatively insensitive to external forcing and often interact with
the control in a nonlinear fashion.1

Because the � ow is inherentlyunstable, the enhancementof vor-
tex shedding using a single sensor-actuator feedback loop is rela-
tively straightforward.However, the suppressionof vortex shedding
by active control is much more dif� cult. As the Reynolds number is
increased, the region of absolute instability in the near wake grows,
and more and more global modes can become unstable. Although
the von Kármán mode is the � rst global mode to become unstable,
a wake � ow can possess multiple global modes. Control of the � ow
requires attenuation of all of these global modes.2

Complete suppression of vortex shedding is feasible using a sin-
gle sensor at slightly supercriticalReynolds numbers (Re < 60 from
tunnelexperimentsofRef. 5 orRe < 80 in a numericalexperimentof
Ref. 6). Farther beyond the critical value, however, the forcing am-
plitude necessaryto control the most unstablemode merely destabi-
lizes the next most unstablemode.2;5 Oscillationscan be suppressed
at the sensor location but are, in general, exacerbated elsewhere.5

Single-sensor linear feedback control is not an appropriate control
strategy for the two-dimensional circular cylinder wake.

Wake Model
A numerical model of the circular cylinder wake with control

feedback was required to investigate various alternative control
strategies.An appropriate � ow model is the one-dimensional,com-
plex Ginzburg–Landau (G–L) equation,2;7 which contains all of the
stability features of the two-dimensionalcylinder wake pertinent to
control.2;7 This wakemodelhasbeenusedfrequentlyin the literature
for wake control studies and has been shown to allow semiqualita-
tive predictionsof the wake with feedback.2 Signi� cantly, the G–L
model demonstrates the ineffectiveness of single-sensor feedback
in controlling the wake past a critical Reynolds number7: like the
cylinder wake it has many unstable global modes. The G–L model
is, however, relatively straightforward to integrate numerically and
allows rapid prototyping of control strategies.

The wake model chosen for the study was of the following form7:
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where A.x; t/ is the complex amplitude and U , cd , cn , and ¹.x/
are real. With � xed advection speed U and � xed parameter cd the
stability of the G–L wake is de� ned by the growth rate parame-
ter ¹.x/ D ¹0 C ¹0x , where ¹0 is similar to a Reynolds number
based on the cylinder diameter.7 For ¹0 < 0 the stability features of
this prototype wake are similar to the stability features of a two-
dimensional cylinder wake. Like a low-Reynolds-number cylinder
wake, the G–L wake is absolutely unstable near the origin [ where
¹.x/ > U 2=4.1 C c2

d/], convectively unstable further downstream
[ where 0 < ¹.x/ <U 2=4.1 C c2

d /], and ultimately stable far down-
stream. Like the cylinder wake, the G–L model becomes globally
unstable and oscillates with a coherent frequency when the region
of absolute instability reaches a critical size.

The G–L model was solved numerically on a domain with
0 < x < 120 using 1000 grid points with boundary conditions
A.0; t/ D 0 (which simulates the cylinder body) and A.120; t/ D 0.
The local growth rate ¹.x/ varies linearly in the streamwise direc-
tion such that the � ow becomes stable far downstream. For all of
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the values of ¹0 considered, the � ow is stable at x D 120, and all
wake oscillations have decayed to zero by this point. The bound-
ary condition at x D 120 therefore did not affect the behavior of the
solution.

Fixed parameters were U D 5; ¹0 D ¡0:0434; cd D 1; cn D 0 to
allow comparison with earlier wake control studies.7 The advec-
tive part of the model was solved using a weighted average � ux
method, which resulted in minimum numerical dissipation. This
method calculates the intercell � ux at each cell interface, at each
half time step, by spatially averaging the states generated by solv-
ing the Reimann problem.8 Diffusive and source terms were given
timesteps approximately 10% of the advective solution, which was
chosen to have a Courant number of 0.9. Explicit integration was
used for all terms except the diffusive part, for which an implicit
scheme was used. To check the grid dependency of the solution,
additional runs were made with 250, 500, 2000, and 4000 grid
points; the results of the 1000, 2000, and 4000 grid point solutions
were indistinguishable. To validate the present analysis, compar-
isons were made with existing results of Ref. 7. The present analy-
sis demonstrated the same phenomena as earlier studies, exhibiting
self-excited oscillations above ¹crit D 3:43, and matched the the-
oretically predicted frequency7; the model oscillated at a coherent
frequencyof! D 3:0881 [ lyingwellwithin the rangeof thepredicted
frequency7 of ! ¼U 2=4.1 C c2

d / C O.¹0/ ¼ 3:125 C O.¡0:0434/].
The mode shape and maximum amplitude also matched thoseof the
earlier study.7

Sensing and Actuation of the Wake Model
Previous studies have shown that multiple, distributed feedback

sensor control holds more promise for alleviating vortex shed-
ding wake oscillations than single-sensor feedback control.2;3 Ex-
perimentation with sensor locations, together with experimental
evidence,5 showed that successful control could only be achieved
(even at low Reynolds numbers or values of ¹0) when the feedback
sensors were placed within the absolutely unstable region of the
near wake.

For initial single-sensor feedback studies a localized actuation
of g±.x ¡ x f /A.xs; t/ was added to the right-hand side of the G–L
equation. The coordinate x f is the actuator location, taken to be
x f D 0, which models, crudely, actuation of the body in a fashion
similar to that of Park et al.7 and Roussopoulos and Monkewitz.3

The feedback gain g is complex. This gain is multiplied by the
wake signal at the sensor location xs . ± is the spatial delta function.
Althoughit is dif� cult to relate this perturbationof the G–L wake di-
rectly to a physical control actuation of a cylinder wake, this simple
actuation has been shown6;7 to produce behaviors of the G–L wake
similar to the cylinder wake in response to asymmetric suction and
blowing at the separationpointsand also transversecylinderoscilla-
tions or acoustic forcing.3 Schumm et al.1 have shown that injection
of circulation into the cylinder wake is a common mechanism for
control of the wake and that the wake response is similar for each of
these different actuation methods. Experimental actuators generate
a complexdisturbanceof the cylindernear wake; however, the much
simpler delta function perturbationof the G–L wake produces a re-
sponse qualitatively similar to the forced cylinder � ow.3 Schumm
et al.1 also pointed out that promotion of subcritical oscillations
was a desired ability of any proposed � ow control actuator: it was
veri� ed that the proposed actuation of the G–L wake succeeded in
promoting subcritical oscillations.

For dual-sensorcontrol studies the form of the gain and feedback
signal was slightly modi� ed, and this is described later.

Single-Sensor Proportional Feedback
Control of the wake by using a single sensor and proportional

feedback gain was investigated and the results compared to similar
studies of the G–L wake2 and of the low-Reynolds-numbercircular
cylinder wake.

The gains were selectedby trial and error (as in Ref. 3): there was
no a priori method for selectingproportionalgains for the nonlinear
G–L wake. (Roussopoulos and Monkewitz3 found that gains deter-
mined from linear stability were signi� cantly different from those

required by the nonlinear G–L model.) Small controller gains were
required, as larger gains merely destabilizedthe � ow, sometimes by
destabilizing other global modes of the wake. For actual � uid � ow
control applications small gains are also required to avoid driving
the � ow into a higher dimensional state (turbulence for example).

Single-sensor,linear feedbackcontrol is only able to suppress the
wake oscillations just above criticality; for the model in this study,
single-sensorfeedbackfailsat¹1 · 3:62or¼5%above¹crit . Further
away from criticality, the single-sensorfeedback may suppress one
global mode, but it destabilizesanother: this compares qualitatively
with experimental results of Ref. 5 and numerical, Navier–Stokes,
results of Ref. 6.

Dual-Sensor Control Strategy
It was conjectured that the original single-sensor control could

be augmented by superimposing a small feedback signal from an-
other sensor downstream of the � rst. The control actuation was
[ g1 A.xs1; t/ C g2 A.xs2; t/]±.x ¡ x f /. The arrangementwas applied
to a control run at ¹0 D ¹1 or 5% above criticality(just past the level
where single-sensor control fails) and a control run at ¹0 D 3:85
or 12:5% above criticality (far past the level where single-sensor
control would fail). For both of these control runs, the upstream
sensor was xs1 D 4:80, and the downstream sensor was xs2 D 9:36.
(These positions were chosen by trial and error; some combi-
nations of positions offered no improvement over single-sensor
control.)

The wake oscillation magnitude at the absolute–convective sta-
bility boundary for the control run at ¹1 is shown in Fig. 1. The best
upstream sensor control gain was g1 D 0:05, and the downstream
sensor gain was g2 D ¡0:00005 j . These gains were again chosen
by trial and error. The dual-sensor control rapidly achieves com-
plete stabilization of the wake (the wake oscillations decay almost
exponentiallyto a value<10¡4 before t D 65), whereas the wake os-
cillationsfor control using only the single upstreamsensor maintain
a constant amplitude of 1:052 after t D 175.

Sample results much farther from criticality are shown in Fig. 2,
showing the real part of the wake oscillations at two locations in
the wake: an upstream sensor at x D 9:6 and a downstream sensor
at x D 16:8. (The downstream sensor is located at the absolute–

convective stability boundary.) Both signals are seen to decay dur-
ing the control, but there is a signi� cant delay between decay of
oscillations upstream and downstream. The control actuation was
provided by gain g1 D 0:05 and gain g2 D ¡0:00006¡ 0:0005 j .

Completecontrolof the supercriticalwakeabove¹1 was achieved
with this modi� ed control strategy. This represents a signi� cant
improvement over previous wake control strategies, which fail at
¹1. Spatiallydistributedsensingincreasesthe controllablerange for
the wake, perhaps by increasing the observability of higher global
modes.

The downstream sensor control gains, which achieve this stabi-
lization, are explored in Fig. 3. With a � xed upstream sensor gain

Fig. 1 Comparison of wake magnitudeat absolute/convective stability
boundaryfor single-sensoranddual-sensorcontrol at 5% abovecritical.
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Fig. 2 Two-sensor feedback control at 12.5% above critical.

Fig. 3 Asymptotic wake magnitude for varying second sensor gain
(12.5% above critical).

of 0.05, the � gure shows which combinations of gain g2 result in
wake stabilization(correspondingto the zero asymptoticoscillation
amplitude). This “window” of gains is quite small and shrinks with
increasing¹0. On either side of the gain window, there are plateaus:
the left corresponding to oscillations in the original mode; the right
to oscillations in another mode, destabilized by the control.

The dual-sensor control was found to be successful up to
¹2 D 3:876 or 13% abovecriticality (comparedto single sensorcon-
trol, which fails at 5% above critical) even for a range of different
sensor locations. It was conjectured that an increased number of
distributed sensors might be able to extend this controllable range.

The feedback sensors employed in this study were at different
streamwiselocations,as this studyis a preliminaryinvestigationinto
stabilizationof the two-dimensionalcylinderwake. It is likely,how-
ever, that in a real wake, end effects will induce three-dimensional
instabilities such that sensors placed at one spanwise location will
fail to suppress vortex shedding at all spanwise locations.3 For an
actual wake sensors may need to be distributed in both spanwise
and streamwise locations in the near wake.

Conclusions
Distributed sensing of the near wake of the globally unstable

Ginzburg–Landau equation increases the controllable range of the
wake. This was demonstrated by control of the wake further from
criticality (13%) than possiblebefore. This is a signi� cant improve-
ment in wake control, over single-sensorfeedback schemes. It may
be inferred that multiple, spatially distributed control schemes will
increase the Reynolds number at which feedback control can sta-
bilize the vortex sheddingoscillationsof the low-Reynolds-number
cylinder wake.

There are large delays in the responses measured by the dis-
tributed sensors in the wake. Predictive controllers, rather than pro-

portional feedback, may be a more appropriate strategy for future
wake control strategies.
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I. Introduction

F OLLOWING Crow’s1 analytical study of the long-wave in-
stability for a counter-rotating vortex pair, numerous wake-

alleviationconceptshavebeen tested in an effort to hasten this insta-
bilitymechanism.2¡5 The hypothesiswas that if this instabilitycould
be externallyforcedto grow, the linkingof oppositelysigned tip vor-
tices would form Crow rings, hence, changing the two-dimensional
nature of the wake into a three-dimensional one. The resulting in-
coherent wake would have an accelerated destruction, causing it to
pose less of a threat to following aircraft. However, one drawback
of the Crow instability is its slow growth rate. Typically, it requires
a few hundred wingspans to develop,making it a less attractivecan-
didate for rapid wake attenuation.The primary reason for this slow
growth rate is that the equal-strength,oppositelysigned vortices are
too widely spaced for this cooperative instability to occur rapidly.
To circumvent this impediment and increase the growth rate, it is
necessary to redesign the trailing vortex wake.

One means of accomplishing this is to construct a vortex wake
that contains multiple vortex pairs, each of which has vortices that
are located close to one another. This allows the vortices to de-
velop cooperative instabilities and interact strongly in a timescale
much shorter than that for a single, widely spaced pair.6 Recent
towing tank experiments7;8 have demonstrated this in the merger
process of like-signed vortex pairs. By the mere reduction of the
spacing between the � ap and tip vortices from one-third of a span
to one-sixth of a span, the vortices could interact more strongly
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