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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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with each other and quickly develop instabilities, decreasing the
downstream distance to merger from 70 to only 10 spans. Another
means is to generate oppositely signed vortices that have unequal
strengths, resulting in a vortex wake that can decay by means other
than the Crow instability.1 Corsiglia and Dunham9 present numeri-
cal results from a vortex � lament code10 in which unequal-strength,
oppositely signed � ap vortices develop a sinusoidal instability that
quickly grows to a � nite size. Recently, Quackenbush et al.11¡13

have numerically explored a concept called vortex leveraging for
alleviating the sailplane wake of a submarine. By periodically in-
troducingcontrolvorticesby meansof shapememoryalloys,the � ap
vortices from the sailplane are spatially perturbed, causing them to
interact with the oppositely signed tip vortices at downstream dis-
tances of 20–30 spans.Experimentalveri� cation,however,does not
seem to be available at the present time.

To test these two concepts, a series of � ow visualization experi-
ments were conducted. This Note presents the results of these tests
and describes a class of instabilities that is seen both within an un-
equal strength, counter-rotatingvortex pair and between the vortex
pairs on either side of a wing. We observe that a trailing vortex
wake that has undergone this instability exhibits the formation of
three-dimensionalstructures much sooner than the wake following
the growth of the classical Crow instability.1

II. Experimental Setup
Two wings (Fig. 1) are employed for these experiments:a rectan-

gular wing (Fig. 1a) that serves as the control wing, which provides
a reference against which the other wing is compared, and a wing
that has triangular tip � aps (Fig. 1b). The wings are made of curved
sheet metal of thickness 3.2 mm and both have a span b D 40 cm,
chord c D 6:7 cm, and camber radius R D 17 cm. The triangular
� ap extensions have widths of d D 0:25b. The leading and trailing
edges are tapered and rounded to minimize � ow separation. The
experimentsare performed at the University of California at Berke-
ley Richmond Field Station towing tank facility.The tank measures
2.4 m wide by 70 m long and has a nominalwater depthof 1.5 m. For
this particular series of tests, an aluminum carriage is towed behind
a motorized one, allowing a better top-view of the vortices from
the instant they formed. The wings are attached to the aluminum
carriage by a streamlined, stainless steel strut, which places them
approximately 0.5 m beneath the water surface. Recent particle im-
age velocimetry (PIV) measurements7 demonstrated that strut had
minimal in� uence on the formation and ensuing dynamics of the
wake vortices.

Flow visualization is performed by applying a mixture of � uo-
rescent sodium salt (Sigma Chemical Company, Number F-6377)
and corn syrup to the upper surface of the wings at the � aps and
wing tips in 2.5-cm-wide strips (Fig. 1). To increase the amount of
time that this dye mixture lasts in the water, it is simmered over a
heat source so that the majority of the water content is removed,
giving it the consistency of hardened caramel. The dye is washed
into the boundary layer on the top surface of the wing. The dyed
� uid meets the � uid from the lower surface boundary layer to form

a) Rectangular planform

b) Triangular � aps

Fig. 1 Wing planforms.

the three-dimensionalvortex sheet in the wake of the wing. Because
the molecular diffusivity of water is much smaller than its momen-
tum diffusivity, the dye remains as a partial marker of the vortex
sheet, which rapidly rolls up into vortices. The dye is not a com-
plete marker of the sheet because the wing is partially painted with
it. Hence, we argue that in the rolled up wake, all of the dye marks
vorticity, but not all vorticity is marked by the dye. At larger down-
stream distances, only coherent structures that correlate well with
themselves both spatially and temporally are discussed. Therefore,
if a large dispersal of dye is observed in the wake, no attempt is
made to relate this to a large dispersal of vorticity.

The test section, located about halfway down the length of the
tank, is illuminated by passing a 10-W continuouswave laser beam
through a spherical lens. The light cone thus generated allows for
volumetric visualization of the � ow� eld. A video camera is posi-
tioned about a meter upstream of the test section and views the
wings and trailing vortices through the water surface. The surface
waves generated by the strut cause some image distortion, but this
does not have any signi� cant effectson the � ow observations.Addi-
tional � ow visualizationimages are obtainedby viewing the trailing
vortices through the side windows of the test section.

For each run, the wing is towed at a velocity U D 1:6 m/s
(Rec D Uc=º D 1:07 £ 105, where º is the kinematic viscosity of
water) and at an angle of attack ® D 2:0 deg. Because of the dif-
ferent planform areas of the wings, the circulation strengths of the
resultingwakes vary somewhat between the wings, thoughtheir val-
ues are of the same order of magnitude. Because the purposeof this
study is to investigate the qualitative features of the wakes, these
slight differencesshould not present a problem. The carriagebegins
its motion 20 m upstream of the test section and continues until it
reaches the end of the tank. Typically, 20 min are allowed to pass
between runs, allowing the water in the tank to become quiescent.
A total of seven � ow visualization tests are performed: two with
the rectangularwing having no � aps and � ve with the wing having
triangular � aps.

a) Rectangular planform b) Triangular � aps

Fig. 2 Video sequences with wing in view in the � rst frame (z/b = 0) of
each column.
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III. Observations
Sequences of � ow visualization images from video tape record-

ings are shown in Fig. 2 for both wings. The columns correspondto
images from the rectangular wing and the triangular-�apped wing.
The rows correspondto thedifferentdownstreamdistancesz=b from
the wings. The z=b D 0 frames show the wings just as they pass
through the center of the test section. The streamwise ripples vis-
ible at z=b D 0 are the optical distortions due to the surface waves
generated by the strut.

The � rst column in Fig. 2 shows the counter-rotatingvortex pair
in the wake of the rectangular wing. This sequence of images is
taken as the basis for comparison with the outboard-�apped wing
experiments discussed later. Consistent with earlier studies in this

Fig. 3 Instability mode-detail: photographs and outlines of dye concentrations; D z/b indicates the relative separation in each frame.

facility7;8 using the rectangular wing, the vortices shed from it in-
dicate no signs of a long-wave instability during the observations.
The vortices simply descend quietly until they proceed below the
illuminated portion of the test section (z=b D 150, not shown). Ob-
servations of the rectangular wing’s wake at much later times do
show initial signs of the long-wave Crow instability.1 However, by
this time, the wing has stoppedand the vortexpair is nearingthe tank
� oor. The behavior of the pair, therefore, is not investigatedfurther.

The vortex wake of the wing with triangular � aps is shown in the
second column of Fig. 2. The tip vortices have the same senses of
rotation as those for the rectangular wing, whereas each of the � ap
vorticeshave a sense of rotation that is opposite to that of the nearby
tip vortices. Thus, two counter-rotatingvortex pairs are generated.
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An estimate of the vortex strength ratios can be made by observing
the paths of the vortices in a pair. The vortex pair rotates around its
vorticity centroid in the reference frame of the descending wake.
The initial separation of the pair and the location of their common
centroiduniquelydetermine the ratio of their strengths.Because the
midportion of the wing produces lift, the � ap and tip vortices are
of unequal strength, resulting in a circulation ratio j0� ap=0tipj < 1,
where 0� ap; tip are the vortex circulations.

The � ow� eld from the triangular-�apped wing is markedly dif-
ferent than that of the rectangular wing. After forming, the oppo-
sitely signed � ap and tip vortices begin their interactionby orbiting
around their common vorticity centroid, which lies outboard of the
wing tips. The pair essentially clears the geometricwake, the down-
stream region through which the wing has previously traveled. At
approximately 20 spans, the weaker � ap vortices, which have now
moved outboard, develop a sinusoidal instability in the wake of the
triangular-�apped wing. The wavelength of this stationary instabil-
ity is about one span or four times the initial separation distance of
the � ap and tip vortices. As the amplitude of the instability grows,
the � ow becomes nonlinear, and the periodic portions of the � ap
vortices closest to the tip vortices are advected inboard and rapidly
wind around the tip vortices (z=b D 27).

IV. Details of the Instability Mode
To better illustrate the instability development and the subse-

quent nonlinear vortex interactions, Fig. 3 shows closeup images
in the wake of the triangular-�apped wing. The images in the left
columnare taken from a video sequencethat is recordedat a slightly
different angle than those in Fig. 2. Note that the downstream lo-
cations of the frames are labeled as 1z=b and not z=b. The right
column was drawn following the observationsof the dye streaks of
the starboard pair in those sequences. In a manner similar to the
precedingdiscussion,the � ap and tip vorticesorbit outwardly about
theirvorticitycentroid.By the time the pair has rotatedabout¼ rad, a
long-wavelength,sinusoidal instability develops on the weaker � ap
vortices.The long-wave instability,which is a cooperativemode, al-
ters the nature of the vortices and quickly becomes the central event
in the wake (Figs. 3b–3e). As the instability progresses, the peaks
on the � ap vorticesbecome tightly wrapped around the tip vortices,
forming Ä-shapedhoops (Fig. 3d). The shape of the vortex pair just
before the formation of these hoops is similar to that in Fig. 13 of
Kleinet al.14 The spiral feet of thesehoopsadvectthemselvestoward
one other, causing the hoops to form closed vortex rings (Fig. 3e).
These rings are then hurledtoward the oppositeside of the wake. It is
clear that this long-wave instability (lw) is a member of a more gen-
eral class of modes for arbitrarystrengthvortices.When the vortices
are of the same sign, the vortex pair is linearly stable.15 However,
when the vortices are of opposite sign, the instability grows rapidly,
as is evident in these � ow visualization images.

V. Growth Rate of the Instability Mode
We estimate the growth rate of the instability shown in Fig. 2

to compare it with the growth rates of other instabilities that exist
between a single pair and multiple pairs of trailing vortices. When
the image of the wing at z=b D 0 is used as a reference length,
the amplitude of the instability at z=b D 23, at which time the � ap
vortex has orbited about ¼ rad about the tip, is found to be ap-
proximately 6 cm. The amplitudes of the initial disturbanceson the
trailing vortices are taken to be on the order of the boundary-layer
thickness at the trailing edge of the � ap. As conservative esti-
mate, if we approximate the � ow over the wing by that of a tur-
bulent boundary layer over a � at plate, the boundary-layer thick-
ness is 0:37 ¢ x ¢ .U x=º/¡1=5 D 0:35 cm, where x D 1:58c D 10:6 cm
(Schlichting).16 With this information,the growth rate ® of the insta-
bility can be found from the expression y D y0e®t , where y D 6 cm
is the perturbation amplitude at 23 spans, y0 is the initial ampli-
tude, and t D .23 spans/ £ .40 cm/span/=.160 cm/s/. Solving this
expression for ® yields a growth rate of 0.5 s¡1 .

To compare the growth rate of this instability with that of the
Crow1 instability, it is necessary to calculate the characteristic
timescale¿d D 2¼d2= 0tip of a single vortex pair. By performing this
exercise,as doneby Bristol,17 it is possibleto comparethe instability

Table 1 Instability growth rates

0 f = 0t °d °¯ Source

0 0.8 —— Crow1

C0.5 —— 1.5 Crouch6

¡0.2 1 25 Present experiments

growth rate with the rate of strain, 0tip=2¼d2 , from the neighboring
tip vortex.To estimate0tip , the rootcirculationabout the wing is � rst
estimated as 00 D 250 cm2/s from preliminary PIV measurements
in the wake of the wing with triangular � aps. Next, we utilize the
equation for the distance x between the � ap vortex and the vorticity
centroid of the vortex pair. This can be found from the expression
xc D 1

2 .¯ ¡ b/ C d D d0tip= 00 , where ¯ is the distance between the
vorticitycentroidson eitherhalf of the wing. Computing the average
distance between the tip vortices from z=b D 0 to 23 demonstrates
that ¯ is about equal to 45 cm. Substituting the values of ¯, 00 , and
d into the expression for x shows that 0tip D 313 cm2/s, giving a
characteristic timescale of 2.0 s and a dimensionless growth rate of
°d D 2:0 s ¢ 0:5 s¡1 D 1:0. When scaled in this manner, the estimated
growth rate of this instability is on the order of that predicted by
Crow1 for two equal-strength,oppositely signed vortices.

From an aircraft design point of view, the dimensionless growth
rate can also be compared to that of a wing with multiple vor-
tices. For this purpose,we de� ne another characteristictimescale as
that by Crouch,6 which is ¿¯ D 2¼¯2= 00 D 51 s. With this scaling,
the dimensionless growth rate of the counter-rotating pair is °¯ D
51 s ¢ 0:5 s¡1 D 25. The instability growth rate of a wake with mul-
tiple corotatingpairs is taken to be 1.5 (Ref. 6), the value for the A2

mode (see Fig. 3a of Ref. 6 with ± D 0:3 and 0� ap= 0tip D 0:5). These
valuesof ± and0� ap= 0tip give a ratio ofd=b D 0:25, allowinga rough
comparison to be made with the triangular-�apped wing used in this
study. Note that the growth rate of the instability in Fig. 2 is about
17 times greater than that of the A2 mode given by Crouch.6 The
growth rate data are summarized in Table 1. PIV measurements are
being conducted to provide a more quantitative assessment of the
wakes of these wings.18

VI. Summary
A rapidly growing instabilitymode is observedbetween unequal,

oppositely signed vortices in the wakes of wings. Having a wave-
lengthof aboutonewingspan,this instabilitydevelopson theweaker
� ap vortices at approximately20 spansdownstreamof the wing. All
that is necessary to excite this instability is to place two unequal,
oppositely signed vortices close to one another, where they can in-
teract strongly.The rapid growth of the instability and the exchange
of vorticity across the wing centerline suggest that this instability
might be utilized as a means of controlling the vortex wake and,
perhaps, reducing the wake hazard.
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Nomenclature
C pb = base pressure coef� cient, .pb ¡ ps /=0:5½u2

f = vortex shedding frequency
H = boundary-layershape factor, ±¤=µ
h = trailing-edge thickness
pb = base pressure
ps = static pressure at traverse position
Srh = Strouhal number, f h=u
u = freestream velocity
± = boundary-layerthickness based on 99.5%

of freestream velocity
±¤ = boundary-layerdisplacement thickness
µ = boundary-layermomentum thickness
½ = density

Introduction

V ORTEX shedding in the wake of bluff bodies is an impor-
tant � ow phenomenon. At subsonic and transonic speeds, it

has long been recognized that the wake behind an isolated two-
dimensional section with a blunt trailing edge may break into a
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vortex street. The direct result of this is an increase in drag, mainly
as a result of reducedbasepressure.1¡3 Several investigatorshave re-
portedon the factorsaffecting the base drag and vortex shedding,4¡7

that is, base geometry, base bleed, state of the boundary layer at the
trailing edge, etc. The objective of present study was to experimen-
tally investigatethe in� uence of the thicknessof turbulentboundary
layers upstream of trailing edge on the base pressure and vortex
shedding frequency and for a given boundary-layerstate (turbulent
in this case) to determine the predominantparameters that affect the
base drag and vortex shedding frequency. Further, unlike previous
investigations,1¡7 where the change in the boundary-layer charac-
teristics (thickness and/or state) has been brought about mainly as
a result of change in Reynolds number and/or Mach number, in the
present work the Reynolds number and Mach number were kept
constant and the change in the boundary-layer thickness has been
brought about by introducing roughness elements.

Experimental Setup and Procedures
The experimentswere conductedat zero pressure gradient and at

two speeds.The low-speedexperiments (nominal freestreamveloc-
ity of 23 m/s) were performed in a closed-circuit wind tunnel with
a 1:0 £ 0:77 m rectangular section of length 2.30 m. The model
(Fig. 1) consisted of a � at plate, 0.05 m thick, 0.77 m wide, and
1.0 m long with an elliptical leading edge and a square cut trail-
ing edge. The nominal freestream Reynolds number based on the
model’s chord length was 1:7 £ 106. To change the thickness of
the boundary layer before the separation point, wires with different
diameterswere placed symmetrically at the end of the leading-edge
curvatureon both sides of the model. In total three wires with diam-
eters of 1.62, 2.4, and 3.4 mm were used. The high-speed tests were
conducted in a transonic wind tunnel with slotted walls. The tun-
nel has a working section of 8:9 £ 16:5 cm. The tests were carried
out at a freestream Mach number of 0.68. The freestream Reynolds
number based on the chord of the model was about 2:15 £ 106 . The
model used in high-speedtests was essentiallysimilar in designwith
that of the low-speed test and had an elliptic leading edge followed
by a straight rectangularsection,as shown in Fig. 1. The high-speed
experiments were carried out for only two boundary-layer thick-
nesses (with and without roughness element).

Measurement of the boundary-layerpro� les was made at a point
upstream of the trailing edge (see Tables 1 and 2), where the sur-
face static pressure on the model begins to decrease as the blunt
trailing edge is approached. The total pressure across the boundary
layer was measured using � at-ended pitot probes. The static pres-
sure acrossthe boundarylayerwas assumed to be constantand equal
to the pressure recorded by the surface pressure tap. The physical
boundary-layerthickness was de� ned as the distance perpendicular
to the model surface where the velocitywas approximately0.995 of
the local freestream velocity. Tables 1 and 2 give the details of the
boundary-layer parameters determined from the experimental sur-
veys of the boundary layer. No correctionswere made to accountfor
the displacementeffectsof the pitot tube.Temperaturecompensated
piezoresistive pressure sensors (Scanivalve digital sensor arrays,
Model DSA 3017) were used for pressure measurements.The low-
pressuremodel (pressurerange§2:5 kPa)hadanaccuracyof§0:3%
and the high-pressure model (pressure range ¡100–690 kPa) had
an accuracy of §0:08%. The measurement of the vortex shedding
frequency was carried out by placing a hot-wire probe behind the
trailing edge of the model. The locationof the probe tip was slightly
above the model surface(this positionwas slightlydifferentfor each
test case to get the best periodic signals, but was within the 10% of
the baseheight) at a distanceof approximatelyhalfof the baseheight
behind the trailing and in the center-span plane of the models. The

Fig. 1 Schematic pro� le of experimental model; low-speed model:
a = 10, b = 90, and h = 5; high-speed model: a = 2:5, b = 10, and h = 1
(dimensions are in centimeters).


