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Interaction of Vortex Breakdown with an Oscillating Fin
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The interaction of vortex breakdown with an oscillating � n was investigated by � ow visualization and velocity
measurements to understand the effects of aeroelastic de� ections on � n buffeting. For frequencies lower than a
cutoff frequency, the response of vortex breakdown location is quasi periodic, and the amplitude of the variations
of breakdown location decreases with increasing frequency. For frequencies higher than the cutoff frequency,
vortex breakdown does not respond to the � n oscillations. These observations suggest that the dynamic response
of breakdown location to an oscillating � n is similar to that of a low-pass � lter. For different locations of the � n
with respect to the vortex, similar amplitude responses were found. This result can be used in the design of � ns to
prevent a feedback effect and coupling between the vortex breakdown and � n structure. A theoretical explanation
of the experimental observations based on the wave propagation characteristics of the vortex � ows is presented.

Nomenclature
AR = amplitude ratio
a = radius of Rankine vortex
b = semispan at trailing edge of delta wing
Cg = group velocity
c = chord length, phase speed
f = frequency
fe = � n oscillation (excitation) frequency
k = axial wave number
n = azimuthal wave number
Re = Reynolds number
r = radial distance from vortex axis
S = power spectral density
s = local semispan
t = time
U1 = freestream velocity
V = swirl velocity
W = axial velocity
x = chordwise distance from wing apex
xbd = streamwise distance of breakdown location

from the apex of the wing
Nxbd = time-averaged breakdown location
x 0

bd = � uctuations of breakdown location
.x 0

bd/rms = rms value of breakdown location
y = spanwise distance from wing root
y f = spanwise location of the � n
z = distance above wing surface
® = angle of attack
1t = sampling time interval
1x = streamwise distance from the time-averaged

breakdown location
µ = azimuthal angle
3 = sweep angle
¿ = time constant
Á = � n angle
Ä = angular velocity of Rankine vortex
! = radial frequency
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Introduction

A TYPICAL � ghter aircraftperformsmaneuversat high angleof
attack. Separated vortical � ows originating from delta wings,

leading-edgeextensions,and forebodies interactwith � ns and tails.
Experimentalevidencesuggests that severalunsteady� ow phenom-
ena may excite� ns dependingon angleof attack.1 Vortexbreakdown
phenomenon is the most important source of � n buffeting, causing
large structural vibrations and severe fatigue damage. The interac-
tion of vortexbreakdownwith a � n is a complicatedprocessaffected
by 1) the time-averaged breakdown location, which is determined
by the pressure gradient set by the � n; 2) helical mode instability of
the � ow downstream of breakdown2; 3) quasi-periodicoscillations
of breakdown location3; 4) distortion of incident vortex and vortex
splitting4¡7; 5) unsteady � ow separation from the leading edge of
the � n7; 6) possiblecouplingbetween the � ow separationand vortex
breakdown(with a feedbackeffect)1;8; and 7) aeroelasticde� ections
of the � n. Different aspects of � n buffeting have been previously
investigatedin above referencesand other studies.9¡13 However, the
effect of aeroelastic de� ections of the � n has not been investigated
before.

An important aspect of the interaction of vortex breakdown with
a � n is a possible feedback effect of the � n on the vortex break-
down location. Patel and Hancock8 suggested a possible coupling
between the � ow separation over a rigid surface and vortex break-
down. This suggestion was investigated by studying the unsteady
nature of breakdownlocation.1 The time history of breakdownloca-
tion obtained from � ow visualizationrevealedcertain dominant fre-
quencies that are not observed for nonimpinging � ows. Therefore,
this may be an indicationof a feedbackeffect on vortex breakdown.
The physical mechanism of the feedback effect, if any, is not clear.
One possible explanationis related to the wave propagationcharac-
teristics of the vortices. The disturbances generated at the leading
edgeof the � n may propagateupstreamin the subcritical� ow down-
stream of vortex breakdown. If the waves can propagate upstream
throughthe vortexcore, the � ow is called subcritical.This de� nition
is based on the time-averaged� ow in columnar vortices.According
to Leibovich,14 the measured � ows downstream of breakdown are
subcritical.

In case of aeroelastic de� ections of the � n, there may be similar
feedbackeffect on vortex breakdown.It is well known that unsteady
loads due to vortex breakdown excite the natural frequencies of the
aircraft � n structure.Disturbancesdue to aeroelasticeffects (surface
de� ections) may propagate upstream, resulting in large oscillations
of breakdown location. In turn, these oscillations of vortex break-
down location may excite the � n and, hence, set up a limit-cycle
oscillation due to the coupling between the vortex dynamics and
the � n structure. The feedback effect of � n oscillations was not
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considered by previous investigators, although the sensitive nature
of vortex breakdown to small changes and the subcritical nature of
the � ow downstream of breakdown are well known.

The objective of this work is to study the effect of � n de� ections
on vortexbreakdownwith a simple experimentalmodel.Aeroelastic
de� ections of the � n in the � rst bending mode will be simulated by
forced oscillationsof a rigid � n about a hinge because this mode of
buffetingis themost dangerous.The mainparameteris the frequency
of the � n oscillations with a � xed amplitude.

Experimental Setup
Flow visualization and laser Doppler velocimetry (LDV) mea-

surements were carried out over a delta wing. The experiments
were performed in a water channel with a cross-sectional area of
61 £ 61 cm. The turbulence level in the channel was 0.6%. To sim-
ulate aeroelastic de� ections of the � n in the � rst bending mode,
forced oscillations of a rigid � n about a hinge were used (Fig. 1).
The delta wing model had a sweep angle of 3 D 75 deg and a chord
length of c D 203 mm. The lee surface was � at, whereas the leading
edges were beveled at 45 deg on the windward side. The thickness
of the delta wing was 12.7 mm. The Reynolds number based on the
chord length was around Re D 4:1 £ 104 . The main dimensions of
the � n are given in Fig. 1. The thickness of the � n was 5 mm. The
leading edge of the � n was double beveled at an angle of 30 deg.
The � n was attached to the delta wing by the mounting block near
the trailing edge of the wing.

Fig. 1a Overview of delta wing-oscillating � n system.

Fig. 1b Oscillating � n mechanism.

The de� ection of the � n was achieved by pulling a bicycle brake
cable, which was attached to the � n as shown in Fig. 1b. The � n
was de� ected out by pulling the cable, and the springs assured the
� n motion in the opposite direction when the tension on the cable
was released. The sheath of the cable was � xed to the mounting
block. The other end of the cable was attached to the linkage of a
crank arm mechanism(which was adapted from an existingpitching
mechanism). A variable-speeddc motor and a speed controllerwere
used to drive the mechanism. A displacement transducer was used
to monitor the variation of the � n de� ection angle. The maximum
� n de� ection angle was 10 deg.

Flow visualizationof vortexbreakdownwas performedby inject-
ing � uid with food coloring dye near the apex of the model. The
motion of vortex breakdown location was recorded by a video sys-
tem, which consisted of a video cassette recorder (at 30 frames/s
resolution), a frame counter/window inserter, and a charge-coupled
device camera with a zoom lens. The videotape recording of the
motion was analyzed frame by frame. Computerized image pro-
cessing techniques were not successful in attempts to detect vortex
breakdown location. Consequently, the chordwise position of the
breakdown location was determined directly by measuring the dis-
tance from the apex to the breakdown location on a video monitor
screen. The breakdown was of the spiral type most of the time, as
generallyobservedover deltawings.The locationof breakdownwas
taken as the location where the streakline marking the core makes
an abrupt kink to form a spiral. De� ned as the point of the kink,
the spiral-type breakdown was easy to determine. The uncertainty
in breakdown location depends on the uncertainty in locating the
breakdown, the reading uncertainty of scale on video images, and
the magni� cation of the lens. The overall uncertainty in breakdown
locationwas estimated to be 0.004c. The time history of breakdown
location is obtained for a total length of time record from 100c/U1
to 300c/U1 and with a sampling frequency of 3 frames/s (corre-
sponding to a time resolution of 0.333c/U1 ).

The velocity was measured with a single-component LDV sys-
tem operating in the back scatteringmode. It consisted of a 10-mW
HeNe laser, a Bragg cell for frequency shift, an integrated laser
optics package, and a � ber optic cable. A correlation signal proces-
sor was used to analyze the data. The measurementvolumesize was
about0.08mm in diameterand0.65mm in length.The measurement
uncertaintyfor the mean velocity was estimated as 1%. The compo-
nent of � ow velocity parallel to the wing surface was measured at
several points by traversing across the vortex core in the spanwise
direction. Because the LDV system has the capability of measur-
ing a single component of velocity, the swirl velocity component
was measured separately by rotating the optical probe (therefore,
measuring the velocity componentnormal to the wing surface). The
component of � ow velocity parallel to the wing surface was also
measured in a crossplane.

Fig. 2 Time-averaged breakdown location for no � n de� ection.
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Fig. 3 Constant contours of the time-averaged streamwise velocity,
x/c = 1:0.

Results
The angle of attack was � xed at ® D 20 deg throughoutthe study.

Although vortex breakdown is not observed over the wing in the
absence of the � n, it may move over the wing depending on the � n
location y f (see Fig. 1). The time-averaged breakdown location is
shownforno � n de� ection(Á D 0 deg) in Fig. 2. In Fig. 2, the leading
edge of the � n on the wing surface and the cross section of the � n
with the vortex axis are shown with respect to the vortex breakdown
location. The time-averaged breakdown location is very sensitive
to the location of the � n due to the external pressure gradient set
by the � n. Hall15 showed that small external pressure gradients can
be ampli� ed along the core of the vortices, leading to a stagnation
point. Thus, the large sensitivity of the vortex breakdown location
to a streamwise pressure gradient along the exterior of the vortex
is very much expected. It is also known that this pressure gradient
is set not only by the � n geometry, but also by the � ow separation
region that may form over the � n.7

Note that the breakdownlocation is never steady and � uctuates in
the streamwise direction.The rms value of these � uctuationsvaried
between 1 and 2% of the wing chord length, depending on the � n
location. It was around 0.01c when the time-averaged breakdown
locationwas near or downstreamof the � n, for example, y f =s D 0:3
and 0.8. When the time-averaged breakdown location was well up-
streamof the � n, suchas y f =s D 0:6, the rms valueof the � uctuations
of breakdown location was around 0.02c.

The component of � ow velocity parallel to the wing surface was
measured in the crossplane at the trailing edge, x=c D 1:0, for sev-
eral cases. The constant contours of the time-averaged velocity are
shown in Fig. 3 for y f =s D 0:2, 0.3, 0.6, and 0.8. For y f =s D 0:2,
the time-averagedbreakdownlocation is downstreamof the trailing
edge; therefore,a jet-like axial velocity is observedin the core of the
vortex.For y f =s D 0:3, the time-averagedbreakdownlocationis just
at the trailing edge. Because of the � uctuations of breakdown loca-
tion in the streamwise direction, both jetlike and wakelike velocity
distributionsexist intermittently in the measurementplane and tend
to cancel each other. Because of this, the time-averaged velocity
distributiondoes not reveal the core of the leading-edgevortex. For
y f =s D 0:6, the time-averagedbreakdownlocation is well upstream
of the � n and the measurement plane. The � n appears to split the
wake of the vortex breakdown. According to the measurements16

at x=c D 0:5 (upstream of breakdown location), the leading-edge
vortex is located at y=s D 0:62. Hence, the case of y f =s D 0:6 repre-
sents a direct impingement of the breakdown wake on the � n. Note
also, for this case, there is a large separated region between the � n
and the leading edge of the wing. As mentioned before, this sepa-
rated region may be important in determining the location of vortex
breakdown. For y f =s D 0:8, the time-averaged breakdown location
is just upstream of the measurement plane. The core of the vortex
is revealed by the wakelike velocity distribution. The breakdown
wake seems to be displaced inboard due to the existence of the � n.
Again, the � ow separation between the � n and the leading edge of

Fig. 4 Variation of time-averaged breakdown location for Á = 0 deg
(� lled symbols) and Á = §§ 10 deg (vertical bars).
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Fig. 5 Time histories of breakdown location for different � n oscillation frequencies for a) yf /s = 0:2, b) yf /s = 0:3, and c) yf /s = 0:8.

the wing is evident. In summary, the � ow pattern around the � n
may be very complex depending on the � n location, as illustrated
in these examples. However, it will be shown later that the dynamic
response of vortex breakdown location to the oscillationsof the � n
is very similar for all � n locations.

In Fig. 4, the time-averaged breakdown locations for Á D 0 deg
and for Á D §10 deg (as a verticalbar) are shown to demonstrate the
effect of the static de� ections.When the breakdown location is well
upstream of the � n, it is not sensitive to the static de� ections of the
� n (see also Fig. 2). However, when the breakdown location is near
or downstream of the � n, it is very sensitive to the static de� ections
of the � n. One concludes that, when the breakdown location is well
upstream, the relative change in the external pressure gradient due
to the � n de� ection does not have much effect on breakdown. This
is because a large pressure gradient has already induced premature
breakdown.

Based on the results presented in Fig. 4, it was decided to study
the effect of dynamic � n oscillations in detail for speci� c cases. Fin
locations of y f =s D 0:2, 0.3, and 0.8 were chosen as representative
of the cases of large sensitivityof breakdownlocation.On the other
hand, the case of y f =s D 0:6 was chosen as representativeof small
sensitivity of breakdown location. For all cases, the amplitude of
the � n oscillations was held constant at 10 deg (Á D §10 deg), and
the excitation frequency fe was varied. In Fig. 5, the time history of
breakdown location is shown for different � n oscillation frequen-
cies for y f =s D 0:2, 0.3, and 0.8. For y f =s D 0:2, it is seen that the
amplitude of the � uctuations of breakdown location is very large
for fec=U1 D 0:025 and 0.05. However, for larger frequencies, the
variations of the breakdown location are much smaller. Similar ob-
servationscan be made for y f =s D 0:3 and 0.8. For fec=U1 D 0:025
and 0.05, the periodic response of breakdown location with large
amplitude is common. The variationof breakdown location is more
or less locked to the � n motion. For fec=U1 D 0:10, it is still pos-
sible to observe the quasi-periodic nature of breakdown location,
althoughtheamplitudeis smaller.For fec=U1 D 0:40,vortexbreak-
downdoes not respondmuch to � n oscillations.These resultsclearly
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Fig. 6 Spectra of breakdown location for different � n oscillation frequencies for a) yf /s = 0:2, b) yf /s = 0:3, and c) yf /s = 0:8.

show that the effect of the � n oscillationson vortex breakdownmay
be important, depending on the frequency of the oscillations.

The effect of the excitation frequency can also be seen from the
spectraof breakdownlocationshown in Fig. 6. In each spectrum, the
excitationor forcingfrequencyis shown with an arrow. For frequen-
cies of fec=U1 D 0:025, 0.05, and 0.1, a large spectral amplitude is
observed at the excitation frequency. The peak spectral amplitude
decreaseswith increasingexcitationfrequency.For fec=U1 D 0:40,
the spectral amplitude at the forcing frequency is very small. These
results suggest that the response of breakdown location to an oscil-
lating � n is similar to the effect of a low-pass � lter. These observa-
tions were common regardless of the location of the � n. This may
be very important for � n buffeting problems. For example, if the
cutoff frequency is known, lower frequencies may be avoided by
proper design of the � n.

As discussed earlier, the case of y f =s D 0:6 was very different
because of almost no sensitivity of breakdown location to the static
de� ections of the � n. In Fig. 7, the time history of breakdown lo-
cation is shown for several � n oscillation frequencies. The overall
amplitude of the � uctuations does not change much. The rms value
of the � uctuations is around 0.02c. Nevertheless, in certain cases,
such as fec=U1 D 0:1, a quasi-periodicbehavior is observed in the
time history of breakdown location. In fact, the spectra shown in
Fig. 8 reveal that, at low frequencies, there is a spectral peak at
the excitation frequency. However, for fec=U1 D 0:40 and 1.0, the
spectral amplitude at the excitation frequencyvanishes, while some
low-frequencycomponentsare observed.Again, one concludesthat
the response is like a low-pass � lter because the vortex breakdown
does not respond to high-frequencyoscillations.Hence, with regard
to the effect of excitation frequency, the response of breakdown
in this case .y f =s D 0:6/ is similar to the other cases (y f =s D 0:2,
0.3, and 0.8) where the breakdown location is much more
sensitive.

For the cases of y f =s D 0:2, 0.3, and 0.8, the rms value of the
� uctuations strongly depends on the excitation frequency. This is
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Fig. 7 Time histories of breakdown location for different � n oscillation
frequencies for yf /s = 0:6.

evident from the time histories shown in Fig. 5. Whereas the largest
rms value is close to 0.06c, it decreases very quickly to the levels
observed for no oscillations (about 0.01c) as the frequency is in-
creased. Obviously, the largest rms value dependson the sensitivity
of breakdown location in the case of static � n de� ection. There-
fore, the amplitude ratio was de� ned as the ratio of the rms value
of the � uctuations of breakdown location to its quasi-steadycoun-
terpart. The latter was calculated from the data shown in Fig. 4,
assuming that the time variation of breakdown location is a har-
monic function, and therefore the rms value in the quasi-steady
case is 0.707A, where 2A is the peak-to-peak variation (corre-
sponding to Á D §10 deg). The amplitude ratio as a function of
dimensionless frequency is shown in Fig. 9 for y f =s D 0:2, 0.3, and
0.8. It is seen that the amplitude ratio decreaseswith increasing fre-
quency,and the amplitudeattenuationis similar to that of a low-pass
� lter.

Note that this type of frequency response is observed for the
amplitudeof the variationsof breakdown location in other unsteady
� ows regardless of the type of unsteady motion. For example, for
pitchingmotionof deltawings, the amplitudeof breakdownlocation
decreases with forcing frequency. This effect appears in the form
of a � attening of the hysteresis loops with increasing frequency.
This together with other observationsof vortex breakdown location
(such as phase lag) suggest that the response of breakdown location
is similar to that of a � rst-order system. With this idealization, the
time constant was estimated from the time history of breakdown
location in response to a given unsteady wing/surface motion.17;18

The normalized time constant ¿U1=c is on the order of unity. By
curve � tting to a large database (taken from many studies published
in the literature), Greenwell and Wood18 obtained ¿U1=c D 1:67.
The amplitude ratio (AR) for a � rst-order system can be written
as

AR D 1=
p

1 C .!¿ /2 (1)

Fig. 8 Spectra of breakdown location for different � n oscillation fre-
quencies for yf /s = 0:6.

or

AR D 1

¿s

1 C
³

2¼ f c

U1

¿U1

c

´2

(2)

Using ¿U1=c D 1:67, one obtains

AR D 1=
p

1 C .10:49 f c=U1/2 (3)

which is plotted in Fig. 9. Note that this curve represents a curve � t
to the data with large scatter. It is seen from Fig. 9 that the amplitude
attenuationfor pitchingwings reasonablyagrees with the results for
the oscillating � n. This suggests that the decrease of the amplitude
with frequencyis due to a common,universalmechanism,regardless
of the unsteady motion. A proposed mechanism will be presented
in the next section.

Discussion
As suggested in the Introduction, the wave propagation charac-

teristics of the � ow may offer an explanation of the experimental
results.It is well known thatwaves may propagateupstreamthrough
the vortex core with a certain phase speed.14 If the disturbances are
in the form of exp[i.kx ¡ !t ¡ nµ/], the phase speed of a wave is
c D !=k. Benjamin19 considered the propagation of axisymmetric
n D 0 waves on a columnar vortex in the long-wave limit, k ! 0. If
the phase speed is negative, the time-averaged � ow is subcritical,
and the disturbances can propagate upstream. Otherwise, the � ow
is called supercritical.According to the calculationsfor experimen-
tally measured pro� les, the � ows upstream of breakdown location,
which have jetlike axial velocity pro� les, are supercritical.14 The
measured � ows downstream of breakdown location, which have



444 GURSUL AND XIE

Fig. 9 Variation of the AR as a function of forcing frequency.

Fig.10 Parameter space for several vortex models, showingthe regions
of subcritical and supercritical � ow and data from previous work and
present investigation.

wakelike axial velocity pro� les, are subcritical. Leibovich14 calcu-
lated the regionsof subcriticaland supercritical� owfor the Q vortex
whose velocity pro� les may be given by

W .r/ D W1 C .Wmin ¡ W1/ exp.¡r 2/

V .r/ D 1:57Vmax.1=r/[1 ¡ exp.¡r 2/] (4)

As shown in Fig. 10, whether the � ow is subcritical or supercritical
dependson the ratiosWmin=W1 and Vmax=W1. It is alsoseen that the
experimentallymeasured pro� les20 in a vortex tube are subcritical.
In Fig. 10, two other curves indicatingthe regionsof subcriticaland
supercritical � ow are shown. Leonard21 calculated the phase speed
for a Rankine vortex with parabolic jetlike axial velocity pro� le.
After a simple Galilean transformation,the phase speed of upstream
propagatingwaves, in the limit of zero wave number, can be found.22

To have a subcritical � ow, the phase speed c should be negative,
c < 0. This condition provides the region of subcritical � ow as a

functionof Wmin=W1 and Vmax=W1 , as shown in Fig. 10. Lundgren
and Ashurst23 calculated the phase speed for a Rankine vortex with
uniform (slug) axial � ow. After a simple Galilean transformation,
the phase speed of upstream propagatingwaves can be found.22 The
conditionof c < 0 is shown in Fig. 10. The three curves showing the
regions of subcritical and supercritical � ows are not very different,
suggesting only a weak dependence on the details of the swirl and
axial pro� les.

Also shown in Fig. 10 are the values of Wmin=W1 and Vmax=W1
from the measured velocity pro� les downstream of breakdown lo-
cation in this investigation for y f =s D 0:3 and 0.6. The data point
with the smallest Wmin=W1 is for 1x=c D 0:15 (where 1x repre-
sents the distance from the time-averaged breakdown location) and
y f =s D 0:6. The other threedata pointsare for1x=c D 0:15,0.2, and
0.3 in increasing order of Wmin=W1 for y f =s D 0:3. The axial and
swirl velocity pro� les are given in Ref. 22 in detail. For distances
1x=c ¸ 0:15, a wakelike velocity is observed (with positive veloc-
ity everywhere), whereas reversed � ow is evident for 1x=c D 0:10.
The data presented in Fig. 10 do not includedata from pro� les with
reversed axial velocity. The asymmetries, particularly in the swirl
velocity component, are common due to the existence of the � n.
To take the asymmetry into account, average values were used in
Fig. 10. Note that, in all cases, the � ow is subcritical. Also, the
vortices formed over delta wings are weaker compared to those
generated in vortex-tube experiments.

Leibovich14 pointsout that theabilityof disturbancesto propagate
upstream is determined by the group velocity Cg D @!=@k, not the
phase velocity. However, he shows that, because Cg ! c as k ! 0
� ows that are subcriticalbased on a phase velocity criterionare also
subcriticalbasedon the groupvelocitycriterion.The regionsof sub-
criticaland supercritical� ows shown in Fig. 10 are valid in the limit
of k ! 0. For an oscillating� n, the wave propagationcharacteristics
of the � ow as a functionof forcingfrequencyare important.Tsai and
Widnall24 applieda linearwavepropagationanalysisto obtainthedi-
spersion relation ! D !.k/ and the group velocityCg D @!=@k for
the velocitypro� les measuredby Garg and Leibovich20downstream
of vortex breakdown (also shown in Fig. 10). Results from sample
calculations for three selected pro� les designated A, B, and C are
shown in Fig. 11. The velocity ratios (Wmin=W1 , Vmax=W1 ) are
(0.03, 0.67), (0.18, 0.71), and (0.28, 0.67) for A, B, and C, respec-
tively. In Fig. 11, the normalizedgroup velocityCg=W1 is shown as
a function of wave number k. At low wave numbers, the � ow is al-
ways subcritical.With increasingwave number k, the magnitude of
the group velocitydecreases to near zero, and the � ow may even be-
come supercritical.In all examplespresentedby Tsai and Widnall,24

this trend is observed. This means that the ability of disturbances
to propagate upstream decreases with increasing wave number (or
frequency). This qualitatively explains our observations of the re-
sponse of breakdown location as the forcing frequency is varied.
However, a direct application of these calculations to our problem
is notpossiblebecausethe resultsare speci� c to thevelocitypro� les.

Fig. 11 Normalized group velocity as a function of wave number.
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Fig. 12 Normalized group velocity as a function of !/2X .

The effect of forcing frequencyon the wave propagation charac-
teristicsof the � ow can also be seen from a simple vortex model. We
consider a cylindrical vortex with the Rankine velocity distribution

V .r/ D Är for r · a; V .r/ D Äa2=r for r ¸ a

(5)

and no axial velocity.The exact dispersionequationwas determined
by Kelvin (for example, see Maxworthy25) for axisymmetric distur-
bances as

1

¯a

J 0
0.¯a/

J0.¯a/
D ¡ 1

ka

K 0
0.ka/

K0.ka/
(6)

where ¯2 D k2[4Ä2 ¡ !2]=!2 and J0 and K0 are Bessel functions.
The relation ! D !.k/ was found numerically, and the group veloc-
ity was calculated as Cg D @!=@k. The normalized group velocity
Cg=2Äa is shown as a functionof !=2Ä in Fig. 12. For comparison,
the dispersion relation in the long-wave limit (k ! 0) is given by

! D C0k[1 C 0:1729.ka/2 .ka=2/ C O.k2a2/] (7)

where C0 D ¡0:416 (2Äa); hence, Cg0 D ¡0:416 (2Äa) as k ! 0.
The numerical solution of the dispersion relation provided
Cg0 D ¡0:418 (2Äa). It is seen from Fig. 12 that the magnitude
of the group velocity decreases very rapidly with increasing fre-
quency.The disturbanceswith frequencieslarger than !=2Ä »D 0:26
will not propagate upstream according to this simple model. This
is similar to our experimental � ndings regarding the response of
breakdown location. Between f c=U1 D 0:1 and 0.4, the response
diminishesvery quickly. In fact, a quantitativeestimate of the cutoff
frequency can be made by estimating Ä from the measured veloc-
ity pro� les. Using the data given in Ref. 22, one can calculate Ä
as Vmax=a, where Vmax is the maximum swirl velocity and a is the
radial distance at which Vmax is observed. The calculated values
varied from Ä D 7U1=c to 10U1=c. Also, comparisonswere made
with the velocity measurements26¡29 made downstream of break-
down location in the absence of a � n. Estimates of Ä from these
results varied between 7U1=c and 14U1=c. If an average value of
Ä D 10U1=c is used, the theoretical cutoff frequency can be es-
timated from !=2Ä D 0:26, which provides ! D 5:2 U1=c. Using
! D 2¼ f , one obtains f c=U1 D 0:83. Because the experimental
cutoff frequency is around f c=U1 D 0:40, it is concluded that this
rough estimate, which is valid for a very simpli� ed vortex model,
provides a reasonable order of magnitude estimate for the cutoff
frequency.

Conclusions
The effect of aeroelasticde� ections of a � n on vortex breakdown

phenomenonwas investigatedin a water tunnel. Aeroelastic de� ec-
tions of the � n in the � rst bending mode were simulated by forced
oscillations of a rigid � n. The frequency of the � n oscillations was
varied, and the interaction of vortex breakdown with the oscillating
� n was investigated by � ow visualizationand LDV measurements.

Experimentswere conductedfor a leading-edgevortex generated
by a 3 D 75 deg sweep delta wing at an angle of attack ® D 20 deg.
Although vortex breakdown is not observed over the wing in the
absence of the � n, it may move over the wing depending on the
� n location y f . The time-averaged breakdown location for no � n
oscillationsas well as the sensitivityof breakdown location to static
� n de� ections strongly depend on the � n location. For � n oscilla-
tions, time histories and spectra show the quasi-periodic response
of breakdown location for low frequencies. The amplitude of the
variations of breakdown location becomes smaller with increasing
frequency.At high frequencies,vortex breakdown does not respond
to � n oscillations. For frequencies higher than a cutoff frequency
(around f c=U1 ¼ 0:40), the spectra reveal that the spectral peak
at the forcing frequencyvanishes. Both the frequency response and
the amplitude attenuation suggest that the response of breakdown
location to an oscillating � n is similar to that of a low-pass � lter.
This result may be very important for � n buffeting problems. For
example, because the cutoff frequency is known, lower natural fre-
quencies may be avoided by proper design of the � n. The results
were similar regardless of the location of the � n. It was also sug-
gested that the dynamic response of vortex breakdown location is
similar in other unsteady � ows regardless of the type of unsteady
motion. In particular, it was shown that the amplitude response is
very similar for pitching delta wings and oscillating � ns. This sug-
gests that there exists a common, universal mechanism regardless
of the unsteady motion. A proposed mechanism based on the wave
propagation characteristics of the vortex � ows was presented. It is
based on the concept of subcritical � ow that exists downstream of
breakdownlocation.Disturbancesdue to � n de� ections may propa-
gateupstream,and thegroupvelocityof thedisturbancesdependson
the axial wave number. It was shown that the ability of disturbances
to propagate upstream decreases with increasing wave number (or
frequency). A simple model predicts that the disturbanceswith fre-
quencieshigherthana cutofffrequencywill notpropagateupstream,
which agrees very well with the experimental observations.
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