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Introduction

T HE impingement of a broken-downvortex on a tail is part of a
larger framework of vortex-body interactions, as reviewed by

Rockwell.1 The buffeting of the tail of an F-series aircraft is well
known and has been investigated from a variety of perspectives
in recent years. This interaction may be associated with several
forms of unsteadiness:nonperiodicdisplacementsof the entire vor-
tex core,2 a helical-mode instability of the broken-down vortex,3;4

and streamwise � uctuations of the region of vortex breakdown.5 A
varietyof qualitative� ow visualizations,usuallyin conjunctionwith
unsteady loadingcharacteristicsof the tail, have been pursued in re-
cent years. Fewer studies, however, have quantitatively addressed
the major features of the � ow. Beutner et al.6 determined the rms
variationsof � uctuatingquantities of the � ow� eld, and Canbazoglu
et al.7;8 provide instantaneous and averaged representationsof the
� ow structure. Related numerical investigations include the works
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ofRizk and Gee,9 Gee et al.,10 Kandil et al.,11 and Rizzetta.12 Certain
features of the vortex breakdown–tail interaction can be simulated
experimentally by vortex encounter with a � at plate having a zero
sweep angle,as shown by Wolfe et al.13 and Mayori and Rockwell.14

The correspondingcomputationsby Gordnier and Visbal15 fully ac-
counted for the instantaneous and time-averaged � ow structure, in
three-dimensionalform.

Particularly relevant to the present investigationare the works of
Washburnet al.16 andCanbazogluet al.8 Bothof these investigations
detected not only a primary (incident) vortex along the tail, but
also a secondary (counter) vortex that was generally attributable to
some type of vortex generation in the leading region of the tail;
the physics of the onset of the secondary vortex, however, were
not addressed. Although certain aspects of the � uctuating vorticity
� eld were preliminarily characterized by Canbazoglu et al.,8 the
� uctuating velocity � elds, which are essential for characterizing
the origin of buffet loading of the tail, have not been addressed.
Furthermore, the physical origin of these velocity � uctuations is
intimately related to the Reynolds stress, which also has not been
provided.

The aim of this investigationis to address these unclari� ed issues
and to interpret them physically using a technique of high-image-
density particle image velocimetry.

Experimental System and Techniques
Experiments were performed in a large-scale water channel to

allow effective imaging of the � ow structure.The water channelhad
a test section that was 5000 mm long, 927 mm wide, and 610 mm
deep. The water level was maintained at an elevation of 559 mm.
The delta wing–tail system was mountedupside down within a false
wall unit to optimize the imagingof the � ow structure.The spanwise
width between falsewalls was 510 mm, and the lengthof thesewalls
was 590 mm.

The dimensionsof the delta wing and tail are illustrated in Fig. 1.
The wing had a chord C of 342 mm and a thickness-to-chord
ratio tw=C D 0:028. The sweep angle of the wing was 3 D 75 deg.
The effective sweep angle of the center of the leading-edge vor-
tex was ¸L D 79 deg. For all experiments, the angle of attack of
the wing was maintained at ® D 21 deg. The freestream veloc-
ity was U D 152 mm/s. The Reynolds number based on C was
Re D 5:2 £ 104.

The root chord of the tail was CT D 105 mm; its thickness-to-
chord ratio was tT =CT D 0:12. Both the leading and tip edges of the
tailwere beveledat an angleof 30 deg.The span of the swept leading
edge of the tail was ST D 136 mm, and the angles of inclination

a)

b)

Fig. 1 Schematic of a) plan and b) side views of delta wing–tail
arrangement.
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of the leading and trailing edges of the tail were ¯1 D 70 deg and
¯2 D 45 deg. Further details of the tail geometry are provided by
Canbazoglu et al.7 The leading edge of the tail was located at a
distance LT =CT D 0:047 upstream of the trailing edge of the delta
wing. The tail was mounted on the delta wing such that its plane
was coincident with the centerline of the incident, broken-down
vortex. Both the delta wing and the tail were held in position using
thin struts extendingvertically through the free surface of the water
channel.

A technique of high-image-density particle image velocimetry
was used to determinethe instantaneousvelocity� eld at an effective

Fig. 2 Averaged vorticity hh!ii and averaged velocity hhVii on planes A, B, C, and D, for which hh!iimin = §§1 s¡1, §§1 s¡1 , §§2 s¡1 , §§1 s¡1,
respectively, and for which ¢hh!ii = 1 s¡1 (all planes).

frame rate of 15 frames per second.These velocity� elds were deter-
mined over four, sequential cross� ow planes, designated in Fig. 2
as planes A, B, C , and D. These planes were located at stream-
wise distances X L D 0:108, 0.612, 0.965, and 1.25 CT , accordingto
the de� nitions of Fig. 1. Laser illumination was provided by a dual
pulsed Yag systemthat yielded90 mJ per pulse.The pulseshad time
delay of 1t D 67 ms. The � ow was seeded with 14-¹m particles,
which were hollow plastic spheres with a metallic coating. Images
of the velocity � eld were recordedby a digital camera with a resolu-
tionof 1008£ 1018pixels.A frame-to-framecross-correlationtech-
nique was employed to determine the value of velocity for a given
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interrogationwindow, which had dimensionsof 32 £ 32 pixels.Use
of this interrogation window, along with a 50% overlap to satisfy
the Nyquist criterion, gave an effective grid size of 2.1 mm in the
plane of the laser sheet. The magni� cation factor was M D 1:7:54.

Instantaneous patterns of velocity and vorticity are presented
herein. In addition, time-averaged patterns of velocity V , vortic-
ity !, rms velocity � uctuation and Reynolds stress were obtained
from a sequence of 138 images.

Time-Averaged Patterns of Velocity and Vorticity
Time-averaged representationsof vorticity h!i and velocity hV i

are shown for the laser sheet locations A, B, C , and D in Fig. 2. In
image A, it is evidentthat, in additionto theprimarynegative(dashed
line) vortex incidenton the tail, a well-de� ned secondary(solid line)
vortexis formedfrom the leadingedgeof the tail. The dimensionless
circulation of the secondaryvortex is 0¤ D 0=¼CT U D 0:0554; for
the primary vortex, 0¤ D ¡0:2889.The circulationof the secondary
vortex is, therefore, 19% of the circulation of the primary vortex.

The physical mechanism for generation of this secondary vor-
tex is separation from the edge of the tail, which is evident in the
corresponding h!i pattern in image A. That is, a region of very
high velocity gradient, typical of a separated shear layer, forms on
the right (outboard) side of the tail. The locus of maximum vor-
ticity is coincident with the region of large velocity gradient. This
clearly de� ned mechanism of secondary vortex formation is, there-
fore, the genesis of the patch of secondary vorticity evident in the

Fig. 3 Instantaneous vorticity ! on planes A, B, C, and D; on all planes, minimum and incremental values of vorticity are !min = §§2 s¡1 and
¢! = 2 s¡1 .

investigation of Canbazoglu et al.,8 as well as in the qualitative vi-
sualization of Washburn et al.16

Farther downstream, in image B, the process of formation of the
secondary vortex is complete. In fact, a well-de� ned layer of nega-
tive vorticityexists between the secondaryvortex and the surface of
the tail. Furthermore, a larger region of primary (negative) vorticity
now exists on the left (inboard) side of the tail. The swirl patterns
associated with this primary vortex, as well as with the secondary
vortex, are evident in the h!i pattern in image B.

Further development of the patterns of primary and secondary
vorticityis indicatedin imagesC and D ofFig. 2. It is evidentthat the
secondaryvortex remains at approximatelythe same locationon the
right (outboard) side of the tail in images C and D. Furthermore,
the intensity of the swirl pattern on the right (outboard) side of
the tail becomes more focused in going from image C to image
D. It is evident in images B–D that both the magnitude of the
peak vorticity and the circulation of the secondary vortex decrease
with streamwise distance. The respective values of dimensionless
circulation are 0¤ D 0:0804, 0.0394, and 0.0136.

Instantaneous Patterns of Vorticity
Representative patterns of instantaneous vorticity on planes A–

D are given in Fig. 3. They can be directly compared with the
corresponding patterns of averaged vorticity h!i shown in Fig. 2.
In image A, the instantaneous pattern shows relatively little devia-
tion from the time-averagedpattern given in Fig. 2. In image B, the
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instantaneouspattern is generally similar to the averaged pattern of
Fig. 2. The appearance of a number of small-scale clusters of in-
stantaneousvorticity in image B of Fig. 3 is, however, not evident in
the pattern of averagedvorticity in image B of Fig. 2. Farther down-
stream, corresponding to images C and D in Fig. 3, the patterns of
instantaneousvorticity show large deviations from the correspond-
ing averaged patterns of Fig. 2. In fact, the well-de� ned secondary
vortex in the averaged C and D images of Fig. 2 cannot be identi-
� ed in the instantaneousimages C and D in Fig. 3. This observation
indicates that the vortex structure becomes less coherent at larger
streamwise distances along the tail.

Averaged Patterns of Velocity Fluctuation
and Reynolds Stress

Figures4 and 5 showcontoursof constantrms velocity� uctuation
wrms and vrms , as well as patterns of the Reynolds stress correlation

a) b)

c) d)

e) f)

Fig. 4 Averaged a) vorticity hh!ii, b) velocity hhVii, rms values of velocities c) wrms and d) vrms , and e) Reynolds stress hhw0v0ii on plane A; minimumand
incremental values of parameters are as follows: hh!iimin = §§1 s¡1 and ¢hh!ii = 1 s¡1; (wrms )min = 5 mm/s, and ¢ (wrms ) = 5 mm/s; (vrms)min = 5 mm/s
and ¢(vrms) = 5 mm/s; and hhw0v0iimin = §§50 mm2/s2 and ¢hhw0v0ii = 50 mm2/s2 .

hw0v 0i, on planes A and D, which correspond to the leading and
trailing regions of the tail.

In Fig. 4, the patternsof wrms and vrms show peak values at the lo-
cationsdesignatedby the pointsa1 and a2 . The correspondingpoints
on the images of averaged vorticity h!i and averaged velocity hV i
are represented, respectively, by a1! and a2! and a1V and a2V . It
is evident that regions of high � uctuation intensity occur at the in-
terface between the primary and secondary vortices. Furthermore,
the plot of Reynolds stress hw0v0i shown in Fig. 4e shows a num-
ber of positive and negative peaks. Four of these peaks, designated
as a¡

1 , aC
2 , aC

4 , and aC
5 , lie close to the interface between the pri-

mary and secondary vortices, that is, in the region of high shear. A
� fth, lower level peak, designated as aC

3 , occurs at the far edge of
the cluster of secondary vorticity. It is, therefore, evident that the
process of formation of the secondary vortex, which involves � ow
separation and a region of large velocity gradient, generates large
� uctuations.
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a) b)

c) d)

e) f)

Fig. 5 Averaged a) vorticity hh!ii, b) velocity hhVii, rms values of velocities c) wrms and d) vrms , and e) Reynolds stress hhw0v0ii on plane D; minimumand
incremental values of parameters are as follows: hh!iimin = §§1 s¡1 and ¢hh!ii = 1 s¡1; (wrms )min = 1 mm/s and ¢(wrms ) = 1 mm/s; (vrms )min = 1 mm/s
and ¢(vrms) = 1 mm/s; and hhw0v0iimin = §§20 mm2/s2 and ¢hhw0v0ii = 20 mm2/s2 .

Figure 5 shows the correspondingpatterns in the trailingregionof
the tail, that is, on plane D. The peak valueof wrms occurs at location
d1; it is indicatedas d1! in the image of h!i. In otherwords, the locus
of this peak is at the interface between the primary and secondary
regionsof vorticity.Additionalpeaks in the � uctuatingvelocity� eld
are identi� able at locations d2 and d3 in the image of wrms and d4 in
the image of vrms . The corresponding locations of these peaks are
at d2! , d3! , and d4! in the image of averaged vorticity h!i and at
d2V , d3V , and d4V in the image of averaged velocity hV i on plane
D in Fig. 5. All of these peaks are associated with the distortion
of the primary vortex on the left (inboard) side of the tail as it is
swept about the tip of the tail. As regards the pattern of Reynolds
stresses, an identi� able peak d¡

2 occurs at a location approximately
corresponding to the interface between the primary and secondary
clusters of vorticity on the right (outboard) side of the tail. The
remaining three peaks designated as dC

1 and dC
3 on the image of

hw0v 0i occur along the shear layer that feeds into the primary vortex
as it is distorted past the edge of the tail. An additional peak dC

4

occurs between the center of the primary vortex and the surface of
the tail.

When the images of Figs. 4 and 5 are viewed together, the
peak values of the transversevelocity � uctuations are, respectively,
wrms=U D 0:296 and 0.138. Correspondingly,the peak values of the
verticalvelocity� uctuationarevrms=U D 0:263and0.224.The peak
value of Reynolds stress is hw0v0i=U 2 D 0:019 in image A of Fig. 4,
whereas its corresponding value is hw0v 0i=U 2 D 0:005 in image D
of Fig. 5. The values of generated Reynolds stress are, therefore,
much larger during the initial stage of vortex–tail interaction,which
involves generation of the secondary (counter) vortex.

Conclusions
Interactionof a broken-downvortexwith the leadingedgeof a tail

results in formation of a pronounced secondary vortex of opposite
sign. The primary vortex induces a separated shear layer from the
leading edge of the tail, which gives rise to this secondary (counter)
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vortex. Its circulation is on the order of one-� fth of the circulation
of the primary (incident) vortex.

Near the leading region of the tail, the primary–secondary
(counter) vortex system is highly coherent. The instantaneous vor-
tex patternsdeviateonly slightlyfrom the time-averagedrepresenta-
tions. Furthermore, locations of peak values of velocity � uctuation
and Reynolds stress occur at the interface between the primary and
secondary vortices on the outboard side of the tail.

Evolution of this vortex pattern along the tail is associatedwith a
degenerationof coherenceof the primary–secondaryvortexsystem.
That is, the instantaneousstates deviate signi� cantly from the time-
averaged pattern of the primary–secondary vortex system.

In the trailingregionof the tail, peakvaluesof velocity� uctuation
and Reynolds stress are still detectable at the interface between the
primary and secondaryvortex on the outboard side of the tail. How-
ever, in addition, severe distortion of the primary vortex about the
tail results in additional peaks of velocity � uctuation and Reynolds
stress on the inboard side.
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Nomenclature
c = elastic stiffness constants
D = electric displacement
d = piezoelectric strain/charge constant
E = electrical � eld
e = piezoelectric stress/charge constant
G = shear modulus
k = wave number
q = surface charge
r = radius of the shaft
S = strain
T = stress
u = displacement along x direction
v = displacement along y direction
" = permittivity
µ = twisting angle
½ = density
! = frequency

Introduction

T HE original concept of spatial � lter, � rst reported in 1990,1

was based on a distributedpiezoelectricsensor that introduced
a no-phasedelay low-pass � lter to the sensor transfer function.This
spatial � lter could only be placed far from the boundariesof a free-
freeplate and was requiredto be smaller in size when comparedwith
the attached structure. The underlying reason for the spatial � lter
to be placed at locations far from the boundaries was to avoid the
effect of evanescent waves and the effect of the boundaries, that
is, only propagating waves were to be considered. Even with those
restrictions, these earlier spatial � lters did successfully introduce
a no-phase delay low-pass � lter to the sensor transfer that at � rst
glance seems to con� ict with the Bode gain-phase theorem. More
speci� cally, spatial � lters appear to offer a valid approach to intro-
ducingautonomousbehaviorinto sensor transfer functions.As a rod
can be modeledbyusinga second-orderpartialdifferentialequation,
only two propagating waves are needed to examine their dynamic
behaviors.2 A newly developedmethodologythat extends the earlier
spatial wave concept to include � nite structures or structures with
sizes comparable to that of the sensor size will be introduced.With
the capability to handle boundary effects and then utilizing the fact
that only propagating wave modes are present within a rod, a rota-
tionalaccelerationrate sensorthatusesa rodas its basestructurewas
developedto demonstrate bandwidth expansioncapabilitieswhen a
distributedsensordesignis integratedwith a traditionalpoint sensor.
The theory, experimental results, related design, and performance
implicationson this newly invented rotationalaccelerationrate sen-
sor will be detailed in this Note.

Theory of Piezoelectric Laminates
The constitutive equations of piezoelectricmaterials are3

Sp D s E
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