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The area disturbance history in this problem was represented by
the expression

S0.x; t/ D S 0
i cos2[¼.x=¸t /] cos2[.¼=2/.t=¿t /]

¡0:5 · x=¸t · 0:5; 0 · t=¿t · 1 (42)

The initial bump strength is obtained by integrating over x at
t D 0:

Bi D B.0/ D 1
2

NpS0
i ¸t (43)

For NM D 0.15, 0.3, and 0.45 and for 1B=Ht up to 4%, the
strengths calculated using Eqs. (41) agreed with the numerical re-
sults within §1% for both right- and left-moving pulses.

Summary
A one-dimensional, linearized theory is presented for the rapid

estimationof thepropertiesof pulsesgeneratedin constant-areaduct
� ows by events that can be modeled as abrupt and local additionsof
mass, momentum, or energy.The theory describes pulses by means
of volume integrals of pressure or entropy disturbances (termed
“strength”) and also by length estimates obtained from kinematic
considerations.The methodis basedon � rst principlesand is capable
of describinga variety of triggeringmechanisms, two of which have
been worked out in detail.

An abrupt addition of heat is shown to create two acoustic com-
pression pulses and one entropy pulse, whose strengths are propor-
tional to the amount of heat added. The combined energy of the
two acoustic pulses is greater than energy added as heat, compen-
sated for by the fact that the energy disturbance associated with
the entropy pulse is negative. An abrupt, local change of the duct
cross-sectional area creates two acoustic pulses, while no entropy
pulse is generated. A local, abrupt area reduction creates compres-
sion pulses, whereas an area increase yields expansion pulses. The
strength of the pulses is proportional to the change of duct volume
associated with the wall geometry change.

The analytical predictions are con� rmed by experimental data
and show excellent agreement with computations performed using
two different time-dependentEuler CFD codes.
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Nomenclature
D = diameter of circular cylinder
fs , fV = shear-layer frequency and vortex-shedding

frequency
Re = Reynolds number
Sr = Strouhal number
U1, Usep = velocity of freestream and velocity at separation
u rms = rms velocity
v = kinematic viscosity
x , y = coordinates of a Cartesian system
±x = displacement thickness

Introduction

F LOW around a circular cylinder has been studied for a long
time,1 and yet our knowledge, at best, is empirical. Of partic-

ular interest is the relationship between the ways that the Strouhal
number varies with the Reynolds number for a circular cylinder
� ow. Above a Reynolds number of 103, transition to turbulence
occurs in a separating shear layer, which is closely tied to the gen-
eration of large-scale vortices. Bloor2 measured the frequency of
transition waves within 1:3 £ 103 < Re < 4:5 £ 104 and attempted
theoreticallyto derive the relationshipbetween the ratio of the shear-
layer transition frequency and the main vortex-sheddingfrequency.
She argued that fs = fV / Re0:5 within 4 £ 102 < Re < 2:5 £ 105 . Al-
thoughsome experimentalresults2;3 � t thispredictionwell, others4;5

do not. The purpose of this Note is, therefore, to revisit the preced-
ing problemby observingthe dominant frequenciesin the transition
Reynolds-number range.

Experiment
The 18 £ 18 in. open-circuit wind tunnel6 of the aerodynamic

laboratory of the University of New South Wales was used. The
experimental setup is shown in Fig. 1. The velocity of the wind
tunnel was found to be uniform to within §0.2% and a turbulence
intensityof less than 0.2%. These � gures were taken to indicate low
acoustic errors associated with the tunnel. The speed of the wind
tunnel could be varied between 0 and 25 m/s. Two hot-wire signals
were sampled simultaneously,one to take the reading at a point and
the other to act as a reference in phase. Thus one hot wire, buried
into the model cylinder surface, was moved around to the different
angular locations on the cylinder, keeping the same height above
the surface, and another hot wire was traversed through the external
� eld using a traversing mechanism.

Test Model
A circular cylinder of diameter 70 mm, with a recess on the sur-

face of the cylinder,was manufactured.The cylinder itself consisted
of three hollowed segments so that it could be assembled and dis-
assembled easily enabling the hot wire to be put in and signal cable

Received 30 July 2001; revision received 11 November 2002; accepted
for publication 18 November 2002. Copyright c° 2003 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved. Copies
of this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0001-1452/03
$10.00 in correspondence with the CCC.

¤Senior Lecturer, School of Mechanical and Manufacturing Engineering.
†Graduate Student, School of Mechanical and Manufacturing

Engineering.



AIAA JOURNAL, VOL. 41, NO. 3: TECHNICAL NOTES 543

Fig. 1 Experimental setup showing wind-tunnel test section and the
test model.

to get out of the cylinder. Thus there was the main part that was
used to mount the hot wire, and the other two segments allowed
the cylinder to span across the wind-tunnel section. Blockage, end
wall,7 and probe effect are important considerationsin studies such
as this. The blockage of the test model in relation to the wind tunnel
was then around 16.5%. Studies by West and Apelt8 have shown
that a blockage of this magnitude does not affect the nondimen-
sional frequency or Strouhal number of the � ow. Limited velocity
measurements and smoke � ow visualizationalso suggested little or
no changes to � ow around one diameter on either side of the cylin-
der midspan and as a result of the hot-wire probe. It was, therefore,
anticipatedthat the qualitative features of the results presented here
would not be signi� cantly affected if measurementswere conducted
at the center location of the test section.

Data Acquisition and Analysis
Tests were carried out at a sampling rate of 10 kHz, a sweep

time of 3 s, and 30,000 points in a sample. A total of 25 samples
were obtained for each frequency spectrum. Once transition waves
were detected, the repeat tests were carried out with a sampling rate
of 20 kHz, a sweep time of 1.5 s, and 30,000 points in a sample.
Correction of the mean velocity readings as a result of “rectifying
effect” was made in a manner suggestedby Kovaszany9 on the basis
of nonlinear hot-wire characteristics with the use of the velocity
� uctuations measured at the same point.

The primary tool employed for data analysis of the various sig-
nals was the power spectral density. In presenting results the power
spectral data have been multiplied by the factor U1=.u2

rms D/, a
normalization procedure used by Szepessey and Bearman.10 The
maximum error in Strouhal number was found to be §0.5% for
this study.

Results
Transition waves were detected in the hot-wire signals at sev-

eral locations within the range of 0:02 < x=D < 0:29, as quoted by
Bloor.2 The normalized power spectral density plot also showed
the peaks associated with vortex shedding and transition frequen-
cies. But at x=D D 0:21, y=D D 0:61, and Re D 4:5 £ 104, the hot-
wire signals picked up the distinctive features associated with
transition waves (Fig. 2a). However, the normalized power spec-
tral density plot (Fig. 2b), in addition to the vortex-shedding fre-
quency peak, also showed two peaks associated with transition
frequency, something not observed by other workers in the sepa-
rated shear layer of a circular cylinder. Experiments were further
carried out at three other different Reynolds numbers within the ex-
pected transitionregion.Once gain, two peaks were also observedat
x=D D 0:23 and y=D D 0:64 for Re D 2:9 £ 104 and at x=D D 0:26
and y=D D 0:61 for Re D 3:3 £ 104. At x=D D 0:16 and y=D D
0:61 for Re D 9:7 £ 104, however, only one peak associated with
transition frequency was found.

Discussion
The existenceof two peaks associatedwith transitionfrequencies

might suggest that the transition point is nonstationary and oscil-
lating or that there are two modes of transition that occur in the
separated shear layer of the circular cylinder, one governed by the
boundary-layer thickness of the boundary layer, as suggested by
Bloor,2 leading to the Re1=2 relationship,and the other governed by

Fig. 2a Hot-wire signal showing evidence of transition waves.

Fig. 2b Power spectral density showing vortex-shedding peak and
two transition peaks at 20- and 10-kHz sampling rates (at x/D = 0.21,
y/D = 0.61, and Re = 4.5 ££ 105).

Fig. 3 Variation of upper and lower transition frequency ratios with
Reynolds numbers.

the momentum thickness of the shear layer. Consequently Fig. 3,
which has two lines drawn according to the empirically obtained
relationships4;5 of 0:095 £ Re0:5 and 0:0235£ Re0:67 , respectively,
was produced, and the results of the present study were superim-
posed. It can be seen that the data corresponding to the � rst or
lower peak of transition resemble somewhat the Re0:5 relationship,
whereas the data from the second peak � t the Re0:67 relationship
very well.

A further examination of the magnitude of the � rst and second
peaks associatedwith transition frequencies reveals that the second
peakhasa magnitudethat is approximatelytwice the � rst.This raises
the possibility that they might be the subharmonic of the transition
frequencies in the separated shear layer of a circular cylinder.11;12

However, Unal and Rockwell13 found no sign of subharmonics of
the transition frequencieswithin the separated shear layer. Interest-
ingly,when a splitterplatewas present,Unal and Rockwellobserved
subharmonics appearing.

Conclusions
It appears entirely plausible that the two peaks observed in this

study are the main transition frequency and its subharmonic. In
addition,the readingsof the presentinvestigationwere at a Reynolds
number that is at a higherend of the transitionregionas suggestedby
Bloor,2 giving plentyof time for the amplicationof the subharmonic
to occur.
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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.


