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

S'(x, 1) = 8 cos* [ (x /a)] o5’ [(/2)(t /)]

—-05<x/x <05, 0<t/, <1 (42)
The initial bump strength is obtained by integrating over x at
t=0:

B; = B(0) = 1pS/, (43)

For M = 0.15, 0.3, and 0.45 and for AB/H, 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 the propertiesof pulses generatedin constant-areaduct
flows by events that can be modeled as abruptand local additions of
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 based on first principlesandis capable
of describinga variety of triggering mechanisms, 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 confirmed by experimental data
and show excellent agreement with computations performed using
two different time-dependent Euler CFD codes.
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Vortex Shedding and Transition
Frequencies Associated with Flow
Around a Circular Cylinder

N. A. Ahmed* and D. J. Wagner®
University of New South Wales,
Sydney, New South Wales 2052, Australia

Nomenclature
D = diameter of circular cylinder
foo fv = shear-layer frequency and vortex-shedding
frequency
Re = Reynolds number
Sr = Strouhal number
Us, Ugep velocity of freestream and velocity at separation
Uims = rms velocity
v = kinematic viscosity
X,y = coordinates of a Cartesian system
Sy = displacement thickness
Introduction

LOW around a circular cylinder has been studied for a long

time,' 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
flow. Above a Reynolds number of 10°, transition to turbulence
occurs in a separating shear layer, which is closely tied to the gen-
eration of large-scale vortices. Bloor? measured the frequency of
transition waves within 1.3 x 10* < Re < 4.5 x 10* and attempted
theoreticallyto derive the relationshipbetween theratio of the shear-
layer transition frequency and the main vortex-shedding frequency.
She arguedthat f, /fy o« Re® within4 x 10? < Re < 2.5 x 10°. Al-
though some experimentalresults®? fit this predictionwell, others*>
do not. The purpose of this Note is, therefore, to revisit the preced-
ing problem by observing the dominant frequenciesin the transition
Reynolds-numberrange.

Experiment

The 18 x 18 in. open-circuit wind tunnel® 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
intensity of less than 0.2%. These figures 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
field 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 cylinderitself 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
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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,” 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 Apelt® have shown
that a blockage of this magnitude does not affect the nondimen-
sional frequency or Strouhal number of the flow. Limited velocity
measurements and smoke flow visualizationalso suggested little or
no changes to flow 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 significantly affected if measurements were 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 Kovaszany’ on the basis
of nonlinear hot-wire characteristics with the use of the velocity
fluctuations 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 U, /(u2, D), a
normalization procedure used by Szepessey and Bearman.'” 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. Butatx/D =0.21,y/D =0.61, and Re =4.5 x 10*, 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 observed at
x/D=0.23and y/D = 0.64 for Re =2.9 x 10* and at x/D = 0.26
and y/D =0.61 for Re=3.3x10* At x/D=0.16 and y/D =
0.61 for Re=9.7 x 10*, however, only one peak associated with
transition frequency was found.

Discussion

The existenceof two peaks associated with 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,? leading to the Re'/? relationship, and the other governed by
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Fig.2a Hot-wire signal showing evidence of transition waves.
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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 x 10°).
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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
relationships*> of 0.095 x Re®® and 0.0235 x Re%%, respectively,
was produced, and the results of the present study were superim-
posed. It can be seen that the data corresponding to the first or
lower peak of transition resemble somewhat the Re® relationship,
whereas the data from the second peak fit the Re®% relationship
very well.

A further examination of the magnitude of the first and second
peaks associated with transition frequencies reveals that the second
peakhasamagnitudethatis approximatelytwice the first. This raises
the possibility that they might be the subharmonic of the transition
frequencies in the separated shear layer of a circular cylinder.'!:!2
However, Unal and Rockwell'* found no sign of subharmonics of
the transition frequencies within the separated shear layer. Interest-
ingly, when a splitterplate was present, Unal and Rockwell observed
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 thatis at a higherend of the transitionregionas suggestedby
Bloor,? giving plenty of time for the amplicationof the subharmonic
to occur.
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Vortex Breakdown-Tail Interaction
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Introduction

HE impingement of a broken-down vortex on a tail is part of a

larger framework of vortex-body interactions, as reviewed by
Rockwell.! 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: nonperiodic displacements of the entire vor-
tex core,? a helical-mode instability of the broken-down vortex,>*
and streamwise fluctuations of the region of vortex breakdown?’ A
variety of qualitative flow visualizations,usuallyin conjunctionwith
unsteady loading characteristicsof the tail, have been pursuedin re-
cent years. Fewer studies, however, have quantitatively addressed
the major features of the flow. Beutner et al.® determined the rms
variations of fluctuating quantities of the flowfield, and Canbazoglu
et al.”8 provide instantaneous and averaged representations of the
flow structure. Related numerical investigations include the works
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of Rizk and Gee,’ Geeetal.,'” Kandil et al.,!' and Rizzetta.'> Certain
features of the vortex breakdown-tail interaction can be simulated
experimentally by vortex encounter with a flat plate having a zero
sweep angle,as shown by Wolfe etal.!* and Mayori and Rockwell.'*
The correspondingcomputations by Gordnier and Visbal'® fully ac-
counted for the instantaneous and time-averaged flow structure, in
three-dimensional form.

Particularly relevant to the present investigationare the works of
Washburnetal.!¢ and Canbazogluet al.® Both of theseinvestigations
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 fluctuating vorticity
field were preliminarily characterized by Canbazoglu et al.,® the
fluctuating velocity fields, which are essential for characterizing
the origin of buffet loading of the tail, have not been addressed.
Furthermore, the physical origin of these velocity fluctuations is
intimately related to the Reynolds stress, which also has not been
provided.

The aim of this investigationis to address these unclarified 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 flow structure. The water channel had
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 mounted upside down within a false
wall unit to optimize the imaging of the flow structure.The spanwise
width between false walls was 510 mm, and the length of these walls
was 590 mm.

The dimensions of 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 t,,/C =0.028. The sweep angle of the wing was A =75 deg.
The effective sweep angle of the center of the leading-edge vor-
tex was A, =79 deg. For all experiments, the angle of attack of
the wing was maintained at « =21 deg. The freestream veloc-
ity was U =152 mm/s. The Reynolds number based on C was
Re=35.2x10%

The root chord of the tail was C; = 105 mm; its thickness-to-
chordratio was t7 / Cr = 0.12. Both the leading and tip edges of the
tail were beveled at an angle of 30 deg. The span of the sweptleading
edge of the tail was S7 =136 mm, and the angles of inclination
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Fig. 1 Schematic of a) plan and b) side views of delta wing-tail
arrangement.



