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for a given element size at a specific surface location occurred as the
tunnel speed was increased and the boundary-layer thickness was
reduced. Many of the elements tested exhibited this behavior, with
the downstream movement of transition starting at higher Rek and
k/8 as the element location approached the leading edge.
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Introduction

T HIS Note reports on a study of pressure fluctuations at the exit
of a two-dimensional jet confined in a rectangular cavity. Ex-

perimental observations were made for various Reynolds numbers
and cavity lengths. The results show an initial weak oscillation at
lower Reynolds numbers followed by a strong self-sustained oscil-
lation regime at higher Reynolds numbers, eventually perturbed by
a noisy background. The main findings of this Note are an amplitude
hysteresis between the frequency stages and a transition in the flow
type behavior from convectively unstable to absolutely unstable. For
a selection of related works, the reader is referred to Refs. 1-10.

Experimental Setup
The experimental configuration composed a gravity-driven water

flow discharging into the horizontal cavity. The cavity (Fig. 1) was
a parallelepipedic chamber 10 cm wide and 2.5 cm high. Its length
L was selected by moving the right-hand end wall. At the middle
height of the cavity, the jet had a uniform velocity profile over about
70% of its width. The Reynolds number Re was based on the inflow
characteristics at the point of the expansion, i.e., nozzle width of 0.4
cm, mean velocity Um obtained as the flow rate divided by a nozzle
section 2.5 x 0.4 cm2, and a dynamic viscosity of 1.05 x 10~3

Pa • s. The flow rate was regulated with two precision needle valve
rotameters, placed after the jet chamber to avoid perturbations in
the flow. Two rotameters, Vogtlin VI00-300 09 and VI00-300 12,
of 1% accuracy were used. Errors in viscosity and velocity induced
an error of approximately 5% on the Reynolds number.

A variable reluctance pressure transducer Validyne type DP-103-
10-N1S4D was used. The detecting holes were placed at half of the
height of the cavity and 0.2 cm away from the exit contraction corner,
as shown in Fig. 1. The transducer was associated with a Validyne
CD15 carrier demodulator (1-V output signal for 8.63-Pa differen-
tial pressure). This signal was sent to a Fourier analyzer Scientific-
Atlanta SD380. The flow rate was varied in steps of 0.28 cm3/s, in
either increasing or decreasing sequences. At each step, once the
flow was stabilized, 500 pressure-spectra samples were averaged.
Visualization of the flow was performed simultaneously by inject-
ing fluorescein dye. Results will be discussed for L = 5 cm and
L = 1 cm, but for brevity, only the experiments for L = 1 cm will
be shown in the figures.

Results and Discussion
Spectra Analysis and Nature of the Oscillations

Figure 2 shows several pressure spectra observed for L — 1 cm
at different Reynolds numbers. For the longer cavities studied
(L > 6 cm), the jet oscillation started at small flow rates (Re ~ 160)
with a low-frequency fL lying in the ~0.3-0.4 Hz range. The os-
cillation at this frequency had a small amplitude, and the spectrum
also contained harmonics, notably, 2fL. As the Reynolds number
was increased, these peaks grew and broadened. This broad spec-
trum is characteristic of a convective instability in open flows.11

For a specific flow rate (Re ~ 210) that depended on the cavity
length the spectrum suddenly concentrated on one sharp peak f\ of
a considerably higher amplitude. It seemed that the feedback was
then synchronized with the instability wave, thus corresponding to
self-sustained oscillating behavior.12 Such an abrupt change in the
peak width is similar to that observed by Babcock et al.13 for a
Taylor-Couette experiment with an axial flow.

In previous studies just using visualization methods,14'15 it was
shown that only time-periodic discrete frequencies could be ob-
served and could be associated with different integer modes n, scal-
ing L to the wavelength A according to the well-known Brown-
Curle16~18 phenomenological relation2'3 A = L/(n + |). In Fig. 2,
the intense peak at frequency f\ for Re ~ 210 corresponds to the
wavelength of mode n = 3 for L = 1 cm (n = 2 for L = 5 cm).
As the Reynolds number was increased, the frequency f{ increased
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Fig. 1 Cavity geometry and differential pressure detection: pressure
detector (P.d.) and spectrum analyzer (S.a.).
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Fig. 2 Example of a sequence of differential pressure spectra for sev-
eral Reynolds numbers for L = 1 cm; in the vertical scale, 1.0 corre-
sponds to 0.44 Pa.
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Fig. 3 Amplitudes (mPa) of major peaks, for increasing (open symbols)
and decreasing (filled symbols) Reynolds numbers: circles, frequency/L;
squares, frequency f\ and triangles, frequency/2.

linearly in the range —0.8-1.2 Hz for L = 7 cm. The spectrum also
showed subharmonic multiples of \ for L = 7 cm (| for L = 5 cm)
of considerable amplitude. Some flow rates also exhibited either
intermittent switching or coexistence3 between f\ and a second
frequency /2. Frequency switching was observed in instantaneous
samplings (every 0.9 s) by the growth of a frequency and its de-
cay, followed by the same behavior for the competing frequency.
Frequency /2 in Fig. 2 corresponds to the second stage of the self-
sustained oscillation of wavelength mode n = 4 for L = 7 cm
(n = 3 for L = 5 cm). After further increasing the Reynolds num-
ber, only frequency /2 was observed. Its amplitude, however, was
low, and the spectrum also presented broad low-frequency peaks.
Depending on the Reynolds number, the frequency range observed
for /2 was —1.4-1.9 Hz for L = 7 cm. As function of the Reynolds
number, the values of the Strouhal number, Sr = fL/Um, can be
grouped in bands corresponding to the different modes of given n
(upper limit n = 4 for the cavity lengths considered). For the same
Reynolds number, several branches can be present simultaneously.
For instance, frequencies 3/i/5 and f\ for L = 7 cm are in the
Strouhal number bands n = 2 and n = 3, respectively.

We have also compared the amplitudes of the stages between
sequences of increasing/decreasing Reynolds numbers. The results
are presented in Fig. 3, where the open symbols correspond to an
increasing sequence and the filled symbols to a decreasing sequence.
Figure 3 shows the existence of an hysteresis. In the case of /L, the

difference between amplitudes is lower (half the one for /2) with
amplitudes higher for the decreasing velocity sequence. This could
be consistent with the noise amplifier character of the instability
at small Reynolds numbers. At high Reynolds numbers, when the
decreasing velocity sequence is started, the difference in amplitudes
might be explained by the fact that the energy was spread over a
larger number of frequencies.

Discussion
We suggest that, in our configuration, the jump between stages

is realized via the smallest possible frequency jump. For instance,
we observed that the peak at f\ seemed to be generated by the
peak at 2/L, as we also observed an energy shift from the peak at
3/i/5 for L = 7 cm (2/1/3 for L = 5 cm) to the peak at /2/2.
These transitions appear to occur around Strouhal number bands
of constant n. When the spectra exhibited particular subharmonics,
we also observed by dye visualization19 that the jet presented at
the exit a deviation from the centerline6 (that can be thought as
a X = 4L mode) and an additional recirculation region. The size
of this additional hydrodynamical loop can be considered as the
cavity length for an additional mode. We relate the subharmonics
to the presence of the recirculation and suggest that an effective
hydrodynamic feedback produces the subharmonics. Future work
should include a detailed analysis of the multiple-frequency regions.
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Karman Vortex Development:
Relation to Symmetry and

Circulation of
Transition Vortices
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Introduction

A T sufficiently high Reynolds number, the shear layers separat-
ing from a cylinder exhibit well-defined, small-scale concen-

trations of vorticity that feed into the large-scale Kdrmdn vortices.
Bloor1 and Gerrard2 characterized various features of these small-
scale structures and their consequence on the mean flow features of
the near wake. This Bloor-Gerrard mechanism of transition is, for
the range of Reynolds numbers of interest herein, essentially due
to amplification of a thin shear-layer instability. Its overall charac-
ter is that of a Kelvin-Helmholtz instability, but it is more explic-
itly described as a solution of the Rayleigh equation. The principal
features of the small-scale shear-layer vortices, from both quasi-
two-dimensional and three-dimensional perspectives, have been
assessed.3'11 The inherent instability frequency of these vortices
and their control by application of external disturbances are clearly
established in several of these investigations.

The issue arises as to how the rate of development and the sym-
metry of (i.e., phase shift between) small-scale vortices in oppos-
ing shear layers influence the location and form of the large-scale
Kdrma'n vortices formed in the near wake. Indeed, the shear-layer
vortices do, in the end, comprise the Karman vortices. These features
are investigated using instantaneous images of vorticity.

Experimental System and Techniques
Experiments were carried out in a free-surface water channel.

It had a square test section of 597 x 597 mm and a length of
4000 mm. The water level was maintained at a height of approxi-
mately 530 mm. A cylinder of diameter D = 25.4 mm was mounted
horizontally at the middepth of the water channel; a vertical false
wall isolated the cylinder support from the main flow through the
test section. Details of this experimental arrangement are given by
Chyu.12 The freestream velocity was maintained at U = 182 mm/s,
giving a value of Reynolds number of Re = 5 x 103.

The instantaneous velocity field over the entire midplane of the
cylinder was determined using a laser-scanning version of high-
image-density particle image velocimetry (PIV). This approach is
described by Rockwell et al.13> 14 and Rockwell and Lin.15 The laser-
scanning system involves an argon-ion (4-W) laser, which was de-
flected from a rotating mirror with 72 facets. The flow was seeded
with 12-jU-m-diam hollow glass spheres coated with a thin layer
of silver. Particle images were recorded on high-resolution 35-mm
film via a Nikon F4 camera with a 105-mm lens. The lens system
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has a magnification factor M = 1:2.9. Directional ambiguity was
avoided by employing a bias mirror immediately in front of the cam-
era lens. The 35-mm negatives were digitized at a high resolution of
125 pixels/mm, then interrogated at a window size 100 x 100 pixels
with 50% overlap. The velocity vector corresponding to each interro-
gation window was obtained using a single-frame cross-correlation
approach. The grid in the plane of the laser sheet had a spacing of
1.63 mm. The estimated uncertainties of the velocity and vorticity
are approximately 0.5 and 4%, respectively.

Instantaneous and Averaged Vorticity Distributions
and Streamline Patterns

Figure 1 shows images of vorticity distributions at instants of time
1,2, and 3. The instantaneous images, which were acquired at a time
interval corresponding to the period of Karman vortex formation,
are representative of the extreme states of the wake. The image of
averaged vorticity was obtained from an ensemble average of the
three instantaneous images. The intent of this averaged image is to
demonstrate the lack of phase locking of the small-scale, shear-layer
vortices during formation of successive Karman vortices for a lim-
ited number of Karman cycles. The blank region on the upper side
of the cylinder is due to the shadow of the laser sheet in that region.
The small-scale concentrations of vorticity represent the manifes-
tations of the transition first identified by Bloor1 and Gerrard.2 The
shear-layer vortices eventually agglomerate to form the large-scale
Karman vortex, indicated by the negative (bold white) region of
vorticity extending across the entire wake in each of the three in-
stantaneous images. At instant 1, a sequence of small-scale vortices,
as many as three to five, are clearly evident in the upper and lower
shear layers from the cylinder. The Karman vortex has approxi-
mately an elliptical shape, and its major axis is oriented vertically.
At instant 2, however, the development of the pattern of shear-layer
vortices is not as consistent; in fact, there is an abrupt appearance of
a relatively large-scale vortex in the upper shear layer. This develop-
ment of the shear-layer system is associated with a Karman vortex
that is inclined at an angle of about 45 deg but still extends across
the entire wake. Finally, the development of the shear-layer vortices
at instant 3 occurs rapidly and in phase in both the upper and lower
shear layers. That is, at a given streamwise location, the location and
scale of the first three vortices are nearly mirror images of each other
in the opposite shear layers. Moreover, the vorticity contour levels
suggest that the second shear-layer vortices have rapidly attained a
large value of circulation, relative to their counterparts in image 1. In
this case, the Karman vortex on the lower side forms relatively late
and is inclined at a shallow angle, relative to instants 1 and 2. These
three instantaneous images are representative of the extreme states
of the wake over many Karman cycles. The sequence of patterns
shown in these images is, however, not generally repeatable.

The averaged image reveals that the detailed, instantaneous struc-
ture of the shear-layer vortices is essentially lost. Indications of the
rate of development and phase between these small-scale concentra-
tions of vorticity on opposite sides of the wake, so evident in images
1, 2, and 3, are not apparent in the averaged image. Moreover, in-
spection of the averaged contours of the Karman vortex shows low
levels, and therefore a small value of total circulation, relative to
each of the instantaneous representations of the Karman vortex.
This is because the centroids of each of the instantaneous Karman
concentrations generally occur at markedly different locations in the
instantaneous images, i.e., they are not phase locked to the Karman
formation.

Figure 2 gives values of circulation of the vortices for the in-
stantaneous and averaged images. Rectangular boxes indicate the
circuits employed for evaluation of the circulation F* = r/nUD,
in which F is circulation, U is freestream velocity and D is cylinder
diameter. Viewing, first of all, the values of F* for the shear-layer
vortices, they typically have an initial value on the order of 0.1,
but more mature concentrations show levels as high as the order of
0.2. The magnitude of F* of the shear-layer vortices relative to the
eventually formed Karman vortices is of interest. In an attempt to
establish this relationship, an approximate circuit is drawn around
the large-scale agglomeration of image 1. It has a value of 0.79.
We conclude that the vortices formed in the shear layer of image 1


