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Evolution of three-dimensionality in the wake of a

circular cylinder at low Reynolds numbers

M. Hammache and M. Gharib

Department of Applied Mechanics and Engineering Sciences
University of California, San Diego

La Jolla, CA 92093-0402

Abstract:

Wind tunnel experiments, using hot-wire anemometry and smoke-wire flow visualization, were
conducted to study the process of transition from laminar to turbulent flow of parallel and oblique
vortex streets from circular cylinders. It was found that the origin and sc.ale of three-dimensionality
which appears at Reynolds numbers just below the transition from laminar to turbulent flow are
dependent on the vortex shedding geometry. Oblique vortex streets develop large scale three-
dimensional structures and undergo the transition to turbulence prematurely, i.e. at lower Reynolds
numbers, when compared to parallel vortex streets.

The downstream evolution of these two wake geometries from the primary Kirmrin vortices to the
secondary vortices of the far-wake was also investigated. The far-wake vortex structures are parallel
to the axis of the cylinder in the case of parallel shedding. For oblique shedding, the far-wake
structures are also initially parallel to the axis of the cylinder but further downstream they become
strongly modulated in the spanwise direction. The wavelength of this modulation is equal to the
spanwise wavelength in the near-wake, i.e. the spanwise distance between two consecutive Kdrmdn
vortices of the same sign of vorticity.
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Introduction:

The three-dimensional transition to turbulence of bluff body wakes has been the object of
considerable attention in the last few decades. In particular, an understanding of the scenario of first
appearance of three-dimensionality and its contribution to the transition process has been an
important part of the study of circular cylinder wakes.

In a recent surge of interest in parallel and oblique vortex shedding from circular cylinders, a number
of techniques have been developed to induce parallel vortex shedding, e.g. Williamson (1988),
Hammache and Gharib (1989), Eisenlohr and Eckelmann (1989). Subsequently, Hammache and
Gharib (1991) conducted wind and water tunnel experiments primarily aimed at understanding the
mechanism responsible for the oblique vortex shedding from circular cylinders, anJ determined
conclusively that this phenomenon is due to a base pressure imbalance between the cylinder ends.
This pressure imbalance in turn induces a mean spanwise flow in the back stagnation region of the
cylinder. This spanwise flow was found to persist in the wake itself, i.e. several diameters
downstream of the cylinder, where it is thought to be a result of induction by the oblique vortices.

The motivation for the present work was sparked by two important observations on the behavior of
oblique vortex streets:

1. In Hammache and Gharib (1989) we reported that the parallel and oblique wakes undergo
the three-dimensional transition to turbulence at different values of the Reynolds number. In the case
of the oblique shedding, as the flow velocity is increased, a transition occurs in the nature and
uniformity of the vortex filaments in the near field, which leads to the transition to turbulent flow.
In contrast, when the parallel shedding is maintained, the vortex street remains laminar and parallel
and the transition is delayed up to a higher value of the Reynolds number. It was thus concluded that
the oblique vortex street undergoes the laminar-turbulent transition prematurely, or, conversely, that
inducing pa~rallel shedding inhibits the development of three-dimensionality in the wake.

2. By towing circular cylinders and flat plates in water tanks, Taneda (1959) observed that
the original Kdrmrn vortex street breaks down at some distance downstream of the cylinder and that
new vortical structures of larger scale and lower frequency emerge to form what he called a
"secondary vortex street". This structure'also decays further downstream and another cycle of wake
re-arrangement starts, and so on. He suggested that the process of growth and decay of vortical
structures at various frequencies is governed by hydrodynamic instability. Cimbala, Nagib and
Roshko (1988) conducted wind tunnel experiments on circular cylinder wakes and also observed the
decay of the primary vortex street and the emergence and growth of a secondary vortex structure.
Their hot-wire measurements showed conclusively that hydrodynamic instability was indeed the
mechanism for the wake rearrangement., In one of their smoke-wire flow visualizations (their Figure
19), one can see that the primary Kdrzmnln vortex street was oblique and that the secondary vortices
were strooly.xmpdulated in the spanwise direction. This has also been observed by Williamson
(1992) at the 1992 IUTAM symposium on bluff body wakes, dynamics and instabilities.
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No previous attempt has been made to investigate possible links between the two aspects of oblique
vortex shedding described above. Our objective is to examine the effect of the vortex shedding
condition (i.e. parallel or oblique) on the evolution of the wake:

1. with the Reynolds number, at a given location behind the cylinder in the near-wake.

2. with the downstream distance, at a given value of the Reynolds number (below transition).

These two aspects of the study would provide important information on the scales of three-
dimensionality present in the wake prior to the transition to turbulence and how these scales influence
the downstream evolution of the wake, past the region of decay of the KIrmdn vortices. Note that the
term "near-wake" used throughout this paper denotes the original Kdrmdn vortex street, and not just
the immediate vicinity of the cylinder. Simple experiments, which rely on flow visualization and hot-
wire measurements and which take advantage of our technique to control the angle of shedding, are
conducted in order to compare the scenarios of transition to turb ilence of parallel and oblique wakes
and their downstream development into the far-wake.
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Experimental setup:

All experiments were conducted in a low-speed, low-turbulence, recirculating wind tunnel with a
square test section of 20.96 cm by 20.96 cm. Figure 1 illustrates the setup and coordinate system.

Main Cylinder

Control
Cylinder

Uo
x,u x,u

Side view

Control
Cylinder

Tunnel wall

Plan view

Figure 1. Experimental setup and coordinate system

The main cylinder was a stainless steel hypodermic tube of high diameter consistency and very
smooth surface finish, and the control cylinders were stainless steel drill rods. The plan view of the
wake was visualized by using the smoke-wire technique with the ability to position the smoke-wire
at various locations downstream of the cylinder and at one edge of the Kdrmn-n vortex street, so that
only one side of the vortex street is traced. For a detailed description of the technique used to control
the vortex shedding, the reader is referred to Hammache and Gharib (1991).

The velocity measurements were taken with a hot-wire mounted on a three-axis traversing
mechanism. In some instances, we added a second hot wire which could be moved with respect to
the first one in the spanwise direction. Using two hot-wires allowed us to measure the spanwise
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wavelength in the near-wake, i.e. the spanwise distance between two consecutive vortices of the same

sign. The coordinate system is such that x, y and z are in the streamwise, cross-stream and spanwise

directions respectively, with the origin at the back stagnation point and mid-span of the cylinder.
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Evolution of parallel and oblique near-wakes with the Reynolds number:

Hot-wire velocity measurements were obtained for the parallel and oblique vortex shedding in the
Reynolds number range 135-170, at 12 diameters downstream of the cylinder. Fast-Fourier
transforms were performed on the velocity data and smoke-wire flow visualization photographs were
taken.

The parallel shedding was obtained with the control cylinder technique. As the Reynolds number is
gradually increased, the wake which was kept parallel all along became turbulent at Re=164. This
sharp transition is illustrated in Figures 2 and 3 taken at Re= 162 and -164 respectively. The averaged
hot-wire spectra corresponding to these two flow regimes are shown in Figures 4 and 5 respectively.
While the spectrum in Figure 4 is dominated by a sharp peek at the shedding frequency, the one in
Figure 5 is broad-band, with a higher low-frequency turbulence level. Note that the values of the
Reynolds number mentioned above may vary with the effective aspect ratio (Hid) of the cylinder.
Nonetheless, the qualitative behavior remains the same regardless of the cylinder aspect ratio: the
initially parallel wake undergoes a sharp transition from laminar to turbulent.

Figure 2. Flow visualization of laminar Figure 3. Flow visualization of turbulent
parallel shedding at Re=162. d--0.157cm, shedding at Re=164. d=--0.157cm, HW
H/d=160. Smoke-wire at x/d=25. d=160. Smoke-wire at x/d=25.
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Figure 4. Time-averaged velocity spectrum of laminar parallel shedding
at Re=162. d=O.157cm, HId=160. Hot-wire at x/d=12.
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Figure 5. Time-averaged velocity spectrum of turbulent shedding
at Re=164. d=O.157cm, H/d=160. Hot-wire at x/d=12.
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The behavior of the oblique wake as the Reynolds number is increased turned out to be different than
the parallel case. Up to Re-152, the vortex shedding is laminar and oblique as exemplified by the
smoke-wire photograph in Figure 6 taken at Re=151, and the corresponding hot-wire spectrum in
Figure 7 is dominated by a sharp peak at the shedding frequency.

Figure 6. Flow visualization of laminar oblique shedding at Re=151. d=O. 157cm, aspect ratio
385. Smoke-wire at x/d=25.

0.1 . .............. ................. ............... . .............. ................. ........... ...... .
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Figure 7. Time-averaged velocity spectrum of laminar oblique shedding at Re=151. d--0.157cm,
aspect ratio 385. Hot-wire at x/d=12.
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A very small increase of the.Reynolds number, in this case to Rew 155, causes the wake to enter a new
regime characterized by turbulent spots which appear at random times and spanwise locations, as
shown in Figure 8. This causes the hot-wire to register a continually changing frequency spectrum
as the shedding frequency becomes unstable. This is illustrated in Figures 9a and 9b which represent
two un-averaged velocity spectra at Re=155 taken at different times. The spectrum in Figure 9a is
typical of a laminar flow whereas the one in Figure 9b shows a lot of irregularities as a result of the
passage of turbulent spots. The corresponding time-averaged spectrum is shown in Figure 9c. This
"quasi-turbulent" behavior was observed up to Re=160, above which the wake is completely
turbulent, i.e. the turbulence spreads to the entire span of the cylinder. Figures 10 and 11 represent
the flow visualization and frequency spectrum corresponding to this flow. These two last figures
closely resemble Figures 2 and 4 respectively.
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Figure 8. Flow visualization of quasi-turbulent oblique shedu'ing at Re= 155.
d=-O. 157cm, aspect ratio 385. Smoke-wire at x/cf 25.

0.0 DOI.. . ................... ........

001 0 . . .

*1 ~~~Frequency (Hz) 20 3 5

Figure 9a. Non-averaged velocity spectrum ot quasi-turbulent oblique. shedding at Re=1 55. d=O. 157cm,
aspect ratio 385. Hot-wire at x/d= 12.
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Figure 9b. Non-averaged velocity spectrum of quasi-turbulent oblique shedding at Re= 155.

d=-O.I157cm, aspect ratio 385. Hot-wire at xld=12. Same as in Figure 9a, but at a different instant of
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Figure 10. Flow visualization of turbulent shedding at Re= 163. d=O. 157cm, aspect ratio 385. Smoke-
wire at xld=25.
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Figure 11. Time-averaged velocity spectrum of turbulent shedding at Re= 163. d=O. 157cm, aspect
ratio 385. Hot-wire at xld= 12.
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The root mean square (rms) of velocity fluctuations obtained from the hot-wire measurements
described above provide another view of the differences between the parallel and oblique wakes as
transition is approached. As shown in Figure 12, the rms of the parallel shedding increases gradually
until Re-164, where it jumps to another regime as the flow suddenly becomes turbulent. The oblique
shedding also experiences a gradual increase of the rmns level witb the Reynolds number but only up
to Re-153, which marks the end of the laminar regime for this case. In the range of Re-1 53-163, the
rms increases more steeply and has a somewhat erratic trend because the location of the turbulent
spots keeps changing. The relatively lower rms values at Re-155 and Re-161 for example, can be
attributed to the fact that less turbulent spots passed near the location of the hot-wire. Beyond the
range Re-153-163 the rms level is comparable to that of the parallel case as the wake becomes
completely turbulent.

3

a Oblique shedding
0 Parallel shedding
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Figure 12. Evolution of root mean square of fluctuating velocity for parallel and oblique shedding
with the Reynolds number.
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Downstream evolution of the wake:

In these experiments, we focused on the downstream evolution of the parallel and oblique wakes for
Reynolds numbers below transition. This was to give an idea of the scales of the three-dimensionality
which is present in these wakes prior to their transition to turbulence and help understand why these
wakes become turbulent at different Reynolds numbers. Past experimental studies of the wake of
circular cylinders for Reynolds numbers below 160 have provided two important, yet seemingly
unrelated, observations: The first is that the KlIrmin vortex street is usually oblique and the second
is that three-dimensional structures develop in the far-wake. If we add to these the other important
observation that the transition from laminar to turbulent wake occurs at different Reynolds numbers
for the parallel and oblique vortex streets, then there is sufficient ground to suspect that the near-wake
may contain all the relevant information on the three-dimensionality which is observed in the far-
wake of oblique vortex streets and that which is responsible for their transition to turbulence.

Preliminary experiments consisted of smoke-wire flow visualization. Various regions of the wake
were visualized with the smoke-wire positioned at a suitable location downstream of the cylinder to
avoid any possibility of confusion about the observed structures. The Reynolds number was kept in
the range 140-160 €-)r the oblique shedding. In this range of Reynolds numbers, the K.rmdn vortex
street decays by x/d=150 and new vortical structures of larger scale and lower frequency than the
primary vortices emerge. This was first observed by Taneda (1959) in towing tank flow visualiza-
tions. In their wind tunnel experiments, Cimbala et. al. (1988) demonstrated that the process of
reorganization of the wake is controlled by hydrodynamic instability and merely reflects the growth
and decay of various frequencies which are present in the system, and not pairing as it had been
advanced by Matsui and Okude (1983). Matsui and Okude based their argument in favor of a vortex
pairing scenario on flow visualization photographs and measurements of the ratio of the passage
frequency of the secondary vortices to the K~rrm~n vortices, f 1.,/ This ratio happens to be very close
to 1/2, even in ourexperiments but we found that while the shedding frequency fl varies with the angle
of shedding, the far-wake frequency f, remains the same. This further contradicts the idea that the
wake reorganizes itself through vortex pairing.

Much like the observations of Cimbala et. al., our smoke-wire flow visualizations showed that the
oblique vortices in the near-wake decay and give rise to new vortical structures in the far-wake.
Surprisingly, these new vortices start out straight and parallel to the cylinder axis, even though the
KfrmAn vortices were oblique. However, in the case of oblique shedding the secondary structures
develop a spanwise waviness further downstream. This waviness amplifies downstream and
"breaks" the spanwise rollers into three-dimensional structures equally spaced along the span, in the
shape of periodic "lumps". Figures 13a, 13b and 13c, illustrate a sequence of development of an
oblique wake with the smoke wire positioned at x/d= 50, 140, and 250 respectively.
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i.

Figures 13a, 13b and 13c. Flow visualization of laminar oblique shedding at Re=140. d=0.106cm,
aspect ratio 570. Smoke-wire at x/d=50, 140 and 25(0 respectively.

The angle of vortex shedding in the near-wake could be changed at any Reynolds number by
imposing various flow conditions at the cylinder ends with the control cylinders. As the angle of
shedding was varied it became clear that the spanwise size of the "lumps" was affected, suggesting



a link between the neair-wake f'low condition and the far-wake spanwise "mnodulation". Making the
angle of shedding shallowv, i.e. closer to pazrillel shedding, produced longer "lumps" in the far-wake
and making it steeper had the reverse effect. Figures 14a and 14b represent two such cases, where
the scale of the three-dimensionality in the far-wake is altered by changing the angle of shedding for
the same Reynolds number. The scale in Fitgurc 14a is larger than in Figure 14b.

ni4 i I
: ..... ... V.1 - 4 _

........ . .... .(b )

Figure 14a and 14b. The effect of changing the angle of shedding on the scale of the far-wake three-
dimensionality. Re=140, d=(). 106cm, aspect ratio 570, smoke-wire at x/d=50. in both photographs.
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In contrast, the case of parallel shedding pr0JL1CCJ parlcl;H ;r1:1 1,1; NIefrWake, such as shown
in Figures 15a, 15b and 15c, indicating that tile orliin ofthl ic~ ' fur-wake of oblique vortex
street~s could definitely be traced to somle near-waikt llow c~~in

(hC)

Figures 15a, 15b and 15c. Flow visualization of In.,inmd1 p~irulll shedding at Re=140. d=O0.lO6crn,
H/d=220. Smoke-wire at xld=50, 140 and 250)rpcicv
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A rather peculiar vortex shedding geometry is depicted in Figure 16 where the vortex shedding goes
gradually from parallel (lower portion of the span) to oblique (upper portion). The far-wake also has
a different form in the upper and lower portions of the span, which is another indication that the local
near-wake shedding condition affects the size of the structures at the corresponding spanwise
location in the far-wake.

f

Figure 16. Flow visualization of laminar flow condition in which the shedding angle varies along the
span, affecting the scale of the tar-wake three-dimensionality. Re= 140, d=0. 106cm, aspect ratio 570,
smoke-wire at x/d=50.

To further investigate the observations described above, time-averaged velocity profiles were taken
along the spanwise (z) and cross-stream (y) directions in the wake of the cylinder.'The profiles in the
cross-stream direction were measured at several spanwise locations in order to look for possible
variations in the spanwise dir'ection.

Figures 17a and 17b represent near-wake (x/d=5t)) profiles in the cross-stream direction at three
spanwise stations for the parallel and oblique shedding respectively. As expected, these mean
profiles do not show any spanwise variations for either shedding geometry since the mean flow at
any spanwise location is identical even for the oblique shedding.
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Figure 17a and 17b. Near-wake (x/d=50) velocity profiles in the cross-stream direction at three
spanwise stations z/d=0, 5 and 10 at Re=140. (17a) parallel shedding, H/d=220, and (17b) oblique
shedding, 0=25o, aspect ratio 570.
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The corresponding far-wake data is more interesting, as shown in Figures 18a and 18b for the profiles
in the cross-stream direction and Figure 19 for the spanwise direction respectively. Six such profiles
were measured at regular spanwise locations for the two shedding geometries. All six profiles in the
cross-flow direction are identical for the parallel shedding, but they present a good deal of scatter for
the oblique shedding. The spanwise velocity profile is relatively flat for the parallel shedding case
whereas it is periodic for the oblique case. We noted that the wavelength of the spanwise velocity
profile closely matches the "wavelength" of the lumps observed by flow visualization. It was also
established that the minima coincide with the region of maximum thickness of the lumps while the
maxima in the spanwise velocity profile coincide with the regions between the lumps (see Figure 23).
Once the far-wake vortices adopt the shape shown at the right edge of Figure 13c, their local diameter
varies with the spanwise direction in a periodic pattern and their induced velocity varies inversely
with the local diameter.
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Figures 18a and 18b. Far-wake (x/d=360) velocity profiles in the cross-stream direction at six
spanwise stations zfd=O, 5, 10, 15,20and 25 atRe= 140. (18a) parallel shedding, Hd=220, and (18b)
oblique shedding, e=259, aspect ratio 570.
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Figure 19. Far-wake (xld=360) profiles in the spanwise direction at the center of the wake for the
parallel and oblique shedding corresponding co Figures 18a and 18b.

Time-averaged velocity profiles in the spanwise direction were taken at various downstream
locations, Two of these profiles are represented in Figure 20 which shows that the structures observed
in the far-wake of oblique vortex streets are phase-locked in space in the mnean. This phase-locking
of the vortices is thoughit to be reached as a result of the induction of each vortex on the next one.
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Figure 20. Velocity profiles in the spanwise direction for oblique shedding measured at xld= 350 and
450, yT-a. Re=140, 0=22o, aspect ratio 570.
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As was mentioned earlier, flow visualization unveiled a direct dependence of the scale of the far-
wake three-dimensionality on the near-wake angle of shedding. It is clear that the mean velocity
profiles in the near-wake do not outline any sort of three-dimensionality. The alternative was then
to measure the spanwise wavelength of vortex shedding, i.e. the spacing between two consecutive
Kdrmdn vortices of the same sign. This wavelength was determined by measuring the phase shift
between the signals measured by two hot-wires which could be moved with respect to each other in
the spanwise direction. It turns out that this wavelength is equal to the wavelength of the
corresponding spanwise mean velocity profile in the far-wake, and therefore also equal to the
spanwise scale of the "lumps" in the far-wake. Figure 21 represents the variation of the phase shift
with the spacing between the hot-wire probes in the near-wake and Figure 22 the corresponding mean
spanwise velocity profile in the far-wake. From these two figures it is easy to determine that the
spanwise wavelengths in the near- and far-wakes are equal.
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Figure 21. Variation of the phase shift with the spacing between the hot-wire probes in the near-wake
of oblique shedding.
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Figure 22. Mean velocity profile in the spanwise direction in the far-wake of the flow corresponding
to Figure 21.

Figure 23 is a schematic representing the near- and far-wake spanwise wavelengths as well as the
locations of higher and lower mean velocity in the far-wake.

Cylinder

4- Lower mean vexity

Uo 
I

"" Higher mean velocity

/
vortices structures

Figure 23. Schematic of wavelength in the near- and far-wake and location of higher and lower mean
velocity in the far-wake for oblique shedding.
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After we used two hot-wires to measure the spanwise wavelength in the near-wake and showed that
it is equal to the wavelength in the far-wake for a fev , pical cases, we found a good correspondence
between the smoke-wire flow visualization photographs and the hot-wire measurements and that the
photographs could be digitized and the spanwise wavelength measured from them with good
accuracy. We then reverted to this method to investigate various combinations of Reynolds numbers,
angles of shedding and cylinder diameters. Each flow condition was represented by a pair of photos:
one for the near-wake and another one for the far-wake. These photos were then digitized and the
near-wake and far-wake spanwise wavelengths, denoted by X I and X2 respectively, were measured
directly from the computer images. The results, shown in Figure 24, confirm that the near- and far-
wake wavelengths are equal for oblique shedding for all the cases we observed.

As was reported i -Hammache and Gharib (1990), the oblique shedding is due to a base pressure
imbalance between the cylinder ends. This in turn induces a spanwise flow in the base region of the
cylinder which excites an oblique "mode" of vortex shedding. Once the vortices shed obliquely, at
a frequency f,, the vorticity vector is comprised of a component in the spanwise direction and one
in the streamwise direction, co, and co, respectively. This vort'" -,treet eventually dies out, the mean
velocity profile becomes unstable and a new vortex pat 'im emerges with a frequency f,. It is likely
that the streamwise component co,. does not de.cay, but rather interacts with the spanwise component
in the far-wake to produce the spanwise modulation of the secondary vortices which become
increasingly three-dimensional with the downstream distance. As the Reynolds number is gradually
increased to approximately 152, the wake reaches the transition from laminar to turbulent flow. This
transition is favored by the relatively large-scale three-dimensionality described above. In contrast,
the parallel shedding case remains laminar until the Reynolds number is above 165 (and even higher
for lower cylinder lengthldiameter aspect ratios.) As the parallel wake transition is approached, the
secondary vortices develop an instability which manifests itself in the shape of "wiggles" of small
scale than the lumps which characterize the oblique case. These wiggles appear randomly on the
vortices and do not have a specific wavelength. As the Reynolds number is increased (but still kept
below transition), the mean spanwise velocity profile of the parallel wake case develops random
bumps which are considerably smaller than the periodic variations of the oblique case and remains
relatively flat in comparison.
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Figure 24. Plot of near-wake versus far-wake wavelengths for various Reynolds numbers, cylinder
diameters and angles of shedding.
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We can conclude that the parallel and oblique wakes undergo distinct transitions to turbulence: the
parallel case experiences a sharp transition from laminar to turbulent wake, while the oblique case
goes from laminar to turbulent via a regime in which the wake is partly laminar and partly turbulent.
The turbulence in this regime appears as random spots along the cylinder span. It is possible that when
the Reynolds number is in the "quasi-turbulent" regime, the angle of vortex shedding is no longer
stable and the wake can consist of vortices which bend at one or several points along the span. The
two regions on either side of the "bend" do not necessarily have the same angle and thus the same
frequency. A frequency mismatch at the interface creates turbulent spots similar to those observed
behind the nodes of vibrating cylinders by Van Atta, Gharib and Hammache (1988) and behind a
region of local discontinuity in the cylinder diameter by Lewis and Gharib (1992). Oblique vortex
streets already have a three-dimensionality at Reynolds numbers below transition which favors an
early transition, whereas parallel vortex streets remain laminar longer and their transition happens
when the vortices themselves develop three-dimensional features.

As far as the downstream evolution of the oblique wake is concerned, we conjecture that once the
K~rmdn vo•tex street decays, the spanwise wavelength (spanwise distance between two consecutive
vortices of the same sign of vorticity) survives and modulates the secondary structure of the far-wake.
In this respect, the three-dimensionality which marks the far-wake vortices is a result of the
interaction of the spanwise wavelength in the near-wake and the streamwise wavelength of the far-
wake. This is in agreement with the results of experiments conducted by Corke et. al. (1992) on the
interaction of plane Tollmien-Schlichting waves and pairs of oblique waves in the wake of an airfoil.
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List of Figures:

Figure 1. Experimental setup and coordinate system.

Figure 2. Flow visualization of laminar parallel shedding at Re= 162. d=O. 157cm, H/d= 160. Smoke-
wire at x/d=25.

Figure 3. Flow visualization of turbulent shedding- at Re= 164. d=0.157cm, HWd=160. Smoke-wire at
x/d=25.

Figure 4. Time-averaged velocity spectrum of laminar parallel shedding at Re=162. d=0.157cm, HI
d=160. Hot-wire at x/d-12.

Figure 5. Time-averaged velocity spectrum of turbulent shedding at Re=164. d=0.157cm, Hld=160.
Hot-wire at x/d= 12.

Figure 6. Flow visualization of laminar oblique shedding at Re=151. d=0.157cm, aspect ratio 385.
Smoke-wire at x/d=25.

Figure 7. Time-averaged velocity spectrum of laminar oblique shedding at Re=15l. d--0.157cm,
aspect ratio 385. Hot-wire at xfd=12.

Figure 8. Flow visualization of quasi-turbulent oblique shedding at Re= 155. d=0. 157cm, aspect ratio
385. Smoke-wire at x/d=25.

Figure 9a. Non-averaged velocity spectrum ofquasi-turbulent oblique shedding at Re=155. d=0.157cm,
aspect ratio 385. Hot-wire at x/d=12.

Figure 9b. Non-averaged velocity spectrum of quasi-turbulent oblique shedding at Re=-155.
d--0.157cm, aspect ratio 385. Hot-wire at x/d=12. Same as in Figure 9a, but at a different instant of
time.

Figure 9c. Time-averaged velocity spectrum of quasi-turbulent oblique shedding at Re=155.
d--0.157cm, aspect ratio 385. Hot-wire at x/d= 12.

Figure 10. Flow visualization of turbulent shedding at Re= 163. d=0. 157cm, aspect ratio 385. Smoke-
wire at x/d=25.

Figure 11. Time-averaged velocity spectrum of turbulent shedding at Re= 163. d=0.157cm, aspect
ratio 385. Hot-wire at x/d= 12.

Figure 12. Evolution of root mean square of fluctuating velocity for parallel and oblique shedding
with the Reynolds number.
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Figures 13a, 13b and 13c. Flow visualization of laminar oblique shedding at Re=140. d=O. 106cm,
aspect ratio 570. Smoke-wire at x/d=50, 140 and 250 respectively.

Figure 14a and 14b. The effect of changing the angle of shedding on the scale of the far-wake three-
dimensionality. Re=140, d---.106cm, aspect ratio 570, smoke-wire at x/d=50.

Figures 15a, 15b and 15c. Flow visualization of laminar parallel shedding at Re=140. d=O.106cm,
H/d=220. Smoke-wire at x/d=50, 140 and 250 respectively.

Figure 16. Flow visualization of laminar flow condition in which the shedding angle varies along the
span, affecting the scale of the far-wake three-dimensionality. Re= 140, d=O. 106cm, aspect ratio 570,
smoke-wire at x/d=50.

Figure 17a and 17b. Near-wake (x/d=50) velocity profiles in the cross-stream direction at three
spanwise stations z/d=O, 5 and 10 at Re=140. (17a) parallel shedding, H/d=220, and (17b) oblique
shedding, 6=25*, aspect ratio 570.

Figures 18a and 18b. Far-wake (x/d=360) velocity profiles in the cross-stream direction at six
spanwise stations z/d--O, 5, 10, 15, 20 and 25 at Re= 140. (18a) parallel shedding, H/d=220, and (1 8b)
oblique shedding, 0=25,, aspect ratio 570.

Figure 19. Far-wake (x/d=360) profiles in. the spanwise direction at the center of the wake for the
parallel and oblique shedding corresponding to Figures 18a and I8b.

Figure 20. Velocity profiles in the spanwise direction for oblique shedding measured at x/d= 350 and
450, y--O. Re=140, e=22o, aspect ratio 750.

Figure 22. Mean velocity profile in the spanwise direction in the far-wake of the flow corresponding
to Figure 21

Figure 22. Mean spanwise velocity profile in the far-wake of the flow corresponding to Figure 21.

Figure 23. Schematic of wavelength in the near- and far-wake and location of higher and lower mean
velocity in the far-wake for oblique shedding.

Figure 24. Plot of near-wake versus far-wake wavelengths for various Reynolds numbers, cylinder
diameters and angles of shedding.
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