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Flow structure from an oscillating cylinder
Part 1. Mechanisms of phase shift and recovery in
the near wake
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Cylinders of various cross-section were subjected to controlled oscillations in a
direction transverse to the incident flow. Excitation was at frequency f,, relative to
the formation frequency f¥ of large-scale vortices from the corresponding stationary
cylinder, and at Reynolds numbers in the range 584 < Re < 1300. Modifications of
the near wake were characterized by visualization of the instantaneous flow structure
in conjunction with body displacement—flow velocity correlations.

At f./f¥ = 3, corresponding to subharmonic excitation, as well as at f,/f¥ = 1, the
near wake structure is phase-locked (synchronized) to the cylinder motion. However,
the synchronization mechanism is distinctly different in these two regimes. Near or
at f./f& = 1, the phase of the shed vortex with respect to the cylinder displacement
switches by approximately m. Characteristics of this phase switch are related to
cylinder geometry. It does not occur if the cylinder has significant afterbody.

Over a wide range of f,/f§, the perturbed near wake rapidly recovers to a large-
scale antisymmetrical mode similar in form to the well-known Kdrman vortex street.
The mechanisms of small-scale (f,) vortex interaction leading to recovery of the
large-scale (f,) vortices are highly ordered and repeatable, though distinctly
different, for superharmonic excitation (f./f¥ =n=2,3,4) and non-harmonic
excitation (non-integer values of f,/f&).

The frequency f, of the recovered vortex street downstream of the body shows
substantial departure from the shedding frequency f# from the corresponding
stationary body. It locks-on to resonant modes corresponding to f,/f. = 1/n. This
wake response involves strictly hydrodynamic phenomena. It shows, however, a
resonant behaviour analogous to that of coupled flow—acoustic systems where the
shear layer is convectively unstable

1. Introduction

Flow-induced loading and vibration of a cylinder in crossflow have been
investigated from a variety of perspectives during the past few decades. Recent
advances in our understanding of this class of flow—structure interaction are
summarized in the insightful overviews of Mair & Maull (1971), Berger & Wille
(1972), Parkinson (1974), Sarpkaya (1979), Bearman & Graham (1980), and Bearman
(1984).

A number of advances have been made in the past two decades relating the
visualized flow structure downstream of the body to the frequency of oscillation of
the body; typically, the oscillation frequency of the body is at or near the inherent
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vortex-shedding frequency from the corresponding stationary body. Koopmann
(1967a,b), Griffin & Votaw (1972), and Griffin (1971, 1973) have contributed
substantially to our understanding of the alteration of the near-wake structure for
excitation conditions at or near synchronization. Moreover, the reviews of Berger &
Wille (1972), Sarpkaya (1979) and Mair & Maull (1971) provide assessments of
various features of the near-wake characteristics.

Of the many investigations in recent years, we first focus on those that
characterize the transverse force, or surface pressure, in the range where the
excitation frequency f, is close to, or the same as the natural shedding frequency
f& when the body is stationary, i.e. f./f& ~ 1. Bishop & Hassan (1964) and Staubli
(1981) have revealed a sudden change in the phase angle between the transverse
force F, and cylinder displacement Y in this range; moreover, Sarpkaya (1978)
demonstrated that there are correspondingly strong variations of the in-phase and
out-of-phase force coefficients. Another means of characterizing the loading on the
cylinder is measurement of the fluctuating pressure on the side of the cylinder. For
the case of forced oscillations, studies by Bearman & Currie (1979), as well as for free
oscillations, examined by Feng (1968) and Ferguson & Parkinson (1967), there are
drastic changes in phase angle of the fluctuating pressure relative to the cylinder
displacement through the synchronization range. Moreover, these severe changes in
loading are not limited to the configuration of the circular cylinder. Bearman &
Obasaju (1982) reveal a sharp variation in phase angle between pressure measured
on the centre of the side face of a rectangular cylinder and its displacement ; however,
this phase shift occurred at a Strouhal number substantially lower than those of the
aforementioned cases of the circular cylinder.

In contrast to these well-studied features of the cylinder loading, relatively little
is known of the corresponding flow structure in the near-wake region. On the basis
of the foregoing studies, it is clear that there is some sort of sudden shift in the near-
wake dynamics within the f,/f#¥ ~ 1 range; however, its precise nature remains
unresolved. An important observation in this direction has been made by
Zdravkovich (1982). From study of flow-visualization films of Den Hartog (1934),
Meier-Windhorst (1939) and Angrilli, DiSilvio & Zanardo (1974), encompassing both
free and forced oscillations, he suggests that the drastic changes in phase of the
loading described in the foregoing are due to corresponding changes in the phasing
of the vortex shedding with respect to displacement of the cylinder. In essence, in
passing from flow conditions below the range f,/f¥ ~ 1 to above it, the phase angle
between the initially shed vortex and cylinder displacement changes by the order
of m.

Among the unresolved issues related to alteration of the flow structure through
this range are: the underlying physical mechanism(s) for a possible phase shift of the
vortex shedding (relative to the displacement of the cylinder) through the
synchronization range, including the relation between this phasing and the vortex
formation length; quantitative characterization of the phase shift of the shed
vortices as a function of excitation frequency in the near-wake region, thereby
determining to what degree this phase shift is ‘discontinuous’, as opposed to a more
gradual transition between modes of shedding; and effect of cylinder base geometry
on the near-wake structure, especially the influence of afterbody length (i.e. portion
of body downstream of separation points) on the mechanism of phase shift. Although
there is a tendency to focus on regimes of excitation within and near f./f¥ ~ 1 when
examining these types of problems, there is much to be learned by considering
excitation frequencies below and above this range. In this regard, a primary issue is
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determining the possibility of phase shift of the vortex-shedding process at
frequencies well below and above f./f¥ ~ 1. Such a study might provide insight into
the flow mechanisms occurring within the synchronization region itself.

Moreover, excitation of the cylinder at frequencies well away from the natural
shedding frequency (f./f¢ = 1) is expected to induce vortical structures in the near
wake at f,. The following issue arises. Is there rapid recovery of the flow structure to
the large-scale antisymmetrical mode of f,? If so, what is the nature of the
vortex—vortex interactions leading to ‘recovery’ of the mode at f,, and is the
frequency f, itself somehow related to a dimensionless form of f.? These aspects
must, of course, be assessed relative to extensively investigated instabilities of jets
and mixing layers. The likelihood of an absolute instability of a bluff-body wake
(Monkewitz & Nguyen 1986), as opposed to the convective instability of typical jets
and mixing-layers (Ho & Huerre 1984), is expected to exert a predominant influence
on the near-wake structure.

In this investigation, we address these unresolved issues by subjecting cylinders to
controlled oscillations at defined frequency and amplitude, while characterizing the
flow structure in the near-wake region. We first examine the concept of
synchronization, i.e. phase-locking, of the vortex formation with respect to the body
motion. Then, for conditions at which synchronization occurs, we address the phase
shift of the vortex formation with respect to the body motion. Finally, attention is
focused on the manner in which the highly distorted near wake at f, evolves into the
classical Kdrmdn mode at f,. In doing so, wakes from cylinders having oscillating
versus fixed separation points and zero versus finite afterbody are addressed in order
to determine the common and distinguishing consequences of these parameters.

2. Experimental system and instrumentation

As described in detail by Ongoren (1986), the cylinder was mounted vertically in
a free-surface water channel, with its bottom end free and its top end clamped to the
driving mechanism. Three basic cylinder configurations were employed in this study :
circular; triangular ; and rectangular. Denoting the transverse (projected) dimensions
of each cylinder as D, each has a value of D = 1.27 cm and a length of L = 36.3 cm.
The cylinder and its mounting arrangement were sufficiently rigid to preclude
deflection during forced oscillations. Moreover, it was necessary to ensure that its
metallic surface was well insulated from the electrolysis process during hydrogen-
bubble visualization. These two demands of stiffness and insulation were met by
fabricating the cylinders from two concentric cylinders, the outer cylinder of
Plexiglas having inner and outer radii of 6.35 mm and 12.7 mm, and the inner
cylinder of steel having a radius of 6.35 mm. Similar techniques were employed in
fabrication of the triangular- and square-cross-section cylinders.

During preliminary experiments, considerable effort was expended in ensuring
that free-surface dynamics did not influence the near-wake dynamics. To achieve
this, a special cover plate, extending 12D upstream and 36D downstream of the
centreline of the cylinder was designed. Another possible influence is the existence of
resonant frequencies of the excitation system itself, i.e. the motor—pulley—bearing
arrangement. Such disturbances propagate to the cylinder and induce small-scale
instabilities in the near-wake region. This problem was finally circumvented by
several successive designs of the system.

Most experiments were carried out at a Reynolds number Re = 855, though the
basic flow structure described herein was observed up to Re = 3000, the upper limit
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of the experimental arrangement. The oscillation amplitude of the cylinder was
maintained at Y,/D = 0.13 for all values of Reynolds number. Several criteria were
satisfied in the selection of Re = 855 as the primary one. First, to make interpretation
of the near-wake dynamics as simple as possible, it was desired to have a single
predominant frequency and purely antisymmetrical growth of the large-scale
instability in the near-wake region. These criteria were ascertained by cross-spectral
measurements between hot-film probes mounted on either side of the wake. At higher
values of the Reynolds number than that selected here, small-scale *transition
waves’, riding upon the large-scale vortices, were observed: they were similar to
those noted by Unal & Rockwell (1988), as well as in previous studies of Gerrard
(1978) and Wei & Smith (1986). Another consideration in selection of the Reynolds
number is the flow-visualization technique; hydrogen bubbles accurately track the
flow-field unsteadiness only if the velocity is sufficiently high (Schraub et al. 1965).
On the other hand, the velocity must be sufficiently low to provide sufficiently high
contrast of the bubble timelines during photography.

At Re = 855, the Strouhal number of vortex shedding was f¥ D/U = 0.194, 0.200
and 0.135, for the circular, triangular, and square cross-sections respectively. For all
cylinders, D represents the diameter or width in the cross-stream direction, f§ the
frequency of vortex formation from the stationary body, and U the free-stream
velocity. The ratio f./f¥ employed extensively in this investigation therefore
represents the ratio of Strouhal numbers at the forced and self-excited frequencies.

As shown in Ongoren (1986), the 1 mm platinum wire used for generating
hydrogen bubbles was oriented with its axis in the horizontal plane at a location 0.4D
upstream of the cylinder centreline, supported by two prongs 24D apart. For certain
types of visualization, the central portion of the wire was coated with liquid
insulator, allowing detailed observation of the forward stagnation region of the
cylinder, as well as the local separation region. The visualized timelines were
recorded on an Instar television system having a frame rate of 120 frames per s.
Moreover, using the split-screen capability in conjunction with a second camera, it
was possible to record simultaneously : the cylinder displacement trace as observed
on a storage oscilloscope ; the oscillating cylinder ; and the visualized timeline pattern
of the near wake.

The phase of the vortex-shedding process, relative to the displacement of the
cylinder, was quantitatively determined by cross-spectral analysis between: a hot-
film located at the outer edge of the downstream wake; and a signal from the
displacement transducer mounted on the cylinder mechanism. The transverse
location of the hot film is crucial, since it is well known that there are strong
transverse gradients of the phase of the fluctuating velocity field, a principle well
established through linear stability analysis (Michalke 1965). Consequently, it is
necessary to take preliminary phase measurements in the transverse direction to
ensure that the hot film is located in a region of minimum phase gradient. This
condition is satisfied just beyond the outer edge of the mean shear layer from the
cylinder.

3. Synchronization of vortex formation

We first address the conditions for which the near-wake structure is phase-locked,
i.e. synchronized, with the cylinder motion. The phase of the vortex formation was
tracked for several excitation frequencies in the range 0 < f,/f¥ < 1, as indicated in
figure 1. Only the cylinder frequency f, was varied to give different values of f,/f¥.
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Ficure 1. Phase of vortex shedding ¢, (dots) relative to phase of cylinder displacement ¢, as
function of time for excitation frequencies f./f§ = 0, 0.33, 0.50, 0.85 and 1.0.

Note that the time ¢ is normalized by the period 7, = 1/f,, which varies in accord
with f,. Therefore, the spacing on the #/7, axis is the same for all values of 7,. For
fo/f& =0, there is no body motion; vortices are shed alternately with increasing
time. At f,/f¥ = 0.33, the solid line shows the sinusoidal cylinder displacement and
the solid dots represent the occurrence of vortex formation, corresponding to
drawing of irrotational fluid across the wake centreline. In this case the modulation
in the phase of vortex shedding is indeed substantial. Although this phase, relative
to the body motion, is modulated, it should be emphasized that the vortex formation
retains its antisymmetrical harmonic behaviour.

At f,/f¥ =1, there is subharmonic synchronization ; the initial vortex shedding is
phase-locked such that it is alternately in phase (i.e. A@, = 0), then out-of-phase (i.e.
A¢, = m) with the body motion. Although two vortices are shed for every period of
cylinder displacement, the initial vortex consistently forms on the same side (upper
side) of the cylinder irrespective of whether the displacement is either maximum
negative or positive. These features of the vortex formation are displayed in photos
() and (b) in figure 1. In photo (a), the cylinder is at its maximum positive position
(Y = Y,), and in photo (b) it is at maximum negative position (¥ = —Y,). In both
photos, however, vortex formation is consistently from the upper side of the
cylinder.

Two higher frequencies, f,/f¥ = 0.85 and f,/f§ = 1, are also included in this series
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of plots to illustrate the approach to synchronization at the fundamental frequency
of vortex formation; it is the classical type of synchronization. At f,/f#¥ = 0.85, the
vortex shedding is essentially synchronized. Loss of phase-locking occurs only every
ten cycles or so; for f./f¥ = 1, there is complete synchronization. Photos (¢} and (d)
in figure 1 show complete synchronization at f./f§ = 1;in photo (c), the initial vortex
is on the upper side and the cylinder displacement is positive maximum ; in photo (d)
the cylinder displacement is negative maximum and the initial vortex appears on the
lower side.

We emphasize that the synchronization characteristics defined here hold only for
the considered oscillation amplitude. At higher amplitudes, the extent of the
synchronization range should increase; at the other extreme, 1.e. at a sufficiently
small amplitude, the synchronization range may cease to exist altogether. This
aspect remains for investigation.

In the foregoing, we have addressed the conditions for which the vortex shedding
is locked to the cylinder motion. Within this lock-in range, however, the phase of the
actual vortex formation with respect to the body motion may vary as a function of
forcing frequency. We now turn to this aspect.

4. Phase shift of vortex formation

4.1. Overview of vortex formation relative to cylinder displacement :
circular eylinder

Figure 2 gives an overview of the near-wake structure of a cylinder over a frequency
range 0.85 < f,/f¥ < 1.17. To allow comparison of the phasing of the initially shed
vortex relative to the instantaneous displacement of the cylinder, all photos in
figure 2 are at the instant of maximum negative displacement of the cylinder,
Y = —¥,. The portion of the bubble wire intersecting the ¥ = 0 axis of the stationary
cylinder was insulated to provide insight into the fluctuation of the forward
stagnation region.

Comparison of photos corresponding to f,/f¥ = 0.85, 0.9, and 1 shows that there
is substantial decrease in vortex formation length and simultaneously an increase in
angle of inclination of the base region, which we designate as «,. In the photo
corresponding to f./f& = 1.05, there is a tendency towards initial vortex shedding
from the upper, as opposed to the lower, side of the cylinder; in the photo
corresponding to f,/f¥ = 1.17, this switch in phase of the initially shed vortex is
completed. Correspondingly, there is no longer a perceptible inclination of the base
region, i.e. &, ~ (. In summary, as suggested in figure 2, and described in detail by
Ongoren (1986), as the frequency ratio f./f¥ ~ 1 is approached, there is substantial
shortening of the vortex formation length and increase in angle of inclination «,, of
the base region. However, just above this frequency ratio, there is a switch in phase
of the vortex shedding to the opposite side of the cylinder in conjunction with a
decrease in the inclination angle a,, of the base region to approximately zero.

Moreover, as addressed by Ongoren (1986), the variations of angle «, and phase
shift of the vortex formation are remarkably well correlated with previous
observations of the lift amplitude and phase respectively.

4.2. Overview of vortex formation relative to cylinder displacement :
triangular-cross-section cylinder

Figure 3 shows the near-wake structure of the triangular-cross-section cylinder. As
in figure 2, all photos correspond to the maximum negative location of the cylinder
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Fioure 2. Effect of ratio of excitation frequency f, to natural shedding frequency f¥ on
near-wake structure. All photos taken at maximum negative displacement of cylinder.

Y=-Y, At a frequency ratio f./f¥ = 0.9, relative to f,/f¥ = 0.8, there is a
substantial decrease in vortex formation length. In fact, the vortex forms
immediately behind the cylinder. Furthermore, comparing photos representing
frequency ratios f,/f¥ = 0.9 and 1, there is clearly a phase shift of approximately =
of the initial vortex formation relative to the body motion. Increasing the frequency
ratio f./f¥ to a much higher value, f./f¥ = 2, causes the near-wake region to break
into small-scale vortex formation; subsequently, the small-scale vortices interact
with one another, especially evident in the top row of vortices in these photos. This
drastic change in the near-wake structure clearly prolongs the distance over which
the classical large-scale vortices form. There is no sweeping of irrotational fluid across
the wake centreline due to large-scale vortex formation, at least within the flow
domain illustrated in the last two photos in the right column.

Considering the photo series of figure 3 as a whole, it is evident that the
phenomenon of ‘wake swing’, or inclination of the base angle a, observed for the
circular cylinder (figure 2) is not present. Therefore, we conclude that the mechanism
leading to the phase shift of the vortex shedding with respect to the body motion
does not require fluctuation of the separation points, which is directly linked to base
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Ficure 3. Near-wake of oscillating cylinder having triangular cross-section as function of
frequency ratio f,/f¥. All photos taken at maximum negative displacement of cylinder.

angle inclination «,. Rather, it is primarily due to the attainment of minimum
vortex formation length. Indeed, this occurrence of minimum formation length with
increasing f./f& is a strikingly common feature of the near-wake structure of the
circular and triangular cylinders (figures 2 and 3). An interesting difference, however,
is the direction of the phase switch of the vortex shedding in passing through
fe/f& = 1. Comparing the photos corresponding to f./f¥ = 0.9 and 1 of figure 3 and
the photos corresponding to f./f& =1 and 1.17 of figure 2, it is evident that the
phase switch occurs in different directions for the circular and triangular cylinders;
that is, for f,/f¥ < 1, the first vortex is formed on the lower side of the circular
cylinder, and on the upper side of the triangular cylinder; the converse holds for

felfo> 1.
Complete time sequences of the shedding process are given by Ongoren (1986) for
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Ficure 4. Near-wake of square-cross-section cylinder as function of frequency ratio f,/fgy. All
photos taken at instant corresponding to maximum negative displacement of cylinder.

both triangular- and circular-cross-section cylinders. By comparing corresponding
photographs at the same instant during the oscillation cycle, it is evident that the
shedding process is always out-of-phase by approximately .

4.3. Overview of vortex formation relative to cylinder displacement :
square-cross-section cylinder

For the square-cross-section cylinder (figure 4), the flow structure of the near wake
and the character of the phase shift downstream of the cylinder is dramatically
different than the aforementioned cases. As in previous cases, all photos are taken at
the maximum negative position of the cylinder, ¥ = — Y, during a typical oscillation
cycle. Study of, for example, the separating shear layer on the upper side of the
rectangular cylinder shows that, in the photos corresponding to frequency ratios
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0.75-2.25 successively, the vortex formation length decreases until there is
instantaneous reattachment to the trailing end of the cylinder, evident at
fo/fE =12, (At higher values of f./f¥ (not shown), this reattachment moves
to, then upstream of, the trailing corner of the eylinder.) Correspondingly, at
successively higher f./f¥, there is upstream migration of the first vortex of counter-
clockwise sense to the base of the cylinder. This process is evident in the photos
corresponding to f,/f¥ = 0.75, 1.2 and 1.35. It eventually breaks away from the base
region in favour of small-scale vortices, as shown in the photos for f, /f¥ = 2.25.
Corresponding to this sudden change in the flow pattern is a marked decrease in the
wavelength between vortices on either side of the near-wake region.

The most remarkable feature, however, of the vortex formation from this square
cross-section is that the phasing of the vortex shedding relative to the body motion
does not undergo the type of switching in the range f./f& = 1, as was previously
described for the circular and triangular cross-sections. Considering the flow patterns
shown for f,/f¥ = 0.75 and 1.2, there is no change in timing of the vortex shedding,
but simply a shortening of the vortex formation length.

Moreover, we note that excitation of the separating shear layers leading to
optimum formation of a well-defined vortex street occurs at f,/f¥ = 1.35, well above
the expected value of f,/f, ~ 1. The increase in coherence of the downstream wake
in this photo is accompanied by vortex formation closer to the base of the
cylinder.

Figure 5 further clarifies the flow structure in the very near-wake region as a
function of excitation frequency. These close-up photos are phase-locked at the
instant of maximum positive displacement of the cylinder, as opposed to the
maximum negative displacement condition shown in the previous series. For
frequency ratio f,/f¥ up to 1.75, there are two simultaneous tendencies: movement
of the separation surface upstream towards the base of the cylinder, eventually
reattaching to the bottom right corner of it; and movement of the initially formed
large-scale vortex of clockwise sense towards the base of the cylinder. At f,/f& = 2.2,
the large-scale vortex pattern in the wake breaks into a new mode (compare with
figure 4). At f./fx = 3, there is an additional elongated vortex of opposite sense
formed between two vortices of like sense from the bottom portion of the cylinder.
This trend continues at f,/f¥ = 4.4 with production of a counter-rotating vortex pair
between the two small-scale vortices on the lower side.

4.4. Phase of arrival of vortical wave in the near wake

To quantitatively characterize the phase of the vortex shedding shown in figures 2-5
relative to the cylinder motion, A¢, = ¢, —¢,, cross-spectral analysis was carried
out. Data were from the hot-film signal indicating the fluctuating velocity and the
displacement transducer of the forcing mechanism. The hot film was located at
x/D =1 and y/D = 3, in accord with the phase-gradient criterion described in §2.
Figure 6 (a) shows A¢, as a function of f,/f¥ for the circular cylinder. In general, at
frequencies below synchronization, f,/f¥ < 1, there is an increase in Ag¢, with
increasing f,/f&. The jump at synchronization, f,/f, ~ 1, is approximately 7 ; further
increases in frequency above this value result in only mild changes in A¢,. There is
nearly coincidence of the phase data for the three Reynolds numbers considered,
Rej, = 584, 855 and 1138. In fact, experiments up to Re, = 3030, the highest value
attainable with the present system, also showed a well-defined change in A¢, & &
near or at f,/f¥ = 1.

We next address the phase shift Ag, as a function of excitation frequency f./f¥ for
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fIfe=0.1

Fraure 5. Close-up of flow structure on lower side of square cylinder as function of frequency ratio
f./f&. All photos taken at instant when cylinder displacement is at its maximum positive
location.
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Fieure 6. Phase A¢,, representing phase of vortex arrival ¢, relative to phase of body
displacement ¢,, as function of frequency ratio f,/f§ for (a) circular-, (b) triangular- and (¢) square-
cross-section cylinders. [, Re, = 1138; O, 855; A, 584.

triangular- and square-cross-section cylinders shown in figure 6 (b and ¢). In the case
of the triangular cylinder, the variation of phase is remarkably similar to that of the
circular cylinder. The additional phase jump of ~2rn at f,/f§ & 2 is due to the abrupt
decrease in wavelength of the vortex street (see photo for f,./f& = 2.25 in figure 3).

On the other hand, the square-cross-section cylinder does not show a phase jump
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within the range f./fy ~ 1. Remarkable, however, is the abrupt change of A¢, at
fo/f§ =175 and 2.5. As described in detail by Ongoren (1986), there is a drastic
change in wavelength of the vortices, decreasing from 1.67.D to 0.87D, in going from
excitation frequency f,/f& = 1.8 to 2.25. This halving of the wavelength would
correspond to a phase change of 2n, measured by the hot film in the near-wake
region; indeed, the phase jump in figure 6 has a value of about 2. Concerning the
second phase jump, occurring in figure 6 at f,/f¥ & 2.5, it corresponds to formation
of an additional, elongated vortex at f./f§ = 3, relative to the case of f,/f¥ = 2.2.
This additional vortex is shed from the base of the cylinder, and therefore has
opposite sense relative to its neighbours.

5. Recovery of the vortex street: classes of vortex—vortex interaction

We now address the issue of whether, and how, the disturbed near wake recovers
to the large-scale arrangement of the classical vortex street, based on observations
over a wide range of frequency and amplitude. In doing so, we examine the near-
wake vortex-vortex interactions, then the frequency of the downstream wake
resulting from these interactions. Very similar near-wake structure was observed for
the circular and triangular cylinders; we show here results for the latter, in view of
their clarity. (Further results are given by Ongoren 1986.)

5.1. Vortex interactions at sub-, super-, and non-harmonic excitation

Figure 7(a) gives an overview of the primary characteristics of vortex interactions
leading to the recovered f, vortices. Subharmonic excitation at f,/f¥ = 0.5 induces a
row of alternating vortices that eventually relaxes to a street of vortices at f,. This
vortex street has, at least in this initial region of formation, small transverse spacing ;
in addition, there is clearly a lack of coherence of the induced vortices. At f,/f¥ = 1,
there is a dramatic increase in both transverse spacing and coherence of the
vortices. A further increase in frequency to the case of non-harmonic excitation at
fo/f& = 1.5 produces a remarkable interaction of vortices of like and unlike sense. As
indicated in the schematic, there is simultaneous coalescence of three vortices; two
of them have like sense and one has an unlike sense of circulation. These three
vortices form a large-scale recovered vortex at frequency f,. In fact, each recovered
vortex shows this same pattern of interaction; the vortex patterns leading to
recovery are phase-locked to the motion of the cylinder. (At sufficiently low
amplitude, this adjustment process to the recovered vortex at f,, arising from non-
harmonic excitation, is somewhat different as described by Ongoren 1986.)

Figure 7(b) shows superharmonic excitation at f,/f¥ =2, 3 and 4. At f,/f¥ = 2,
two externally induced vortices at f, coalesce to form the recovered f, vortex on each
side of the vortex street; of course, this process of vortex coalescence and recovery
occurs approximately ® out-of-phase between the upper and lower portions of the
wake. At f./fa = 3, there is first coalescence of two adjacent f, vortices; in turn, these
coalesced vortices interact with a single f, vortex to produce a recovered vortex at
fo which is comprised of three f, vortices. In the case of f,/f& = 4, there is again
coalescence with two additional f, vortices, giving a recovered vortex of f, embodying
four f, vortices.

These patterns of vortex coalescence occurring at superharmonic frequencies,
fo/f& =n =2, 3 and 4, exhibit the following generalized behaviour. The first vortex
coalescence on each side of the wake involves two small-scale vortices ; subsequently,
these coalesced vortices interact with »—2 vortices to produce the recovered vortex
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at frequency f,. These highly ordered and persistent mechanisms of interaction are
probably attributable to simultaneous forcing by the oscillating body at f, and
upstream influence at f;.

Further details of these vortex—vortex interactions are indicated in the time-
sequences of figures 8, 9 and 10. Figure 8 represents the non-harmonic excitation at
fo/f¥ = 1.5; it shows, in photo (¢), the vertical stack of three small-scale vortices with
the top two having the same sense, the bottom vortex having opposite sense. The
vortex interactions leading to the pattern of photo (¢) are evident in the right-hand
portions of photos (g) and (k). Subsequently, the stack of three vortices in photo (i)
is swept away as an f, vortex having a sense in the clockwise direction. These
patterns of interaction during the oscillation cycle are indeed remarkably ordered
and repetitive. At f./f¥ = 2 and 4, shown in figures 9 and 10, the interactions leading
to recovery of the large-scale vortices at f, are again shown to be highly ordered. The
patterns repeat in the upper and lower regions of the wake in a © out-of-phase
fashion.
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F1GURE 7. (a) Schematics and corresponding photos showing mechanisms of recovery of vortices at
Jfo due to interaction of vortices generated at f, for f,/f5 = 0.5, 1, 1.5. Y,/D = 0.30. (b) Schematics
and corresponding photos showing principal mechanisms of recovery of vortices at f, due to
mteraction of vortices generated at f, for f,/f¥ = 2(Y,/D = 0.3), 3(Y,/D = 0.13) and 4(Y,/D =
0.13).

5.2. Generalization of vortex—vortex interactions

On the basis of the extensive flow visualization of the near-wake structure from
circular- and triangular-cross-section cylinders subjected to controlled perturbations,
it is possible to arrive at a general description of the mechanisms leading to recovery
of vortices at f,. Figure 11 provides an overview of the vortex interactions. In all
cases, vortices are initially induced at f,, and eventually recover to large-scale
vortices at f,. The terminology +1, —1, +2... indicates respectively a vortex with
counterclockwise sense, a vortex with clockwise sense, two coalesced vortices with
counterclockwise sense, ete.

For the case of subharmonic excitation f./f¥ = 0.5, the instability at f, forms an
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Ficure 8. Mechanisms of small-scale vortex—vortex interaction for case of non-harmonic
excitation at f,/f¥ = 1.5. Re, = 855; ¥,/D = 0.30.
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FicurEe 9. Mechanisms of small-scale vortex—vortex interaction for case of superharmonic
excitation at f,/f¥ = 2. ¥,/D = 0.30.
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Ficure 10. Mechanisms of small-scale vortex—vortex interaction for case of superharmonic
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excitation at f,/f¥ = 4. Re, = 855; Y,/D = 0.13.
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Ficure 11. Overview of vortex interaction mechanisms where vortices are initially produced at
f.. leading to recovery of large-scale vortices at f, for excitation frequencies f,/f¥ = 0.5, 1, 1.5, 2,
3 and 4. Terminology + 1 denotes single vortex in clockwise direction, +2 represents two coalesced
vortices in clockwise direction and so on.
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f, vortex immediately behind the cylinder. The vortices have a long formation length
and are phase-locked with the body motion.

At f./f¥ = 1, the f, vortices induced immediately behind the body become the f,
recovered vortices. We note, however, that the wavelength A, between the initially
shed vortices may be substantially different than A, of the recovered vortex array;
this is due to the variation in phase speed of the induced vortices.

At non-harmonic excitation indicated by f./f& = 1.5, the f, vortices tend to be
shed nearly symmetrically at an instant during the oscillation cycle if the amplitude
is sufficiently small. This process is followed by a collapse in coherence of the near-
wake structure and recovery of the large-scale vortices at f;. During this entire
process, there is no coalescence of vortices. On the other hand, for non-harmonic
excitation at higher amplitude, there is coalescence of two vortices of like sense and
one vortex of unlike sense to produce the recovered f, vortices. There appears to be
a threshold value of excitation amplitude, above which an excess f, vortex is
produced in the very near wake, necessitating this type of complex coalescence.

At superharmonic excitation corresponding to f./f§ = n = 2, 3, 4, the mechanisms
of small-scale vortex interactions are relatively independent of amplitude. In all
cases, there is initially coalescence of two small-scale vortices of like sense on either
side of the wake. The first stage of the vortex interaction is essentially identical,
irrespective of the value of n. In the second phase, there is coalescence of the vortex
resulting from the first phase with n—2 small-scale vortices at f, to produce the
recovered vortices at f;.

6. Resonant frequencies of the recovered wake

The foregoing flow visualization shows rapid recovery to large-scale vortex
formation at frequency f,, and the implication is that this frequency approximates
the frequency f¥ of the classical vortex street from a stationary cylinder. However,
there are systematic departures from f¥. We address this aspect for both triangular
and circular cylinders, focusing first on the former, then on the latter.

Figure 12 shows the ratio of the recovered, large-scale vortex frequency f, in the
presence of (triangular) cylinder excitation to frequency f& in the absence of
excitation. (The probe was located at the edge of the mean shear layer where
u/U, = 0.995.) The ratio f,/f¢ is plotted as a function of f,/f¥, the ratio of the
excitation frequency to the natural (unexcited) frequency of the Kdrmadn vortices.
Note that the component f, is indicated by black dots. Also appearing are relatively
large-amplitude components that we designate as interaction components fg: they
arc indicated by the circles.

Remarkable is the substantial departure of f,/f& from unity, not only in the
vicinity of f,/f§ = 1, but also for much higher values. In fact, the variation of
Jo/f & with f./f & clearly exhibits a ‘resonant’-type behaviour. That is, f,/f¥ tends to
follow one of the resonance curves f,/f*¥* =1, 1/1.5, 1/2, 1/3 and 1/4. This type of
resonant response has been well-established in the immediate vicinity of f,/f¥ =
where vortex—vortex interactions do not occur (Staubli 1981; Sarpkaya 1978).
Particularly remarkable is the occurrence of this resonant response for the
multiplicity of modes shown in figure 12. At this point, we hypothesize that the
small-scale, vortex—vortex interactions induced in the near-wake region ocecur in
such a fashion as to maintain synchronization in a given resonant mode over a
relatively wide range of excitation frequency f,/f&; this synchronized behaviour
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Ficure 12. Frequency of recovered vortex f; and interaction component f; relative to frequency
f¥ of vortex formation from corresponding stationary cylinder as function of dimensionless
excitation frequency f./f¥. (Y,/D = 0.13.)
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Ficure 13. Frequency of recovered vortex f; and interaction component f relative to frequency

¥ of vortex formation from corresponding stationary cylinder as function of dimensionless

excitation frequency f,/f¥. (¥Y./D = 0.13.)
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Fiaure 14. Detectable spectral components f relative to recovered vortex frequency f, as function
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occurs in conjunction with substantial upstream influence, promoting the mode-
locking phenomenon.

In addition to the spectral component f;, there are a number of other components
fo present in the wake; at the edge of the mean shear layer some of them have
amplitudes commensurate with those of the f; component. We term these
components as interaction components f, in that their value corresponds to a
difference frequency between components f,/f& =1 and f,/f.=1, 1/1.5 and 1/2.
These differences are indicated by the open circle symbols in figure 12. These
interaction components tend to occur at the transition from one mode of resonance,
or synchronization, to another.

Figure 13 shows the frequency of the recovered vortices at f, for the wake from the
circular-cross-section cylinder. These values of f, follow the resonant modes given by
fo/fe=1,1/1.5.1/3 and 1/4 in a manner very similar to the flow structure from the
triangular cylinder. Moreover, as for the case of the triangular cylinder, the
interaction component f indicated by open circle symbols represents the difference
frequency between two of the resonant modes.
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To further detail the spectral content of the recovered wake, figure 14 shows the
frequency of the large-scale vortices f, as well as the other, detectable spectral
components that are coincident with the resonant modes already defined in figure 13.
At a given value of f,/f¥, there are as many as four discrete components. Clearly,
nonlinear interaction, which is known to be associated with a number of sum and
difference frequencies (Miksad 1972), plays an important role in recovery of the large-
scale vortices at f,.

We note that the resonant response shown in figures 12 and 13 is analogous to the
frequency-locking occurring in incompressible, unstable shear layers having finite
lengthscale in the streamwise direction, i.e. impinging shear layers (Rockwell 1983).
Moreover, this resonant response has a similar form as free-shear (e.g. jet) flows
coupled with acoustic resonance modes of a pipe (Kibens 1980). These observations
suggest, for the flow therein, the presence of a controlling mechanism in conjunction
with the developing instability of the separating shear layer.

That such a controlling mechanism is present is further suggested by the variations
of kinetic energy of the shear layer with streamwise distance (Ongoren 1986). Energy
at recovered spectral component f, rapidly dominates, irrespective of the excitation
frequency f..

7. Concluding remarks

Synchronization, whereby the vortex formation is phase-locked to the cylinder
motion, can take two basic forms. The first is subharmonic synchronization; in this
case, the initially formed vortex is always from the same side of the body,
irrespective of whether it moves towards its extreme positive or negative position.
The second is fundamental synchronization; it is the classical type, involving
successive vortex shedding from either side of the body, as it alternately moves
towards its maximum negative and maximum positive positions during an oscillation
cycle. The fact that both subharmonic and fundamental synchronization can occur
has important implications for the general class of problems involving vortex
shedding from oscillating bodies. That is, there is more than one admissible phase
relation between body motion and shedding of vorticity that gives phase-locking, or
synchronization. For example, successive downward and upward movement of the
body can be associated with shedding of vortices of either the same or opposite sense,
depending upon whether there is subharmonic or fundamental synchronization.

The phase of the initial vortex formation, relative to the body displacement, can
undergo drastic changes in the region where the frequency of body excitation
approximates that of the natural vortex shedding. For cylinders having a short or
zero afterbody length, such as the circular- or triangular-cross-section cylinder, there
is a phase switch of the initially shed vortex from the upper to the lower side of the
cylinder or vice versa. This switch occurs over a narrowly defined range of excitation
frequency. A necessary condition for the switch to occur is attainment of a minimum
of the vortex formation length. This phase switch occurs for bodies having both
oscillating and fixed separation points; however, the direction of the switch is
opposite for the circular-, as compared to the triangular-, cross-section cylinder. This
sensitivity to afterbody shape suggests that a global criterion accounting for the flow
dynamics in the base region must be accounted for in describing the mechanism of
phase switch.

This switch in phase of the initially formed vortex can be prevented altogether if
the cylinder has significant afterbody length. As an illustration, we have considered

3 TLAM
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the case of the square-cross-section cylinder. It precludes a switch through intricate
processes of: instantaneous reattachment to a side of the cylinder; and upstream
migration of the initially formed large-scale vortex towards the base of the body. We
note, however, that the measurements of Bearman & Obasaju (1982) at a higher
Reynolds number show a phase shift between loading on, and displacement of, the
square cylinder. Further studies are required to relate the detailed nature of the
surface pressure to the instantaneous flow structure, and the degree to which it is
Reynolds-number dependent.

For all cylinder cross-sections examined, there exists a threshold value of body
oscillation frequency above which the near-wake structure breaks into a new mode,
characterized by smaller vortices of much shorter wavelength. This threshold
frequency depends strongly upon the cross-section of the body, and whether or not
the separation points are fixed. In some cases, this small-scale vortex formation
actually can retard the onset of large-scale vortex formation in the downstream
region of the wake.

For all cylinder cross-sections examined, there exists a threshold value of body
oscillation frequency above which the near-wake structure breaks into a new mode,
characterized by smaller vortices of much shorter wavelength. This threshold
frequency depends strongly upon the cross-section of the body, and whether or not
the separation points are fixed. In some cases, this small-scale vortex formation
actually can retard the onset of large-scale vortex formation in the downstream
region of the wake.

For a cylinder having oscillating separation points, i.e. a circular cylinder, an
additional phenomenon is present at frequencies below the natural vortex-shedding
frequency. The entire base region of the cylinder undergoes a large-amplitude
swinging motion, reaching its maximum angle of swing when the body excitation
frequency equals that of the naturally shed vortices. Then, at higher excitation
frequency the magnitude of this base swing angle abruptly drops. In fact, this
swinging effect is well correlated with the switch in phasing of the initially shed
vortex described in the foregoing. For bodies having fixed separation points, there is
no such base-swinging mechanism ; yet, as noted in the foregoing, a switch in phase
of the initially shed vortex is still an admissible process. These phenomena of phase
switch of the initially formed vortex and swinging of the base region are intertwined
with the rapid increase, then abrupt loss, of fluctuating lift.

In addition to the foregoing aspects of synchronization and phase shift, we have
addressed the time-dependent development of the large-scale vortex street from the
nonlinearly distorted near wake. Over a wide range of excitation conditions, there is
consistently recovery of the near wake to the preferred, or Karman, mode. Moreover,
we have observed that the frequency f, of the recovered vortex street can depart
substantially from that of the natural vortex-shedding frequency f¥. In fact, this
frequency f, shows a resonant-type response, reminiscent of resonant modes
occurring in incompressible systems having finite streamwise lengthscale (Rockwell
1983), as well as those arising from coupling between shear-layer instabilities and
organ-pipe modes of the flow system (Kibens 1980). Of course, the free wake falls in
neither of these categories. It is a purely hydrodynamic system having infinite
streamwise lengthscale.

This recovery of the large-scale vortices and resonant response of the f, component
occur under two important influences: a strongly non-parallel shear-layer de-
velopment from initial separation of the thin shear layers to where the wake fills in;
and upstream influence from the downstream wake dynamics. We suggest that this



Flow structure from an oscillating cylinder. Part 1 221

excitation from the upstream influence, in conjunction with the non-parallel shear-
layer development, is substantial enough to promote the rapid and repetitive
vortex—vortex interactions leading to recovery of the large-scale vortices having the
same frequency f, as the predominant upstream influence. As yet, it is unresolved to
what degree this upstream influence arises from Biot—Savart induction from the
large-scale vortices in the downstream region of the wake, and to what degree it
arises from upstream wave reflection due to the existence of an absolute instability.
It is instructive to address in further detail the nature of this upstream influence in
the bluff-body wake in relation to the instabilities occurring in typical jets and
mixing layers. We now focus on this aspect.

As a basis for examining perturbed bluff-body wakes, we have available an
extensive foundation from studies of mixing layers and jets (Ho & Huerre 1984).
Although, as will be demonstrated, there are some marked differences between
instabilities associated with these classes of flows and those of bluff-body wakes,
certain features are indeed relevant. An advance of central importance is the
recognition of successive coalescence of vortices that increase the scale and decrease
the frequency of the shear-layer unsteadiness (Winant & Browand 1974 ; Brown &
Roshko 1974 ; Roshko 1976). To be sure, there are a wide range of mechanisms of
successive vortex coalescence associated with phase and amplitude modulation of the
evolving shear layer. When the mixing layer is excited at a frequency f, sufficiently
close to the inherent instability frequency f, (i.e. most unstable frequency) of the
shear layer, then the instability synchronizes with the external excitation. Further
downstream, however, subharmonic(s) of f,, arising from vortex coalescence become
dominant (Miksad 1972; Ho & Huang 1982). Furthermore, if the mixing-layer or jet
is excited with sufficiently high amplitude at one of its subharmonics (Ho & Huang
1982: Rockwell 1972), then there occurs ‘forced fusion’ or ‘collective coalescence’ of
a number of small-scale vortices originally formed at the inherent instability
frequency f,. If the forcing frequency is of the order of one-tenth of the inherent
instability frequency f,, then a large number of small-scale vortices at f, roll into the
large-scale vortices at frequency f,. If, at the other extreme, the separating shear
layer is excited at a frequency f, significantly higher than its inherent instability
frequency f,, then it is actually possible to retard the growth of the vortex formation
associated with the primary instability at f, (Rockwell 1972). Certain of these
elements are, to a degree, evident in the bluff-body wake configuration herein.

In general, these vortex interactions must be considered in conjunction with the
downstream regions of the flow. It has been recognized recently that upstream
influence from the downstream vorticity dynamics may, in turn, influence the initial
evolution of the instability from the trailing edge onwards (Rockwell 1983; Ho &
Huerre 1984). In fact, Michalke (1984) suggests that the initial instability is
controlled by the downstream vorticity dynamics. For this reason, the self-excited
instability frequency f, is substantially lower than that predicted from linear
stability theory. Dimotakis & Brown (1976), taking the view of the flow field as a
whole, point out that even regions well downstream of the trailing edge can exert a
substantial upstream influence. More recently, Laufer & Monkewitz (1980) address in
detail the consequence of the sudden change in circulation during vortex coalescence
on the upstream influence; with this concept in view, Ho & Nossier (1981) propose
a simple relation for the location of the vortex merging (or coalescence).

Characterization of upstream influence in bluff-body wakes has received far less
attention. Particularly striking are the high fluctuation levels in the separation
region of a cylinder, as well as the formation of large-scale vortices close to the
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cylinder over certain ranges of Reynolds number (Unal & Rockwell 1988). Biot—Savart
induction from the downstream vorticity dynamics will always, to varying degrees,
exert an influence on the initially developing instability. However, the possible
existence of a region of local absolute instability, which occurs at a streamwise
location after the initially thin mixing layers have filled in to form a wake-type
profile (Koch 1984 ; Huerre & Monkewitz 1985; Monkewitz & Nguyen 1986), may
exert the predominant influence. Since the group velocity goes to zero at the location
of the local absolute instability, there can actually be a reflection of energy at this
location ; this upstream reflection can, in turn, excite the initially growing instability.
In other words, there may be a self-sustaining feedback loop in the near wake.
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of Naval Research and supplemental support of the Volkswagen Foundation.
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