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A horizontal cylinder intersecting a free surface is subjected to controlled vertical perturbations, and
the consequent vortex formation is characterized by high-image-density particle image velocimetry,
which leads to instantaneous patterns of velocity, vorticity, and streamlines. For the limiting case of
the stationary cylinder, the near wake does not exhibit rapid formation of organized vortical
structures in a manner similar to Ka´rmán vortices. Application of perturbations, however, generates
phase-locked vortex formation over a wide range of excitation frequencies, even at relatively low
amplitudes, indicating that the near wake in presence of a free surface is convectively, rather than
absolutely, unstable. At a sufficiently high value of excitation frequency, the formation of the initial
vortex undergoes an abrupt change in timing, which is analogous to that occurring for Ka´rmán
vortex formation from a completely submerged cylinder. All of these features of the near wake are
interpreted in terms of foci, saddle points, and reattachment points of the streamwise topology.
© 1996 American Institute of Physics.@S1070-6631~96!02408-7#

I. INTRODUCTION

Flow past a completely submerged cylinder has been a
topic of intense interest in recent decades. An effective
means of characterizing the near-wake structure is to subject
the cylinder to controlled oscillations and observe the pro-
cess of vortex formation using qualitative flow visualization.
Koopman,1,2 Griffin,3,4 Griffin and Vortaw,5 Ongoren and
Rockwell,6 and Cheng and Moretti7 describe various aspects
of the near wake. In all of these studies, the emphasis was on
excitation frequencies near or at the inherent vortex forma-
tion frequency, and the concept of ‘‘lock-on’’ of the vortex
formation relative to the cylinder motion was a central fea-
ture. Williamson and Roshko8 consider a relatively wide
range of excitation frequency and describe a diversity of
locked-on vortex patterns in the near wake, in addition to
classical lock-on. Griffin and Hall,9,10 taking an overview of
the lock-on process in their and previous studies, provide an
insightful assessment of our current understanding.

When the cylinder is excited at a frequency close to that
of the inherent Ka´rmán vortex formation, large changes in
the amplitude of the fluctuating lift coefficientC̃L and the
phasefL of this lift relative to the cylinder displacement can
occur, as evident in the measurements of Bishop and
Hassan,11 Staubli,12 and Sarpkaya.13 Equivalently, similar
trends are evident for measurements of fluctuating pressure
on the surface of the cylinder, as in the investigations of
Bearman and Currie,14 Ferguson and Parkinson,15 and
Feng.16 Even cylinders having a rectangular cross section,
investigated by Bearman and Obasaju17 and blunt trailing
edges, addressed by Staubli and Rockwell18 and Lotfy and
Rockwell,19 can exhibit large changes in magnitude and
phase of the surface loading.

Central to understanding these changes in the loading is
insight into the corresponding variations of the vortex forma-

tion process. Zdravkovich20 first suggested that the change in
phase of the cylinder loading was due to a change in timing
of the initially formed vortex. Ongoren and Rockwell6 fur-
ther investigated this concept for cylinders of various cross-
sectional geometries and quantitatively related changes in
timing of the vortex formation to variations in phase of the
velocity fluctuations. Williamson and Roshko8 observed, for
sufficiently large amplitude, not simply the Ka´rmán vortices,
but additional vortices having a sense opposite to the respec-
tive Kármán vortex. Gu, Chyu, and Rockwell21 provide in-
stantaneous, quantitative representations of the near-wake
structure for small amplitude, on the basis of streamlines and
vorticity distributions, show the mechanisms of the near
wake leading to the switching in timing of the initially
formed vortex.

In contrast to these extensive studies of the wake of a
completely submerged cylinder, little is known of the near-
wake structure from a partially submerged cylinder subjected
to controlled oscillations. An important consequence of the
free surface is, as indicated by the linear stability analysis of
Triantafyllou and Dimas,22,23 to preclude the onset of an ab-
solute ~global! instability. The near wake of a half-
submerged cylinder is therefore not expected to exhibit or-
ganized vortex formation close to the base of the cylinder in
the manner of classical Ka´rmán shedding.

If the near wake is indeed convectively unstable, as
shown in the analysis of Triantafyllou and Dimas,22,23 then it
should be highly sensitive to perturbations of the cylinder.
The consequence of such perturbations has not been ex-
plored. Even small-amplitude perturbations may give rise to
phase-locked vortex formation. A further question is
whether, at a critical value of excitation frequency, there oc-
curs an abrupt change in timing of the initially shed vortex.
If so, it is desirable to establish the extent to which it is
analogous to that of Ka´rmán vortex formation from a com-
pletely submerged cylinder, as characterized by the vorticity
patterns of Gu, Chyu, and Rockwell.21 These aspects will be
addressed using instantaneous distributions of velocity and
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vorticity, as well as topological features of the instantaneous
streamline patterns.

II. EXPERIMENTAL SYSTEM AND TECHNIQUES

Experiments were performed in a water channel having a
test section width of 210 mm and a depth of 527 mm. As
shown in the schematic of Fig. 1, a cylinder of 25.4 mm
diam was mounted horizontally. In its stationary, nominal
position, the cylinder was half-submerged. A free-stream ve-
locity of 112 mm/s provided a Reynolds number based on
cylinder diameterD of 2855.

The cylinder was held in position by a vertical arm,
which was isolated from the free stream by a false wall ar-
rangement. A specially designed endplate ensured no leak-
age between the junction of the oscillating cylinder and the
stationary, vertical wall. A high-resolution, computer-
controlled motor generated the desired frequencies and am-
plitudes of the vertical perturbation of the cylinder. Frequen-
cies f over the range 0.5<f<2.0 Hz were considered. The
corresponding frequencyf 0 of Kármán vortex formation
from the completely submerged cylinder at the same value of
free-stream velocity isf 050.93 Hz. The normalized excita-
tion frequency f / f 0 therefore extends over the range
0.54<f / f 0<2.15. AmplitudesA of the perturbation were 1
mm<A<5 mm, or, normalized with the cylinder diameterD,
0.04<A/D<0.20.

The instantaneous structure of the near wake of the cyl-
inder was determined using a scanning laser version of high-
image-density particle image velocimetry, described by
Rockwell et al.24 The beam from a 20 W continuous wave
Argon–ion laser was directed at a rotating, polygonal mirror
having 72 facets. This concept yielded a scanning frequency
of 1252 Hz which, in essence, provided illumination equiva-
lent to a pulsed laser sheet. The flow was seeded with
metallic-coated, hollow glass particles having a diameter of
12 mm. Images of the multiply exposed particles were re-
corded on high resolution 35 mm film. Subsequently, the
negatives were digitized at a resolution of 125 pixels/mm.
For interrogation windows having a size of 0.72 mm30.72
mm, the velocity vector was calculated using a single-frame,
cross-correlation technique. The effective grid size in the
physical plane of the laser sheet of 1.16 mm, based on the
magnification of the camera lens, was 1:3.2.

Acquisition of instantaneous images was triggered with
respect to the motion of the cylinder. In essence, two in-
stants, one during the upstroke motion of the cylinder and the
other during the downstroke motion, were of interest. The

criterion for the upstroke trigger was the cylinder position
45° after attainment of bottom dead center, and for the down-
stroke, 45° after top dead center.

III. EFFECT OF CYLINDER PERTURBATIONS: PHASE-
LOCKED STATES

Figure 2~a! shows the wake structure from the stationary
cylinder, represented by an ensemble average of six images.
The vorticity layer from the cylinder eventually ‘‘reat-
taches’’ to the free surface, as suggested by both the contours
of constant vorticity and the velocity distributions. The gen-
eral form of this so-called wake region of the cylinder is
therefore in accord with that formulated by Triantafyllou and
Dimas.22,23 They demonstrated, by an inviscid instability
analysis, that the surface-piercing wake is, on the whole,
convectively unstable, and has an overall form of a recircu-
lation zone terminated by reattachment to the free surface. At
the present value of Reynolds number, however, small-scale
concentrations of vorticity arising from a convective instabil-
ity are evident along the edge of the separated shear layer.
The swirl patterns of velocity vectors and concentrations of
vorticity suggest agglomerations of the smaller scales at suf-
ficiently large distance from the base of the cylinder.

Figure 2~b! shows the effect of cylinder perturbations at
three values of excitation frequencyf50.5, 1.0, and 2.0 Hz
and a constant amplitudeA/D50.2. The normalized values
of excitation frequency, relative to the Ka´rmán frequencyf 0
of vortex formation from the completely submerged cylin-
der, aref / f 050.54, 1.08, and 2.16. All images in Fig. 2~b!
are taken at the same instant during the oscillation cycle,
corresponding to a phase of 45° after attainment of bottom
dead center, as described in Sec. II. At each value of excita-
tion frequencyf, comparison of the images in the left and
right columns indicates that the structure of the initially
formed vortical patterns appear at approximately the same
streamwise location, indicating phase-locked vortex forma-
tion. At the lowest value of perturbation frequencyf50.5 Hz,
the curved layer of vorticity from the cylinder contacts the
free surface and wraps back toward the cylinder, giving the
appearance of a large-scale vortex. At a higher value of fre-
quency f51.0 Hz, the distribution of vorticity takes on a
distinctively different form. A pronounced concentration of
vorticity with a well-defined extremum occurs immediately
adjacent to the base of the cylinder. On the other hand, at the
highest value off52.0 Hz, the initially formed, highly con-
centrated vortex occurs further downstream, suggesting a
change in its timing relative to the motion of the cylinder;
this aspect will be addressed subsequently. Viewing the im-
ages of Fig. 2~b! as a whole, it is evident that phase-locked,
or ‘‘locked-in,’’ vortex formation can be attained over at
least a four-fold range of excitation frequency, which is a
substantially wider range than for locked-in formation of
Kármán vortices from the completely submerged cylinder, as
assessed by Griffin and Hall.10

IV. TIMING OF PHASE-LOCKED VORTEX FORMATION

The near-wake structure, in terms of coherent vortex for-
mation adjacent to the free surface, is illustrated in the im-

FIG. 1. Overview of experimental system and definition of flow and geo-
metric parameters.
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FIG. 2. ~a! Ensemble-averaged velocity and vorticity distributions for case of a stationary cylinder. Minimum vorticity contour level isuvminu55 s21 and
incremental vorticity level isDv53 s21. Re52855. White contours represent positive vorticity in this and all subsequent figures.~b! Instantaneous distribu-
tions of vorticity illustrating phase-locked vortex formation during two different cycles of the cylinder motion for indicated values of excitation frequencyf
~in Hz!. All images correspond to the same instantaneous position, i.e., phase, of cylinder motion. Froude number Fr50.32. Reynolds number Re52855.
Dimensionless amplitudeA/D50.2. Minimum and incremental vorticity contour levels areuvminu512 s21 andDv56 s21.
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ages of Fig. 3~a! showing instantaneous distributions of ve-
locity, vorticity, and streamline patterns. All images are
taken at the same instant during the cylinder oscillation.

At the lowest frequencyf50.5 Hz, the swirl pattern of
velocity vectors suggests a region of large-scale vortical ac-
tivity. The region of highest vorticity, however, occurs at the
interface between the free stream and the recirculating flow.
In fact, this region accounts for nearly all the circulation;
relatively low levels of vorticity and therefore small contri-
butions to the overall circulation, occur within the pattern of
swirling velocity vectors. The corresponding streamline pat-
tern shows that well-defined reattachment occurs at the free
surface. The reattachment streamline emanates from the ir-
rotational free stream, and not from the surface of the cylin-
der. The streamline pattern interior to the reattachment
streamline exhibits an outward spiral, i.e., an unstable focus.
Moreover, a saddle point, indicated by the intersection of
streamlines, occurs immediately downstream of separation
from the surface of the cylinder.

At a higher value off50.7 Hz, a concentrated vortex
appears; it is located relatively close to the base of the cyl-
inder. The general features of the velocity distribution and
the streamline pattern are the same as those atf50.5 Hz. A
well-defined reattachment point occurs at the free surface
and a saddle point exists immediately downstream of sepa-
ration from the cylinder. The central region of the streamline
pattern now exhibits, however, an inward spiral, correspond-
ing to a stable focus, in accord with the enhanced concentra-
tion of vorticity.

At f51.0 Hz, a limiting state of vortex formation is at-
tained. It occurs immediately adjacent to the surface of the
cylinder. Correspondingly, the streamline pattern shows the
loss of an identifiable saddle point immediately downstream
of separation. Moreover, there is no clearly defined, single
reattachment point at the free surface. In fact, at a location
immediately downstream of the concentrated vorticity, a
nodal streamline pattern occurs, with multiple streamlines
extending to the free surface. Farther downstream, the pat-
tern of velocity vectors indicates that fluid is ejected down-
ward from the free surface. This pattern is characterized by a
nodal streamline parallel and close to the surface. This un-
usual streamline topology is associated with concentrations
of vorticity immediately below the free surface; they were
formed at earlier times during the cylinder oscillation.

At the highest value off52.0 Hz, the initially formed
vortex occurs well downstream of the cylinder, suggesting
that it is generated substantially earlier in the oscillation
cycle than for the previous cases. In essence, this corre-
sponds to a change in timing of the initially formed vortex,
relative to that, for example, atf51.0 Hz. This change in
timing is apparently necessary in order to accommodate the
fact that atf51.0 Hz, the initially formed vortex was forced
to occur immediately adjacent to the cylinder; a further in-
crease in excitation frequency cannot draw the vortex farther
upstream, rather it occurs at an earlier phase in the oscillation
cycle of the cylinder. The streamline topology atf52.0 Hz
shows that the saddle point immediately downstream of
separation is again recovered; it occurs closer to the free
surface than atf50.71 and 0.5 Hz. The occurrence of a nodal

streamline pattern and multiple reattachment streamlines oc-
cur in a similar fashion as atf51.0 Hz.

For the case of the completely submerged cylinder, Gu,
Chyu, and Rockwell21 interpret the timing of vortex forma-
tion in terms of instantaneous concentrations of vorticity cor-
responding to the Ka´rmán vortices. As the value of fre-
quency is increased, the entire pattern of near-wake vorticity
concentrations corresponding to the Ka´rmán vortices moves
closer to the base of the cylinder. At a critical value of ex-
citation frequency, the initially formed vortex occurs close to
the base of the cylinder and a further increase in frequency
causes an abrupt change in timing of the initially formed
vortex: it switches from one side of the cylinder to the other.
Considering the sequence of images in Fig. 3~a!, it is evident
that an analogous change in timing of the initially formed
vortex occurs. In this case, the critical frequency for which
vortex formation occurs adjacent to the base of the cylinder
is f51.0 Hz. At a higher value of frequency represented by
f52.0 Hz, the timing of the vortex formation is dramatically
altered, such that the first, fully formed vortex occurs well
downstream of the cylinder. We therefore conclude that al-
ternate vortex formation from either side of a cylinder, as it
occurs from the fully submerged cylinder, is not necessary
for substantial changes in timing of the vortex formation
relative to the motion of the cylinder.

Further insight into the near-wake structure is provided
by Fig. 3~b!, which shows patterns of velocity, vorticity, and
streamlines at an instantp out of phase with that of Fig. 3~a!.
Generally speaking, if the patterns of Fig. 3~a! are indeed
associated with formation of a detached, identifiable vortex,
then one expects to see such a vortex at a later instant, i.e.,
farther downstream, in the images of Fig. 3~b!.

At f50.5 Hz, no large-scale vortex is detectable within
the field of view. Instead, a layer of vorticity is evident be-
neath and parallel to the free surface. This observation, in
conjunction with the corresponding pattern of Fig. 3~a!, sug-
gests that when the excitation frequency is sufficiently low, a
detached, agglomerated region of vorticity cannot be at-
tained. The layer of vorticity generated during the down-
stroke in Fig. 3~a! remains, on the whole, in a distributed
form and conforms to the free surface during the upstroke
motion of the cylinder. The small-scale concentration of vor-
ticity shown in the lower right of the image atf50.5 Hz
corresponds to a Kelvin–Helmholtz vortex in the separating
shear layer; three such concentrations are evident in the in-
terconnected region of vorticity from the surface of the cyl-
inder.

At f50.7 Hz, on the other hand, a large-scale vortex,
resulting from agglomeration of vorticity, is evident at a lo-
cation well downstream of the cylinder. The streamline pat-
tern indicates that the reattachment point on the free surface
is located near the right side of the image. The saddle point,
located upstream of the large-scale vortical region, arises
from the velocity induced by the upward motion of the cyl-
inder adjacent to that associated with the swirl of the large-
scale vortical region.

At f51.0 Hz, generally similar observations hold, but the
large-scale is more clearly defined and formed closer to the
base of the cylinder. This vortex is due to the continuous
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feeding of vorticity from the cylinder during the upstroke
motion, which combines with the highly concentrated vortic-
ity formed during the downstroke of Fig. 3~a!. During the
vortex development, however, the topology undergoes a
transformation. In Fig. 3~a!, the major vortex exhibits an
inward spiral~unstable focus!, whereas in Fig. 3~b!, it has an
outward spiral~stable focus!.

Finally, at f52.0 Hz, a concentrated vortex is formed
immediately adjacent to the cylinder. This observation is

consistent with the change in timing of the vortex formation
discussed in conjunction with Fig. 3~a!. Note the similarity
of the image atf52.0 Hz in Fig. 3~b! ~upstroke criterion!
with that at f51.0 in Fig. 3~a! ~downstroke criterion!. The
similarity of these patterns, which occur at instants during
the oscillation cycle that are shifted byp relative to each
other, further reaffirms the change in timing of the initially
formed vortex as the frequency is increased fromf51.0 to
2.0 Hz.

FIG. 3. ~a! Instantaneous images of velocity and vorticity fields and streamline patterns for locked-in vortex formation from an oscillating cylinder. All images
are at the same instantaneous position, i.e., phase, during the cylinder motion, and correspond to a phase of 45° after attainment of bottom dead center.
Excitation frequency isf ~in Hz!. Here Fr50.32, Re52855. Dimensionless amplitudeA/D50.2. Minimum and incremental vorticity contour levels are
uvminu512 s21 andDv56 s21.
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An additional point concerns the change in curvature of
the region of the free surface adjacent to the oscillating cyl-
inder evident, for example, by comparing the images at
f51.0 in Figs. 3~a! and 3~b!. This change in curvature, in
conjunction with the formation of the primary vortex from
the bottom surface of the cylinder, can give rise to a pro-
nounced concentration of negative~gray! vorticity in that
region.

V. EFFECT OF AMPLITUDE ON PHASE-LOCKED
STATES OF NEAR WAKE

Figure 4 shows the structure of the near wake at two
extreme values of excitation frequencyf50.67 and 2.0 Hz

for a range of oscillation amplitudesA51, 2, and 5 mm. All
images correspond to the same instantaneous position of the
cylinder. At f50.67 Hz, for the largest amplitude,A55 mm,
a concentrated vortex is clearly formed close to the cylinder.
The change in character of the initially formed vortex can be
interpreted in terms of reattachment length. AtA51 and 2
mm, instantaneous reattachment to the free surface occurs
well downstream of the cylinder, whereas atA55 mm, it has
moved upstream a substantial distance to a location closer to
the cylinder. At these low amplitudes, the irregular thicken-
ing of the shear layer is due to small-scale vorticity concen-
trations arising from the small-scale Kelvin–Helmholtz in-

FIG. 3. ~b! Matching images for~a! corresponding to a phase 45° after attainment of the top dead center.
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stability. It is therefore apparent that at a given value of
excitation frequency, at least in the lower range, formation of
a well-defined concentration of vorticity requires a suffi-
ciently large amplitude of excitation. If this threshold value
is not attained, then the separated vorticity layer simply
curves toward the free surface and forms a recirculation zone
between the base of the cylinder and the free surface.

At a sufficiently high value of excitation frequency,
f52.0 Hz, where well-defined concentrations of vorticity are
generated over a wide range of amplitudeA, the response of

the vortex patterns is as shown in the right column of Fig. 4.
Considering first the lowest amplitudeA51 mm, thenA52
mm, it is evident that this increase in amplitude promotes
formation of the vorticity concentration closer to the base of
the cylinder. At the largest amplitude,A55 mm, this trend is
broken due to a change in timing of the initially formed
vortex. For this case, as already suggested in previous im-
ages, the first highly concentrated region of vorticity is
formed well downstream of the cylinder, and a low level

FIG. 4. Instantaneous images of velocity and vorticity fields showing the effect of amplitudeA ~in mm! of cylinder oscillation at two values of frequencyf
~in Hz!. All images are at the same instantaneous position, i.e., of 45° after attainment of the bottom dead center. Here Fr50.32, Re52855. Dimensionless
amplitudes areA/D50.2, 0.08, and 0.04. Minimum and incremental vorticity contour levels areuvminu512 s21 andDv56 s21.
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concentration exists at the shoulder of the cylinder; it corre-
sponds to the next vortex in the sequence.

VI. EFFECT OF NEAR-WAKE STRUCTURE ON
DOWNSTREAM WAKE

Images showing the relationship between vortical pat-
terns formed in the near wake and the downstream region of

the wake, i.e., the intermediate wake, are shown in Fig. 5.
All images are taken at the same instant of the oscillation
cycle. At each value of excitation frequencyf, two reference
frames are employed. The first, designated asVF50, corre-
sponds to the laboratory frame, and the second, indicated by
VF5U, is a frame moving with the free-stream vorticityU.
The latter frame is expected to bring out features of the vor-
tical motion. Viewing the images of Fig. 5 as a whole, a

FIG. 5. Instantaneous velocity fields showing the structure of the intermediate wake in relation to the near wake of the oscillating cylinder. Velocity fields are
shown in the laboratory reference frameVF50 and in a frame moving at the free-stream velocityVF5U, for three different values of excitation frequencyf
~in Hz!. All images are acquired at the same instantaneous position, i.e., a phase of 45° after attainment of the bottom dead center. Fr50.32, Re52855.
Dimensionless amplitudeA/D50.2.

2114 Phys. Fluids, Vol. 8, No. 8, August 1996 Lin, Sheridan, and Rockwell

Downloaded¬05¬Mar¬2007¬to¬130.194.10.86.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://pof.aip.org/pof/copyright.jsp



particularly evident feature is the approach of the initially
formed vortex toward the base of the cylinder asf→1.0,
which confirms the near-wake observation of Fig. 3~a!.

At the lowest frequency,f50.5 Hz, a swirl pattern is
evident in the very near wake atVF50, but much less so at
VF5U. No vortical patterns are suggested in the down-
stream wake region. This observation, combined with the
lack of any identifiable vortical structures in the downstream
region of the wake, along with the patterns of Fig. 3~a!,
reaffirms the view that only simple ‘‘flapping’’ of the shear
layer occurs at this low frequency, rather than its agglomera-
tion into a large-scale vortex. Atf50.71 Hz, for which a
clearly defined vortex is evident in both framesVF50 andU,
a large-scale vortical pattern is suggested in the downstream
region of the wake in the image corresponding toVF5U. At
f51.0 and 2.0 Hz, for the frameVF5U, two successive swirl
patterns of velocity vectors are indicated in the region of the
wake immediately downstream of the initially formed vor-
tex.

VII. CONCLUSIONS

A stationary, horizontal cylinder piercing a free surface
does not give rise to highly coherent, self-sustained vortex
formation in the manner of Ka´rmán vortices from a com-
pletely submerged cylinder. The presence of a free surface
appears to inhibit the absolute~global! instability, and
thereby the mechanism leading to limit cycle oscillations. As
shown by the linear stability analysis of Triantafyllou and
Dimas,22 the cylinder-free surface configuration exhibits a
convective, rather than an absolute instability, and therefore
it is expected to show high sensitivity to applied distur-
bances. In fact, phase-locked patterns of vortex formation
can be generated over a very wide range of excitation fre-
quency at low perturbation amplitudes, relative to the case of
the completely submerged cylinder.

At sufficiently high excitation frequency, well-defined
concentrations of vorticity are formed from the surface of the
cylinder and, as the value of perturbation frequency is in-
creased, the initially formed vortex moves closer to the base
of the cylinder until a limiting state is reached, such that
vortex formation occurs immediately adjacent to the cylinder
surface. A further increase in perturbation frequency induces
a dramatic change in timing of the initially shed vortex rela-
tive to the cylinder motion. For the case of the completely
submerged cylinder, as addressed by Gu, Chyu, and
Rockwell,21 a conceptually similar change in timing of the
initially shed concentration of vorticity can occur. The com-
mon feature of both the surface piercing and the completely
submerged cylinder is attainment of a limiting position of the
initially formed vortex immediately adjacent to the base of
the cylinder; it is a necessary prelude to the change in timing
of the initial vortex. The practical importance of this change
in timing is alteration of the direction of energy transfer be-
tween the fluid and the cylinder. It is well known, on the
basis of the previous studies cited in the Introduction, that
the onset of a peak of the fluctuating lift on the cylinder is
accompanied by a change in phase between the lift and the
cylinder displacement. In turn, these alterations of the load-

ing are accompanied by a switch of the initially formed vor-
tex from one side of the cylinder to the other.

Further distinguishing features of the near wake of the
surface-piercing cylinder are revealed by consideration of the
instantaneous streamline topology. The occurrence of a
saddle point immediately downstream of separation, due to
simultaneous existence of flow induced by the motion of the
cylinder and the recirculating flow associated with the vortex
formation, appears to be unique to the surface-piercing cyl-
inder. Moreover, the occurrence of a well-defined reattach-
ment point at the free surface, at least for moderate values of
perturbation frequency, is another feature that is not present
for the wake of a completely submerged cylinder. This reat-
tachment to the free surface produces a confined region of
intensely recirculating~swirling! flow between the reattach-
ment streamline, the free surface, and the base of the cylin-
der. Although the patterns of velocity vectors and stream-
lines suggest the existence of a large-scale vortex in this
region, it has been demonstrated that, at low values of exci-
tation frequency, the major share of the vorticity is along a
locus coincident with a trajectory of the separating layer
from the cylinder, rather than distributed throughout the cir-
culation region. At sufficiently high excitation frequency,
however, rapid agglomeration of vorticity is attainable, and
the patterns of velocity vectors and streamlines accurately
indicate a concentration of vorticity.
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