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Vortex formation processes from an oscillating circular cylinder

at high Keulegan—Carpenter numbers
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Development of vortex patterns around a circular cylinder oscillating in quiescent water is
investigated using time-resolved particle image velocimetry. Experiments are performed at
Keulegan—Carpenter (KC) numbers between 8 and 36 with Reynolds number kept constant at 2400.
Similar to previous studies, three modes of vortex patterns are identified and denoted as modes I, II,
and III. The development of vortices in each mode at successive phases of cylinder oscillation is
studied in details. The classification of modes is based on the development mechanism of shear
layers around the cylinder, the number of vortices shed in each half cycle, and the characteristics of
the vortex street. Modes I, II, and III are characterized by one, two, and three (or more) vortices
generated, respectively, in each half cycle. The appropriate vortex formation length is applied to
explain the dependence of number of vortices formed in each cylinder cycle on KC. Vortex shedding
in mode I occurs only on one side of the line of cylinder motion. This mode, which occurs at KC
between 8 and 16, is observed to have two submodes with different orientations of the vortex street
to the line of cylinder motion. Mode II occurs at KC between 16 and 24. The vortex street extends
to both sides of the line of cylinder motion and lies at about 45° to it. At KC> 24, vortices are shed
behind the moving cylinder similar to the case of a towed cylinder. The limited-length vortex street
in this mode III pattern lies along the line of cylinder motion. Each vortex pattern is associated with
a typical secondary flow stream, which affects distinct evolution stages of vortices around the
cylinder and hence the unique vortex pattern. The development of vortices is found to involve
complex vortex interaction involving migration, stretching, and splitting. © 2010 American Institute

of Physics. [doi:10.1063/1.3291069]

I. INTRODUCTION

When a circular cylinder is placed in an oscillating flow,
interaction occurs between the vortices shed from the cylin-
der and the periodic changes in flow velocities. An equiva-
lent flow situation occurs when the cylinder undergoes an
oscillatory motion in an otherwise quiescent fluid. As in
studies on the starting flow past a circular cylinder, the inter-
action of cylinder movement with the development of shear
layer in the present flow problem allows a fundamental in-
vestigation of the vortex formation process and the wake
vortex patterns.1 On the practical side, the flow is relevant to
the hydrodynamic loading imposing on offshore structures,
and even the design of beach processes and bed ripples.2 The
flow is governed primarily by the Keulegan—Carpenter (KC)
number, KC=27A/D, where A is the amplitude of oscilla-
tion and D is the cylinder diameter. Another parameter,
namely Stokes number, is also important, S= fDZ/ v, where
f is the frequency of cylinder oscillation and v is the kine-
matic viscosity of the fluid. The B parameter is actually re-
lated to the importance of the viscous effect and can also be
described by the Reynolds number, Re(=U,,D/v), where
U, (=2mAf) is the maximum velocity of the cylinder move-
ment. In fact, Re is the product of KC and B.

The flow around an oscillating cylinder is largely gov-
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erned by complex vortex-structure and vortex-vortex interac-
tions, involving the most generic phenomena of fluid dynam-
ics, such as shear layer stability, separation, bifurcation,
vortex impingement, and three-dimensional issues. Numer-
ous investigations have been reported in the literature. One
focus of investigation is the generation of fluctuating inertial,
drag and lift forces on the cylinder with engineering appli-
cations to vortex-induced vibration, and loading of offshore
structures (e.g., Maull and Milliner,3 Bearman and Currie,4
and Bearman ef al.>®). There are also investigations attempt-
ing to document the vortex patterns around an oscillating
cylinder. Bearman et al’ reported some quasirepeatable vor-
tex patterns around a cylinder placed in the oscillating flow
inside a U tube. At KC<15, they observed a “sideway”
street, which consists of successive vortices shed per half
cycle and moves away from the cylinder on only one side of
the line of flow oscillation. As KC>20 or 30, they reported
a wake similar to a finite-length von-Karman street in each
half oscillation cycle. Williamson’ investigated the vortex
patterns around an oscillating cylinder up to KC=60. It was
suggested that the flow patterns could be grouped into four
types, namely, pairing of attached vortices (0<KC<7),
transverse street (7<<KC<15), double pair (15<KC<24),
and three or more pairs (KC>24). Similar vortex regimes
were observed by Obasaju et al.® but they named the double
vortex pair pattern as the diagonal regime in which a vortex
pair is shed in each half cycle and is diametrically opposite
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FIG. 1. Interrelation of vortex pattern with secondary flow stream. (a) Mode
I, lateral vortex street; (b) mode I, inclined vortex street; (c) mode II; (d)
mode III. Bold arrows: secondary flow stream; dotted arrows: ambient water
flow; dot-dashed lines: typical length of cylinder stroke.

to the vortex pair in the previous half cycle. They also re-
ported that in both the traverse and diagonal regimes, vortex
pairs convect at about 45° to the line of cylinder motion.

Subsequent to Williamson’ and Obasaju et al. many
studies focusing on vortex patterns around the oscillating
circular cylinder have been reported.gf18 These investiga-
tions, including some detail flow mapping from particle-
image velocimetry or computational fluid dynamics, have
provided further evidence and information on the distinct
regimes of vortex pattern at different KC ranges. Neverthe-
less, the exact mechanisms governing the transition of pat-
terns remain an unresolved issue. For instance, Lam and
Dai'* studied the transition of the pattern of a vortex pair
symmetric about the line of cylinder movement at small KC
to the pattern of a lateral vortex street at KC=12. It is found
that vortices are able to shed away from the cylinder at suf-
ficiently high KC. Yang and Rockwell'® found that the onset
value of KC for vortex shedding is between 7 and 12.

In this paper, we apply time-resolved particle image ve-
locimetry (PIV) to explore the vortex dynamics in details at
8§ <KC<36. By using the same experimental setup for the
wide range of KC and the flow mapping capacity of time-
resolved PIV, we aim to investigate and resolve the exact
role of KC increase in determining the vortex patterns. This
is the main objective and the value of this paper.

At KC>38, vortices are shed and convected away from
the oscillating cylinder.7’8 The vortex regimes at the “high”
KC numbers in this study, 8 <KC <36, consist of different
distinct patterns of vortex pairs shed from the oscillating
cylinder. The high KC flow also has more engineering im-
portance because the flow is drag dominated whereas it is
inertia dictated at a small KC."” We observed the same vor-
tex regimes as previous observations and in this paper, the
vortex patterns are named modes I, II, and III for easy ref-
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FIG. 2. Experimental arrangement.

erence. The modes are based mainly on the number of vortex
pairs shed from the cylinder in one oscillation cycle and the
vortex patterns typical of each mode are sketched in Fig. 1.
Mode I occurs at KC between 8 and 16. One vortex is shed
from the cylinder every half cycle or every cylinder stroke.
The contrarotating vortices from two successive strokes form
a vortex street on one side of the line of cylinder motion
only. The street is aligned approximately lateral to the line of
cylinder motion at most of the time at KC=12. This is the
regime of traverse vortex street reported by Williamson.” At
higher KC, the street is sometimes aligned at roughly 45° to
the line of cylinder motion, as has been observed by Obasaju
et al.® At KC between 16=KC= and 24, we observed the
mode II pattern which is the double pair pattern7 or the di-
agonal regime:8 reported in previous studies. Mode III occurs
at KC>24. Three or more vortices are formed every half
cycle and the vortices lie mainly on the line of cylinder mo-
tion. As in published studies,S’6 the number of vortices
formed in each half cycle equals the lower bound of KC in
each mode divided by 8. The PIV velocity data presented in
this paper for modes II and III have not been reported in the
literature.

Also included in the sketches of Fig. 1 is the flow of
fluid associated with the vortex patterns in each mode. These
secondary flow streams have been noted by Williamson’ and
Tatsuno and Bearman,9 but their formation and relationship
to the vortex pattern have not been examined in details. At
KC=12, Lam and Dai'* discussed that the sustainability of
the lateral vortex street depends on the secondary flow
stream which exists on only one side of the line of cylinder
movement. There are evidences that the secondary flow
stream affects the formation location of a vortex on the cyl-
inder surface and helps to move the vortex around the cylin-
der surface leading to the asymmetric pattern of the lateral
vortex street. In this study, we also aim to study the charac-
teristics of secondary flow stream associated with the differ-
ent vortex patterns.

Il. EXPERIMENTAL DETAILS

The experiment was conducted in a water tank measur-
ing 120X 180 cm?, with water depth filled to 50 cm. Figure
2 shows a sketch of the setup arrangement which was similar
to that described in Lam and Dai.'* A sliding table, resting on
two tracks through linear bearings, was horizontally placed
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above the tank. A stepper motor along with a crank yoke was
employed to generate a sinusoidal motion of the sliding table
as well as a rigid cylinder, which was vertically cantilever
mounted on the table. To minimize three-dimensional and
end effects, the gap between the cylinder end and the tank
bottom was held at only about 1 mm. The amplitude of cyl-
inder oscillation was set by the length of crank yoke while
the oscillation period was controlled precisely by the speed
of the motor. The motion of the cylinder was checked to
follow nicely the equation x(r)=A sin(2wt/T), where t is
time and 7T(=1/f) is the period of one oscillation cycle. The
largest deviations of the cylinder positions found from the
PIV images from the ideal positions in the sinusoidal motion
occurred when the cylinder was near its neutral position but
the deviations at most KC numbers were within =0.1D. The
coordinate system (x,y) is defined with the origin set at the
center of the cylinder in its neutral position. Coordinates x
and y are along and lateral to the line of cylinder oscillation
motion, respectively, whereas coordinate z is along the span-
wise direction of the cylinder.

In most previous experimental studies, flow patterns at
different KC numbers have been obtained in experiments at
different Re.'* To avoid the effect of viscous actions on the
flow pattern, it was decided in this study to carry out all
experiments at a constant Re=2400. It has been suggested
that Re=2400 is sufficiently high for viscous effect to be
negligible and the vortex pattern is independent on B.M Ex-
periments were made with a circular cylinder of D
=20 mm at ten values of KC between 8 and 36. To maintain
a constant Re, the B parameter (or equivalently, the fre-
quency of cylinder oscillation, f) needed to be adjusted in an
inverse manner with the change in KC (or equivalently, the
amplitude of oscillation, A). Thus, when KC was varied from
8 to 36, B changed from 200 to 67, respectively. The ranges
of cylinder amplitude and oscillation period were, respec-
tively, from 19.1 to 86.0 mm, and from 0.75 to 3.38 s. The
maximum cylinder velocity was constant at U,,=0.16 m/s.

In order to quantitatively study the different vortex pat-
terns, time-resolved PIV measurements were made. A thin
laser sheet was generated by an argon-ion laser with power at
about 3 W and was directed by a set of mirrors to illuminate
the horizontal plane passing through the midspan of the ver-
tical cylinder. The flow was seeded by neutrally buoyant syn-
thetic polycrystalline particles of about 30 wm in diameter.
With the continuous wave laser and the slow flow velocities,
we could manually observe the movements of seeding par-
ticles and visualize the existence of a particular vortex pat-
tern. After a test run, the cylinder oscillation was stopped and
the next test run was started only after we had confirmed
visually that there was no residual motion of water in the
tank from the previous test. With originally quiescent water
in the tank, the cylinder was given the prescribed oscillatory
motion. After some cycles, usually less than 10, when we
could visually observe that a periodic vortex pattern was sus-
tained, image recording was started. A time sequence of PIV
images on the (x,y) plane was captured by a high-speed
camera (PCO 1200 hs) at a rate of 100 image/s. The expo-
sure time of each image was set at § ms. An optical filter was
used to allow only the green laser light scattered by the seed-
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ing particles to pass. Around 5000 PIV images were acquired
for each KC number. This lasted for many cylinder oscilla-
tion cycles and at some KC, the flow might switch between
two or more different vortex patterns during the recording
period. The distinction of vortex patterns in each cylinder
oscillation cycle was made from the PIV results in the post-
processing. There was time stamping on each image so that it
is possible to correlate the vortex pattern with the cylinder
position. We focus on the flow structures in the (x,y) plane,
although three dimensionality has been noted at the present
Reynolds number. "

Particle images recorded on two consecutive images
were analyzed by a PIV analysis software (DANTEC
DYNAMICSTUDIO V2.10). The analysis was based on the spa-
tial cross-correlation algorithm of Willert and Gharib® but
with adaptive and multipass interrogation windows. All ve-
locity vectors were validated with a threshold of signal-to-
noise ratio at about 1.2 for the correlation peaks. Rejected
vectors were replaced by vectors estimated from the sur-
rounding values. In the final iteration, PIV vectors are ob-
tained on interrogation areas of size 32 pixels X 32 pixels
and with 50% overlap. With the camera resolution at
1280 pixels X 1024 pixels, the two-dimensional velocity
field at each time instant consisted of 79 X 63 vectors of U
and V (4977 vectors in total). In most test runs, this spatial
resolution of 16 pixels corresponded to roughly 2 mm or
0.1D. For the temporal resolution, the time interval between
consecutive PIV snapshots was 10 ms. From the values of T
at different KC, this means that there were 75-338 snapshots
in one cylinder oscillation cycle. The PIV system thus pro-
vided sufficiently fine temporal and spatial resolution for the
investigation of vortex formation from the cylinder. From the
velocity vectors, spanwise vorticity component w, was
compute:d.21 Experimental uncertainties in determining the
velocities and spanwise vorticity were estimated to be 5%
and 7%, respectively.

lll. RESULTS AND DISCUSSION

Experiments have been made at ten values of KC at
KC={8,10,12,14,16,20,24,28,32,36}, but we shall dis-
cuss the results at some selected values of KC. We shall
show later that it is advantageous to discuss the flow inter-
action at various cylinder positions using the cylinder stroke.
One cylinder stroke is the traverse (rightward or leftward) of
cylinder movement. A stroke length is 24 or 1/ (KC) D
and it lasts for one half cycle. During one cylinder stroke,
one, two, and three (or more) vortices are generated for
modes I, II, and III, respectively.

A. Mode | pattern

Mode I occurs at KC between 8 and 16. It has been
reported in the literature as the transverse vortex street or
single vortex pair.7_9 A vortex street is present on only one
side of the line of cylinder motion (Fig. 1). It is noteworthy
that either side is equally possible because the vortex street
intermittently swaps from one side to the other. It has been
found that below a critical KC number at KC= 8, no large-
scale vortices can be completely shed from the c:ylinder.16
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shown on coarser grid for clarity. Instantaneous cylinder velocity is shown on cylinder in each plot. Cylinder speed at r*=7/16 is 0.924U,,. Vorticity contours
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FIG. 3. (Color online) Instantaneous PIV velocity vectors and vorticity contours at successive phases of cylinder movement of mode I at KC

Mode I is observed when KC number is sufficiently large
(KC>8) to allow shedding of large-scale vortices from the

cylinder.
to the line of cylinder motion [Fig. 1(b)]. In the present

tached for a short distance from, the cylinder surface.
motion. Sometimes, the vortex street is aligned at about 45°

Only small vortices are found to remain attached to
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two consecutive cylinder oscillation cycles. The velocity
vectors and vorticity contours are shown in each PIV snap-
shot. For clarity, the original set of PIV vectors on a fine grid
of 0.1D resolution is not shown and interpolated vectors on a
coarser grid at 0.2D resolution are shown instead. Through-
out this paper, we use the asterisk to denote nondimensional
quantities which have been normalized using characteristic
scales such as 7T, U,,, and D. Therefore, the phase of cylinder
movement is represented by 1*=¢/T. The phases in Fig. 3 and
subsequent similar figures are denoted as 1/16 fractions of
one cycle but the phase resolution in our time-resolved PIV
measurements is much finer in the order of hundreds of
phases per cycle. The vortex contours are those of the non-
dimensional spanwise vorticity, wi:sz/ U,,. For clarity,
contours of vorticity levels close to zero are not shown.

We first look at the PIV snapshot in Fig. 3(c) at phase
*=7/16 in the first cycle. The cylinder is in the first half of
its leftward stroke. On its upper surface, a clockwise rotating
vortex BO remains attached to the cylinder. This vortex is
formed from the previous rightward stroke and is about to be
shed from the cylinder. On the lower side of the cylinder,
there is a counterclockwise vortex Al. This new vortex is
rolled up when the cylinder starts the present leftward stroke.
During the stroke, it grows with vorticity fed from the lower
shear layer of the cylinder. When the cylinder moves past
its neutral position, the mature vortex BO on the upper side
of the cylinder is shed behind the moving cylinder near
t'=9/16 [Fig. 3(d)]. Associated with the shedding of BO,
vortex Al is observed to move upward toward the line of
cylinder motion [Figs. 3(d)-3(f)]. A detailed discussion of
this migration of A1 will be given later in this section. At the
end of the leftward stroke, vortex Al has been migrated al-
most above the line of cylinder motion [Fig. 3(f)].

When the cylinder reverses its moving direction and
travels rightward in the next stroke, vortex Al is brought to
the cylinder upper surface [Fig. 3(g)]. During the first half of
this rightward stroke, vortex Al continues to be fed vorticity
of the positive sign but now from the upper shear layer in-
stead of the lower shear layer. The vortex thus grows into a
mature stage of strong circulation. It is shed behind the fast
moving cylinder where the cylinder has passed its neutral
position in Fig. 3(h) at r*=1/16 of the second cycle. Its lo-
cation upon shedding is near (x,y)=(0,0.5D).

At the same time, when the cylinder starts this rightward
stroke, a new clockwise rotating vortex B1 is formed from
the rollup of the shear layer at the lower side of the
rightward-moving cylinder. We can observe the development
of this vortex subsequent to Figs. 3(g) and 3(h) from the
clockwise vortex BO formed in the previous cylinder cycle in
Fig. 3(a). The evolution stages of this vortex are similar to
those of vortex Al in the previous stroke except for the dif-
ference sense of vortex rotation and direction of cylinder
movement.

At the end of the rightward stroke, we can observe that
the clockwise vortex BO in Fig. 3(b) has moved above the
y-axis. The vortex is subsequently shed behind the leftward-
moving cylinder on passing its neutral position [Figs. 3(c)
and 3(d)]. The vortex center upon shedding is located near
(x,y)=(1.5D,0.6D) and the shed vortex BO forms a vortex
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FIG. 4. (Color online) PIV velocity vectors relative to moving cylinder at
t*=9/16. Mode 1 at KC=16. Instantaneous cylinder speed at 0.924U,, is
shown on cylinder. See Fig. 3(d) for vorticity levels.

pair with vortex AO, which developed one stroke earlier. The
vortex pair is located offset to the right side of the cylinder
neutral position and between them is a strong secondary flow
stream, which is flowing upward at about 45° to the +y-axis.
In the subsequent phases in Fig. 3, we can observe the con-
vection of this vortex pair away from the line of cylinder
movement along the same inclined path. The next vortex pair
of vortices will be formed from Al and B1 in Fig. 3(h) after
B1 is later shed from the cylinder in the following leftward
stroke. This leads to the formation of an inclined vortex
street, as shown in Fig. 1(b).

The velocity vectors shown in Fig. 3 are relative to the
otherwise stagnant water in which the cylinder undergoes the
oscillation motion. We can obtain a clearer picture of the
flow around the moving cylinder, especially during the shed-
ding of a vortex, by plotting the velocity vectors relative to
the instantaneous cylinder velocity. Figure 4 shows these
relative vectors near the instant of shedding of vortex BO.
They correspond to the absolute velocity vector maps in Fig.
3(d) but PIV vectors on the original grid resolution are
shown. The inclusion of the cylinder velocity does not affect
the vorticity field. It is observed in Fig. 4 that the relative
velocity vectors extending from the lower side of the cylin-
der are almost parallel to the orientation of the positive vor-
ticity region of vortex Al. We can now observe how the
induced upward flow manifested in Fig. 3(d) brings vortex
Al to intrude into the region of opposite vorticity on the
upper shear layer of the cylinder and break off vortex BO
from the shear layer. This observation agrees with the find-
ings of Cantwell and Coles* that the shedding of a vortex is
aided by the intrusion of the opposite-signed vortex from the
other side of the body from behind which cuts off the vor-
ticity supply to the shedding vortex from its shear layer.

In the vector maps of absolute velocities in Fig. 3, a
strong upward-flowing secondary flow stream is observed
between vortices AO and BO for the latter part of the leftward
stroke. Lam and Dai'* suggested that this flow stream has the
effect of migrating vortex Al upward around the trailing sur-
face of the cylinder. However, the present findings of Fig. 4
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suggest that the upward migration of vortices from the lower
side of the cylinder may be triggered in the first place by the
natural shedding mechanism of vortices from the upper shear
layer.

The development stages of the vortices in mode I are
sketched in Fig. 5. This is for the submode of a vortex street
existing above the line of cylinder motion and inclined at
about 45° to the +y-axis, as revealed in Fig. 3. All vortices of
the street originate from the rollup of the shear layer at the
lower side of the cylinder at the start of every stroke. During
the stroke, the vortex grows with the feed of vorticity from
the shear layer. Near the middle of the stroke, a vortex of the
opposite sense of rotation is shed from the upper side of the
cylinder. Connected with this shedding, the vortex on the
lower shear layer moves upward around the leeward side of
the cylinder surface. When the cylinder traverses its next
stroke, the vortex is eventually brought to the upper cylinder
surface and vorticity is fed to it from the upper shear layer
instead. The vortex grows to maturity and is subsequently
shed into the wake above the cylinder near the middle of the
stroke.

The growth time or distance of each of the two vortices
in a vortex pair is sketched in Fig. 5. The growth of vortex
Al from rollup to shedding covers the leftward stroke and
more than half of the following rightward stroke. The growth
of vortex B1 covers a short distance including the rightward
stroke and approximately the first quarter of the next left-
ward stroke. Jeon and Gharib' discussed the formation time

Phys. Fluids 22, 015105 (2010)

of a vortex for shedding from a circular cylinder and used the
equivalent traveling distance to denote the vortex formation
time. It was suggested that around a time of 4.8D, a vortex
grows to reach a critical circulation and shedding occurs. At
the present case of KC=16, the distance of 4.8D is equal to
0.94 stroke length. This means that a vortex can grow to
maturity within one cylinder stroke. On examining Fig. 3
carefully, we can observe that at the end of the leftward
stroke in Fig. 3(f), vortex Al has grown to a mature vortex
and seems to be detached from the cylinder already. How-
ever, the cylinder reverses its moving direction shortly and
vortex Al is brought to the cylinder surface again. The vor-
ticity contours suggest that it is connected to the upper shear
layer of the cylinder in its rightward stroke. This may lead to
feeding of more vorticity into the vortex. The overgrown
vortex is eventually shed from the cylinder shortly after the
cylinder passes its neutral position with the maximum speed.

The clockwise rotating vortex B0 follows similar devel-
opment stages as vortex Al but with a shorter growth time.
The velocity vectors in Fig. 3(c) suggest that the earlier shed-
ding of BO seems to be triggered by the interaction with
vortex Al which is located at x=0. As will be shown later
for mode II, the vortices on the obtuse angle side of the
inclined vortex street, that is, AQ and Al, possess higher
levels of peak vorticity as those on the acute angle side, such
as vortices BO and B1.

Mode I has another submode in which the vortex
street lies almost lateral to the line of cylinder motion. At
KC=16, this submode is less frequent than the other sub-
mode of an inclined vortex street. Our PIV results capture
this submode at KC=16 over a few cycles (snapshots not
shown for brevity). It is observed that the clockwise and
counterclockwise vortices follow the same stages and time
spans of vortex dynamics and development. Shedding of a
vortex is observed to occur near the instant when the cylin-
der passes its neutral position with the maximum speed.
Each vortex, clockwise or counterclockwise rotating, alike,
has undergone a vortex formation time of 1.5 stroke lengths
before shedding. The development stages are similar to the
steps sketched in Fig. 5 but the symmetric situation leads to
a pair of vortices of equal strength, which are subsequently
convected away from the line of cylinder motion as a vortex
street lying lateral to the line.

At a lower KC, say, KC=12, the submode of a lateral
vortex street occurs for almost all cylinder cycles. The vortex
patterns and dynamics have been studied in details
plreviously,m’23 where it was found that the lateral vortex
street at KC around 12 is highly periodic and regular. Here,
we use the vortex formation time of Jeon and Gharib' to
provide an explanation for this observation. The stroke
length at KC=12 is only 3.8D, thus at the end of a stroke, a
vortex has not grown to maturity. As an example, Fig. 6(a)
shows the PIV snapshot at the end of a rightward stroke of
the cylinder at KC=12, where a lateral vortex street is lo-
cated at y<<0. The clockwise vortex formed during this
stroke is now migrated from the upper side of the cylinder to
the left end of the cylinder. When compared with similar
snapshots in Fig. 3 for KC=16, the vortex is clearly observed
to remain attached to the cylinder. The growth of the vortex
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FIG. 6. (Color online) Formation of lateral vortex street at KC=12. Maxi-
mum cylinder speed U,, is shown on cylinder in (b). Vorticity contours in
w;=%15,+30,%45,. ...

continues after migration to the lower surface of the cylinder
when the cylinder changes its moving direction. The vortex
is eventually shed shortly before the cylinder moves to its
neutral position in Fig. 6(b). At this KC=12, the normal
vortex formation length1 at 4.8D corresponds to 1.26 stroke
lengths. This means that the vortex in Fig. 6 undergoes a
normal growth time and is shed naturally. The counterclock-
wise vortex, which is formed in the leftward stroke, also
undergoes a normal growth and shedding. The appropriate
value of cylinder stroke length at KC=12 enables natural
growth of the vortex formed in every stroke. Each vortex
grows to the same normal strength and is shed shortly before
the cylinder passes its natural position in the following
stroke. This results in a highly ordered and symmetric vortex
street lying lateral to the line of cylinder motion.

B. Mode Il pattern

Mode II occurs at a higher KC number, as compared
with that of mode 1. As a consequence of a larger cylinder
amplitude, one more vortex is generated during each half
cycle and the vortex street is present on both sides of the line
of cylinder oscillation. Successive vortex pairs move away
from the line of cylinder motion and two vortex streets are
found in two opposite quadrants of the flow region [Fig.
1(c)]. Similar to previous studies”® which denoted the vortex
pattern as the double pair or the diagonal regime, we observe
this mode of vortex pattern at KC between 16 and 24.

Vortex formation processes from an oscillating circular cylinder

Phys. Fluids 22, 015105 (2010)

At KC=16, mode II is observed only for a small portion
of the time and the oblique vortex street submode of mode I
is the dominant mode. Figure 7 shows the PIV snapshots at
some selected phases of a typical cylinder oscillation cycle at
KC=16, where the mode II vortex pattern occurs. In Fig.
7(a), when the cylinder is near the middle of a rightward
stroke, a clockwise vortex Al is observed on the lower sur-
face of the rightward-moving cylinder. As will be described
later, this vortex was separated from an earlier clockwise
vortex DO during the first half of this rightward stroke.
Vortex DO became a shed vortex which was left behind
the moving cylinder and is now located near (x/D,y/D)
~(=2.5,-0.5). On the upper surface of the cylinder, there is
a more mature counterclockwise vortex B1 which has been
growing from the rollup of the upper shear layer almost from
the start of the present rightward stroke. At *=2/16, shed-
ding of B1 is observed and its detachment from the cylinder
surface is concurrent with the upward migration of Al into
the space in between. Upon shedding, vortex B1 is located
near (x/D,y/D)=(0.5,0.5).

Similar to a vortex in mode I, vortex Al is migrated
upward around the trailing surface of the cylinder on ap-
proaching its rightmost position [Fig. 7(b)]. When the cylin-
der reverses its stroke, Al has been completely migrated to
the upper cylinder surface and continues to be fed with nega-
tive vorticity from the now leftward-moving cylinder. At
1*=6/16, the returning cylinder meets vortex B1 again and
vortex Al is observed to be stretched in the x direction prob-
ably due to the fluid circulation of B1 [Fig. 7(d)]. A strong
secondary flow stream can be observed flowing between the
two vortices and upward along the 45° direction. In Fig. 7(e),
Al is stretched into two parts when it moves underneath B1.
The trailing part is left behind the cylinder as the shed vortex
A1l where the part remained attached to the moving cylinder
continues to grow as the next clockwise vortex D1.

After Al is shed, it pairs up with B1 to form a vortex
pair in Fig. 7(f). At this phase of *=8/16, the cylinder
moves with its maximum speed past its neutral position. Un-
der the effect of the secondary flow stream and probably also
under the combined induced flow of the vortices, the vortex
pair starts to convect away from the line of cylinder motion
along the 45° direction. The convection of the vortex pair is
clearly evident from the sequences of PIV snapshots from
t*>"7/16 in Figs. 7(f)-7(h). As the vortex pair convects far-
ther away from the line of cylinder motion, the shed vortices
show obvious reduction in their peak vorticity levels. This
weakening of vortical motion has been observed on a vortex
when it is shed from a circular cylinder and thus cuts off
from the supply of vorticity from a shear layer.24

Returning to the moving cylinder, the clockwise vortex
D1 follows the same development stages as vortex Al except
that its growth starts on the upper cylinder surface and in a
leftward cylinder stroke. It is migrated from the upper cylin-
der surface to the lower surface when the cylinder completes
the leftward stroke and starts the following rightward stroke
[Figs. 7(f)=7(h)]. The migration is aided by the shedding of
the counterclockwise vortex C1 from the lower side of the
cylinder in Fig. 7(g). When the cylinder reverses its move-
ment and travels to the right, vortex D1 is stretched and
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y<0). This vortex pair is next to the

’

previous pair (CO and DO) formed in the preceding cycle,
which can be observed in Fig. 7(a). The predecessor of D1 is
vortex DO, which has been separated into vortex DO and Al

16: instantaneous PIV velocity vectors and vorticity contours at successive phases of cylinder movement. Vectors are
third quadrant (x<0
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terclockwise vortex C1. Figure 7(h) shows that the shed part
of D1 and C1 form a vortex pair located at y<<0 and to the

separated into two parts under the effect of the nearby coun-
left of the neutral cylinder position, that is, located at the

FIG. 7. (Color online) Mode II at KC
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under the effect of vortex C0O. Both vortex pairs convect
away from the line of cylinder motion along the —135°
direction.

Now we return to Fig. 7(d) at t*=6/16. While vortex Al
undergoes interaction with vortex B1, a new clockwise vor-
tex CI rolls up from the lower shear layer of the leftward-
moving cylinder. The following PIV snapshots show that for
most of this leftward stroke, there is no vortex below the line
of cylinder motion (y <0) to interact with vortex C1. Thus it
develops in a similar way as a vortex behind a cylinder in a
constant-speed cross flow. Unlike most vortices described
earlier, there is no evidence of any significance migration of
C1 around the cylinder surface. It grows for a time roughly
about 3/4 stroke length before being shed near r*=10/16 in
Fig. 7(g). The shedding is concurrent with the intrusion of
D1 from the upper side of the cylinder and a secondary flow
stream flowing downward at about —135° to the +y axis.
This secondary flow stream is clearly connected with the
dynamics and interaction of vortices C1 and D1. The con-
vection of the vortex pair away from the line of cylinder also
follows the secondary flow stream.

As the cylinder traverses its rightward stroke, a new
counterclockwise vortex is rolled up from the upper shear
layer. The vortex can be observed in Fig. 7(h), which is the
successor of vortex B1 in the previous cycle. Similar to Cl1,
this vortex (B1) develops all the way on the same (upper)
side of the cylinder. It is shed after about 3/4 stroke length
[Fig. 7(b)] and pairs up later with the next clockwise vortex
(A1). The shedding and pairing of this vortex pair, all in the
first quadrant (x>0,y>0), occur when the cylinder is lo-
cated to the right of its neutral position. The dynamics is
associated with the formation of a secondary flow stream
along the 45° direction.

The development of vortices in mode II is summarized
with a schematic sketch in Fig. 8. In a cylinder oscillation
cycle, two vortex pairs are formed. Corresponding to the
vortex pattern in Fig. 7, one vortex pair is formed and con-
vecting in the first quadrant and the other pair in the third
quadrant. They are separately connected with two secondary
flow streams which flow away from the line of cylinder mo-
tion in two opposite directions along the 45°/—135° line. It is
noted that in both vortex pairs, the counterclockwise vortex
is on the obtuse angle side between the line of cylinder mo-
tion and the convection direction of the vortex pairs [Fig.
1(c)] while the vortex on the acute angle side has clockwise
rotation. The two types of vortices are found to follow dif-
ferent sequences of development stages.

The counterclockwise vortex on the obtuse angle side,
vortex B1, for example, undergoes a more natural growth on
the same upper side of the cylinder from rollup to shedding
(Fig. 8). The growth time starts shortly after the start of a
stroke and ends at about 3/4 stroke length when shedding
occurs. The clockwise vortex Al undergoes a more compli-
cated development. Similar to the vortices in mode I, vortex
A1l undergoes a migration from one shear layer of the cylin-
der to the other. However, its initial formation and shedding
are caused by stretching and separation of a region of vortic-
ity concentration. This complex interaction takes place
shortly after the cylinder starts a new stroke. At about 1/4

Vortex formation processes from an oscillating circular cylinder
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3/4 cylinder stroke =3.8D ~ 5.7D

Al moves up;
B1 shed

Al migrated

remains upwards
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Cl1 and D1 grow

Cl shed

—>
Flow relative to cylinder

—>

Secondary flow stream

LILIISS Growth of counterclockwise vortex

=mms  Growth of clockwise vortex

FIG. 8. Vortex development stages in mode II.

stroke length, vortex Al, which was formed in the previous
stroke, has been migrated around the cylinder and switched
to be connected with the other shear layer. When the cylinder
drags the vortex past the fluid circulation of vortex B1, the
vorticity region of Al is stretched and eventually split into
two parts, one as a shed vortex and the other remained at-
tached to the shear layer. Together with B1, the shed vortex
Al forms a vortex pair in the first quadrant. The remaining
vortex continues to grow and will end up as one partner of
the other vortex pair in the third quadrant.

The separation of the vorticity region into two vortices
has not been reported previously for the present flow. This is
probably because most previous studies were based on flow
visualizations in which interaction of vortices visualized as
regions of dye concentration is difficult to interpret. Here, we
show the detail stretching mechanism of the clockwise vor-
tex in Fig. 9. This mode II pattern occurs at KC=20 but
almost the same vortex dynamics occurs at the correspond-
ing phases of cylinder oscillation at KC=16. Velocity vectors
relative to the moving cylinder at the phases *=7/16 and
8/16 are shown in Figs. 9(a) and 9(b), respectively. The cor-
responding absolute velocity vector maps, not shown for
brevity, are almost identical to those in Figs. 7(e) and 7(f),
respectively, for KC=16, and thus we denote the vortices by
the same names. The stretching of the vorticity region of Al
and the subsequent separation into vortices Al and DI are
clearly observed under the effect of vortex B1 as the cylinder
drags the attaching vortex past it. The relative vectors in Fig.
9 also suggest that the shedding of Al from the splitting of
the stretched negative vorticity region is not only induced by
the fluid circulation of vortex Bl but also assisted by the
intrusion of vortex C1 from below. If we ignore the presence
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FIG. 9. (Color online) Vortex interaction in mode II. KC=20. PIV velocity
vectors relative to moving cylinder around instant of vortex shedding. Maxi-
mum cylinder speed U,, is shown on cylinder in (b). Vorticity contours in
w=*%1,+2,+3,..

of B1, the vortex dynamics revealed by the relative velocity
vectors in Fig. 9(b) bears close resemblance to those of vor-
tex shedding from a bluff body in a constant-velocity cross
flow 242

Mode 1II is observed at KC between 16 and 24. As de-
scribed in Figs. 7 and 8, the counterclockwise vortex, such as
B1 or Cl1, develops over the first 3/4 of a stroke approxi-
mately. This distance is between 3.8D and 5.7D for KC be-
tween 16 and 24. It is believed that being always attached to
the same shear layer, the vortex grows to the shedding stage
in a natural manner. On the other hand, growth of the clock-
wise vortex spans over two successive strokes. Its initial for-
mation and shedding are triggered by interaction with the
counterclockwise vortex. The formation time for this vortex
is from roughly the middle of a stroke to about the first
quarter (or 3/8) of the following stroke. Although this devel-
opment time at about 3/4-7/8 stroke length is slightly longer
than that of the counterclockwise vortex, the development of
the clockwise vortex is more complicated involving migra-
tion to the other side of the cylinder, stretching and separa-
tion into two vortices. As a result, the clockwise vortex, such
as Al and DI, is found to have weaker strength than the
counterclockwise vortex.

For a statistical analysis, the center locations and
strengths of large-scale vortices in the flow field are ex-
tracted in each PIV snapshot by the technique of identifying
vorticity peaks.25 The results for KC=20 are presented in

Phys. Fluids 22, 015105 (2010)
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FIG. 10. (Color online) Ensemble of peak vorticity data from about 1000
PIV snapshots over a few cylinder oscillation cycles in mode II. KC=20: (a)
peak vorticity levels; (b) locations of peaks. Symbols: +, positive vorticity;
O, negative vorticity.

Fig. 10 where all ensembles of vortex centers and peak vor-
ticity levels from over some 1000 PIV snapshots covering
three successive cylinder oscillation cycles are shown. It is
evident from Fig. 10(a) that the counterclockwise vortices
generally have higher magnitudes of peak vorticity levels
than the clockwise vortices. The locations of vortex centers
in Fig. 10(b) show clearly the double vortex street pattern. At
this KC=20, the vortex formation time of 3/4 stroke length
for the counterclockwise vortex equals 4.8D, which is the
normal time for vortex formation.'

C. Transition between mode | and mode Il

We have focused our attention mainly on the results at
KC=16 because both submodes of mode I and mode II are
observed at this KC. It is often observed during the experi-
ments that mode I will transit into the inclined vortex street
submode of mode I, or the other way round, within a few
cylinder oscillation cycles. Figure 11 shows the flow at a
cycle of mode I which exhibits some tendency to transition.
In Fig. 11(a), the cylinder is toward the end of a leftward
stroke. The vortex pair, which is shed earlier in this stroke,
can be observed as A0 and BO at locations away from the
line of cylinder motion. The counterclockwise vortex Al,
which grows during this stroke, is migrated from the lower
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FIG. 11.

(Color online) Mode transition at KC=16. Maximum
cylinder speed U,, is shown on cylinder in (d). Vorticity contours in
w=*+1,%2,+3 .

shear layer to the leeward side of the moving cylinder. The
vortex pattern at this phase is similar to that in Fig. 3(e), but
here, Al undergoes development at a slightly faster pace so
that it appears to be already shed from the cylinder at this
instant. However, shedding occurs very close to the end of
the stroke and the vortex has already migrated upward to-
ward the line of cylinder movement. Thus, when the cylinder
returns on the rightward stroke in Fig. 11(b), it can still bring
the vortex upward to its upper surface as a mode I vortex.
However, unlike the case in Fig. 3(g), not the entire Al is
brought over. It can be observed from the flow vectors and
vorticity contours in Figs. 11(b) and 11(c) that a fraction of
the positive vorticity region becomes detached from the main
vortex Al and remains on the lower side of the line of cyl-
inder motion. As the cylinder moves onward to the right, this
small vortex is shed or left behind. Moreover, it appears to
induce a small region of negative vorticity to detach from the
rolled up lower shear layer of the rightward-moving cylinder.
This results in a small vortex pair located in the third quad-
rant of the flow field [Fig. 11(d)]. The vortex pair is associ-
ated with low levels of vorticity and a very weak secondary
flow stream along the —135° direction.

If vortex Al in Fig. 11 becomes mature and sheds at an
earlier location during the leftward stroke, its entire vorticity
region will not be migrated above the line of cylinder mo-
tion. Instead, similar to Fig. 7(g), the clockwise vortex rolled
up from the upper shear layer will be migrated downward
before the cylinder reaches the end of the stroke (which is
initiated by its downward intrusion to facilitate the shedding
of Al). Then another vortex pair will be shed in the third
quadrant and the vortex pattern changes to mode II. The
results in Fig. 11 provide evidence to support the governing
role of the stroke length (which is directly proportional to
KC) and the resulting distance for growth of a vortex in
determining the modes of vortex patterns.

Vortex formation processes from an oscillating circular cylinder
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D. Mode lll pattern

As KC number increases more (KC=24), mode III is
observed. One longitudinal vortex street, similar to a von-
Karman street of finite length, is formed behind the cylinder
in each cylinder stroke [Fig. 1(d)]. The vortex pattern re-
sembles that behind a cylinder being towed at uniform ve-
locity in quiescent water. At KC=24, three vortices are gen-
erated for each half cycle. Similar to previous studies, our
results support that one more vortex is produced as KC num-
ber increases by 8, approximately. For instance, four vortices
are shed from the cylinder for each stroke at KC=32-36. As
suggested by Obasaju et al.,® more submodes may be named
with the increase in KC number. Nevertheless, the common
feature is that the street is neither lateral nor oblique to the
cylinder motion. The vortex street always lies along the
line of cylinder motion and the vortex formation stages
are different from and less complex than those in modes I
and II. Therefore, we name all vortex patterns at KC=24 as
mode III.

In this mode, the vortices shed in the previous stroke
may be present on the path of the returning cylinder, result-
ing in vortex impingement, splitting, or dislocation. Conse-
quently, the flow structures of mode III are less regularly
organized as compared with those of mode I or II. As an
example, a sequence of PIV snapshots for mode III is shown
in Fig. 12. When the cylinder passes its neutral position in a
rightward stroke at t*=1/16, the velocity vectors and vortic-
ity contours in Fig. 12(a) show that two vortices have been
shed behind the cylinder. A mature counterclockwise vortex
P, which has been rolled up from the upper shear layer, is
about to be shed. Shortly before the cylinder reaches its
rightmost position at t*=4/16, vortex P is shed [Fig. 12(b)].
Now the cylinder reverses its direction and starts the leftward
stroke. The shear layers on both the upper and lower cylinder
surfaces start to roll up and two regions of vorticity concen-
tration can be observed there at *=5/16 in Fig. 12(c). The
cylinder then meets vortex P and interaction occurs. The in-
teraction takes the probable form of induction and amalgam-
ation of counterclockwise fluid circulation between vortex P
and the newly formed counterclockwise vortex A on the
lower shear layer of the cylinder. For a clearer observation of
the interaction mechanism, Fig. 13(a) shows the flow relative
to the moving cylinder at this phase. It is evident that vortex
P is attracted toward vortex A by the flow vectors. Although
at this phase, the cylinder has just accelerated from the rest
for a short distance from its rightmost extreme position, the
long cylinder stroke and this large KC number give rise to a
significant cylinder velocity for the vortex interaction. The
impingement of the cylinder onto vortex P also appears to
break off a small region of positive vorticity concentration
from the vortex into the wake above the cylinder.

When the cylinder moves farther to the left, the PIV
results in Fig. 12(d) suggest that the interaction between vor-
tices P and A leads to a larger strength of the latter as com-
pared with the clockwise vortex B rolled up from the upper
shear layer. As a result, vortex A becomes the first vortex
shed during this leftward stroke. The shedding takes place
when the cylinder is near its neutral position. In the latter
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(d) t* = 7/16

FIG. 12. (Color online) Instantaneous PIV velocity vectors and vorticity contours at successive phases of cylinder movement of mode III at KC=24. Vectors
are shown on coarser grid for clarity. Instantaneous cylinder velocity is shown on cylinder in each plot. Cylinder speed at r*=1/16 is 0.924U,,. Vorticity

contours in w,=*0.8, +1.6, +2.4,.. ..

part of the stroke, vortex B and the next counterclockwise
vortex C are shed. Their shedding mechanism is similar to
that behind a cylinder in a constant velocity cross flow. This
is supported by the relative flow vector map in Fig. 13(b),
which bears close resemblance to constant-speed flow past a
circular cylindelr.22

In terms of the vortex formation distance, vortex A
grows from the start to the middle of the stroke, that is ap-
proximately a distance of 3.8D at KC=24. The clockwise
vortex B also grows from the start of the stroke but is shed
later at about 5/8 stroke length. This is equivalent to the
natural vortex formation length of 4.8D, suggesting that vor-
tex B develops in a natural manner. Vortex C has a similar
vortex formation length as vortex A. In this cycle of Fig. 12,
the three vortices shed in either the leftward or rightward
stroke consist of two counterclockwise vortices and a clock-
wise vortex in between. This means that over all cycles in

which this geometry persists, a clockwise vortex is always
found near the center of the cylinder traverse while fluid
circulation of the counterclockwise sense is always found
near the two extreme positions of the cylinder traverse.

The normal vortex formation distance suggested in Jeon
and Gharib' is 4.8D. Mode III pattern starts with three vor-
tices shed in one cylinder stroke such as that in Fig. 12. In a
vortex street pattern, a vortex starts to grow near the middle
growth stage of the previous contrarotating vortex. Thus a
distance of two times 4.8D or 9.6D is sufficient for the nor-
mal growth of three successive vortices in a street pattern. A
stroke length of 9.6D corresponds to KC=30.2. This ex-
plains the range of KC between 24 and 32 for the mode III
pattern of three vortices per half cycle. The distance for the
normal growth of four vortices from alternating sides of the
cylinder will be 12D. The corresponding KC is 37.7, which
is in the middle of the expected range of KC between 32 and
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FIG. 13. (Color online) PIV velocity vectors relative to moving cylinder.
Mode III at KC=24. Refer to Fig. 12 for vorticity levels.

40. For five vortex pairs in a cycle, the stroke length for
normal vortex growth will be 14.4D, which is equivalent to
KC=45, and the expected KC range is between 40 and 48.

E. Vortex pattern and secondary flow stream

Our results show that each vortex pattern is coupled with
its own type of secondary flow stream around the cylinder.9
The secondary flow stream is believed to be driven by fluid
circulation of the vortices and associated pressure distribu-
tion in the flow field. For mass conservation, water flows
from the surrounding ambient environment to supply the sec-
ondary flow stream (Fig. 1). On the other hand, the second-
ary flow stream and the associated ambient water flow keep
the vortex pattern quasistable for a number of cycles before
transition occurs.

For the inclined vortex street submode of mode I, the
secondary flow stream is inclined at roughly 45° to the line
of cylinder motion and moves away from the cylinder [Fig.
1(b)]. The majority of the secondary stream occurs on one
side of the line of cylinder motion only, with a small fraction
flowing in the opposite direction on the other side. The mag-
nitude of the stream reduces as the distance from the cylinder
increases, which is expected. On the side with the vortex
street, ambient water flows toward the secondary flow stream
in nearly normal directions. It is worth noting that ambient
water flow is largely observed on the left side of the cylinder
[for the vortex pattern in Fig. 1(b)]. The secondary flow

Vortex formation processes from an oscillating circular cylinder
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stream in the lateral vortex street submode behaves in a simi-
lar manner, except the orientation of the vortex street to the
line of cylinder motion [Fig. 1(a)].

In mode II, both the secondary stream and ambient water
flow occur on both sides of the line of cylinder motion and
exhibit an approximately antisymmetric pattern about the
line [Fig. 1(c)]. In other words, they occur in two opposite
quadrants at 45° with respect to the line of cylinder motion.
In the figure, ambient water flows downward on the left side
of the cylinder, replenishing the secondary flow stream at
y<<0, whereas ambient water on the right side flows upward.
Velocities at locations nearer the cylinder, either at x>0 or
x<<0, are relatively larger in magnitudes, probably due to
lower pressure that resulted from cylinder movement and
vortex shedding.

The flow around the oscillating cylinder in mode III is
very similar to that behind a towed cylinder.”® Figure 1(d)
sketches the flow when the cylinder moves to its leftmost
position during which the secondary flow stream moves left-
ward behind the cylinder. Ambient water flows toward the
line of cylinder motion as it is entrained into the street by the
coherent motion of the vortical structures. When we follow
the locations of the shed vortices in Fig. 12, it becomes evi-
dent that the secondary flow stream plays a role in convect-
ing the shed vortices in the direction of cylinder movement
in that stroke. When the cylinder reverses its direction, the
secondary stream and the ambient water change flow direc-
tion accordingly.

IV. CONCLUSIONS

We apply time-resolved PIV measurements to investi-
gate the characteristics and formation mechanism of vortex
patterns around a circular cylinder undergoing sinusoidal os-
cillation in quiescent water. Keeping a constant Reynolds
number at Re=2400, KC number is varied from 8 to 36.
Similar to previous studies, three typical vortex patterns are
identified which we name as modes I, II, and III. The modes
are characterized by one, two, and three (or more) vortices
generated, respectively, for each half cycle. Mode I is further
separated into two submodes of a lateral vortex street and an
inclined vortex street. Each vortex pattern is coupled with
one typical pattern of water flow around the cylinder. The
results show that KC number, or equivalently, the stroke
length of cylinder motion, and the secondary flow stream are
the key factors responsible for the different vortex patterns.

The vortices in mode I, which occurs at KC=8-16, are
present only on one side of the line of cylinder motion. A
vortex is shed always from the same one side of the cylinder
near the middle of each stroke (Fig. 5). The sense of rotation
of the vortex depends on the direction of the cylinder stroke.
Hence, vortices of alternating senses of rotation are shed
over successive cylinder strokes and they convect to one side
of the line of cylinder motion in the form of either a lateral or
an inclined vortex street. Each vortex is actually first rolled
up from the shear layer on the other side of the cylinder in
the previous cylinder stroke. The vortex undergoes a migra-
tion to the side of the cylinder with the vortex street. The
migration seems to be compatible with the instantaneous
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relative flow approaching the cylinder as a result of the pre-
vailing secondary flow stream and the changing cylinder ve-
locity. There is also evidence from our PIV results that the
initial migration of the vortex is associated with the intrusion
of this new vortex toward the opposite shear layer to cut off
the mature vortex there from its shear layer, and thus trigger-
ing the shedding of that vortex.

The vortex formed in each cylinder stroke follows the
same stages of development and the growth lasts for one
stroke and the first part of the next stroke. This “vortex for-
mation distance or time” at KC between 8 and 16 is compat-
ible with the value of 4.8D suggested in Jeon and Gharib' for
the natural growth of vortex to be shed from a circular cyl-
inder. The shedding of the vortex in mode I is thus explained
by its growth to the critical circulation but there is also evi-
dence that the shedding is triggered by vortex interaction
when the cylinder passes over the previously shed vortex
which has been left behind nearby. At KC near 12, the stroke
length allows appropriate vortex formation time for natural
growth of the vortex formed in each cylinder stroke. This
may explain the occurrence of highly organized and periodic
vortex pattern in form of a lateral vortex street around this
value of KC, which has been reported in many previous stud-
ies. At higher KC, the inclined vortex street submode occurs
more frequently. The alternating vortices in the inclined
street appear to possess different strengths.

In mode II, there are two vortex streets on both sides of
the line of cylinder motion and they are inclined about 45° to
the cylinder motion. This mode is the dominant vortex pat-
tern when KC falls in the range between 16 and 24. In each
cylinder stroke, two vortices are shed at different instants and
from the two different sides of the cylinder (above or below
the line of cylinder motion). Over two successive cylinder
strokes, two consecutive vortices with opposite senses of ro-
tation are shed from the same side of the cylinder, thus form-
ing a vortex pair (Fig. 8). In the vortex pair, the vortex on the
obtuse angle side of the vortex street develops on the same
side of the cylinder from rollup to shedding. It is found to
possess higher levels of peak vorticity than its partner on the
acute angle side, which is observed to undergo a more com-
plicated sequence of development stages. The development
is similar to that of a vortex in mode I, but in addition to the
migration from one side of the cylinder to the other,
the vortex also experiences vortex stretching and splitting
(Fig. 9).

Mode III features one longitudinal vortex street, similar
to a limited-length von-Karman street, which consists of at
least three vortices. This mode occurs when KC>24. One
more vortex is produced in each half cycle with the increase
in KC by 8, approximately. At KC between 24 and 32, three
vortices are shed in each cylinder stroke but we found that
they are not exactly in pairs. Instead, the first vortex shed in
each stroke has the same sense of rotation as the third and
last vortex shed in the previous stroke.
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