Near-wake of a perturbed, horizontal cylinder at a free-surface
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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 Kaan 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 foarKa
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 Physids$1070-663196)02408-7

I. INTRODUCTION tion process. Zdravkoviéfifirst suggested that the change in
hase of the cylinder loading was due to a change in timing

Flow past a completely submerged cylinder has been gf the initially formed vortex. Ongoren and Rockweflir-

topic of intense m_te_rest in recent decades. A_n effect|_V her investigated this concept for cylinders of various cross-
means of characterizing the near-wake structure is to subject . . L .

. o Sectional geometries and quantitatively related changes in
the cylinder to controlled oscillations and observe the pro-

X : o . ...~ “timing of the vortex formation to variations in phase of the
cess of vortex formation using qualitative flow V|sual|zat|on.veIOCit fluctuations. Williamson and RosHkobserved. for
Koopman'? Griffin,>* Griffin and Vortaw® Ongoren and y ' '

Rockwell® and Cheng and Moreftdescribe various aspects sufficiently large amplitude, not simply the Kaan vortices,

of the near wake. In all of these studies, the emphasis was O%Ut additional vortices having a sense opposite to the respec-

excitation frequencies near or at the inherent vortex formaElve Karmén vortex. Gu, Chyu, and Rockwéliprovide in-

tion frequency, and the concept of “lock-on” of the vortex stantaneous, quantitative representations of the near-wake
formation relat,ive to the cylinder motion was a central feq.Structure for small amplitude, on the basis of streamlines and
ture. Wiliamson and RoshRoconsider a relatively wide vorticity distributions, show the mechanisms of the near

range of excitation frequency and describe a diversity O]wake leading to the switching in timing of the initially

locked-on vortex patterns in the near wake, in addition tormed vortex.

classical lock-on. Griffin and Halt° taking an overview of In contrast to these extensive studies of the wake of a
the lock-on process in their and previous studies, provide aRPMpletely submerged cylinder, little is known of the near-
insightful assessment of our current understanding. wake structure from a partially submerged cylinder subjected

When the cylinder is excited at a frequency close to thaf® controlled oscillations. An important consequence of the

of the inherent Keman vortex formation, large changes in frée surface is, as indicated by the linear stability analysis of
! ~ H H 2,23

the amplitude of the fluctuating lift coefficierf, and the Triantafyllou and Dimas?*to preclude the onset of an ab-
phases, of this lift relative to the cylinder displacement can Solute (globa) instability. The near wake of a half-
occur, as evident in the measurements of B|Shop anéubmerged Cy“nder is therefore not eXpeCted to exhibit or-
Hassart! Staubli’?> and Sarpkaya® Equivalently, similar ganized vortex formation close to the base of the cylinder in
trends are evident for measurements of fluctuating pressuf@€ manner of classical Kaan shedding.
on the surface of the cylinder, as in the investigations of If the near wake is indeed convectively unstable, as
Bearman and Curri¥ Ferguson and Parkinsdn,and Shown in the analysis of Triantafyllou and Dint&s; *then it
Feng'® Even cylinders having a rectangular cross sectionghould be highly sensitive to perturbations of the cylinder.
investigated by Bearman and Obasjand blunt trailing ~The consequence of such perturbations has not been ex-
edges, addressed by Staubli and Rock®¥elhd Lotfy and plored. Even small-amplitude perturbations may give rise to
Rockwell!® can exhibit large changes in magnitude andphase-locked vortex formation. A further question is
phase of the surface loading. whether, at a critical value of excitation frequency, there oc-

Central to understanding these changes in the loading igurs an abrupt change in timing of the initially shed vortex.
insight into the corresponding variations of the vortex forma-If so, it is desirable to establish the extent to which it is

analogous to that of Kaan vortex formation from a com-

30n leave from Monash University, Melbourne, Australia. pletely submerged cylinder, as characterized by the \_/OI’tiCiW
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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.

lll. EFFECT OF CYLINDER PERTURBATIONS: PHASE-
LOCKED STATES

FIG. 1. Overview of experimental system and definition of flow and geo- . .
metric parameters. Figure 2a) 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

vorticity_, as well as topological features of the instantaneousys -onstant vorticity and the velocity distributions. The gen-

streamline patterns. eral form of this so-called wake region of the cylinder is
therefore in accord with that formulated by Triantafyllou and
Dimas???® They demonstrated, by an inviscid instability

II. EXPERIMENTAL SYSTEM AND TECHNIQUES analysis, that the surface-piercing wake is, on the whole,
convectively unstable, and has an overall form of a recircu-

Experiments were performed in a water channel having ggtion zone terminated by reattachment to the free surface. At
test section width of 210 mm and a depth of 527 mm. Asthe present value of Reynolds number, however, small-scale
shown in the schematic of Fig. 1, a cylinder of 25.4 mm¢qncentrations of vorticity arising from a convective instabil-
diam was mounted horizontally. In its stationary, nomlnality are evident along the edge of the separated shear layer.
position, the cylinder was half-submerged. A free-stream veThe swirl patterns of velocity vectors and concentrations of
locity of 112 mm/s provided a Reynolds number based oRqrticity suggest agglomerations of the smaller scales at suf-
cylinder diameteD of 2855. ficiently large distance from the base of the cylinder.

The cylinder was held in position by a vertical arm, Figure Zb) shows the effect of cylinder perturbations at
which was isolated from the free stream by a false wall aryhree values of excitation frequenéy0.5, 1.0, and 2.0 Hz
rangement. A specially designed endplate ensured no leakng a constant amplitudé/D =0.2. The normalized values
age between the junction of the oscillating cylinder and theyf excitation frequency, relative to the Kaan frequencyf,
stationary, vertical wall. A high-resolution, computer- of yortex formation from the completely submerged cylin-
controlled motor generated the desired frequencies and anger, aref/f,=0.54, 1.08, and 2.16. All images in Fig(k?
plitudes of the vertical perturbation of the cylinder. Frequen-gre taken at the same instant during the oscillation cycle,
ciesf over the range 0:5f<2.0 Hz were considered. The ¢orresponding to a phase of 45° after attainment of bottom
corresponding frequency, of Karmen vortex formation  gead center, as described in Sec. II. At each value of excita-
from the completely submerged cylinder at the same value ofgp, frequencyf, comparison of the images in the left and
free-stream velocity i$,=0.93 Hz. The normalized excita- right columns indicates that the structure of the initially
tion frequency f/f, therefore extends over the range formed vortical patterns appear at approximately the same
0.54=f/f(=<2.15. AmplitudesA of the perturbation were 1 streamwise location, indicating phase-locked vortex forma-
mms<As<5 mm, or, normalized with the cylinder diamef@r  {jon. At the lowest value of perturbation frequerfey0.5 Hz,
0.04<A/D=0.20. the curved layer of vorticity from the cylinder contacts the

The instantaneous structure of the near wake of the cylee surface and wraps back toward the cylinder, giving the
inder was determined using a scanning laser version of highappearance of a large-scale vortex. At a higher value of fre-
image-density particle image velocimetry, described byguencyf=1.0 Hz, the distribution of vorticity takes on a
Rockwell et al** The beam from a 20 W continuous wave distinctively different form. A pronounced concentration of
Argon-—ion laser was directed at a rotating, polygonal mirror,grticity with a well-defined extremum occurs immediately
having 72 facets. This concept yielded a scanning frequencygjacent to the base of the cylinder. On the other hand, at the
of 1252 Hz which, in essence, provided illumination eqUiVa‘highest value of=2.0 Hz, the initially formed, highly con-
lent to a pulsed laser sheet. The flow was seeded WitBentrated vortex occurs further downstream, suggesting a
metallic-coated, hollow glass particles having a diameter Of:hange in its timing relative to the motion of the cylinder;
12 pm. Images of the multiply exposed particles were re-yhis aspect will be addressed subsequently. Viewing the im-
corded on high resolution 35 mm film. Subsequently, theages of Fig. ) as a whole, it is evident that phase-locked,
negatives were digitized at a resolution of 125 pixels/mm.; “|ocked-in,” vortex formation can be attained over at
For interrogation windows having a size of 0.72 WM72  |east a four-fold range of excitation frequency, which is a
mm, the velocity vector was calculated using a single-framegypstantially wider range than for locked-in formation of

cross-correlation technique. The effective grid size in thecarman vortices from the completely submerged cylinder, as
physical plane of the laser sheet of 1.16 mm, based on thgssessed by Griffin and Haf.
magnification of the camera lens, was 1:3.2.

Acquisition of mstantaneous images was triggered W!thIV. TIMING OF PHASE-LOCKED VORTEX FORMATION
respect to the motion of the cylinder. In essence, two in-
stants, one during the upstroke motion of the cylinder and the  The near-wake structure, in terms of coherent vortex for-

other during the downstroke motion, were of interest. Themation adjacent to the free surface, is illustrated in the im-
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FIG. 2. (a) Ensemble-averaged velocity and vorticity distributions for case of a stationary cylinder. Minimum vorticity contour lewgl/is5 st and
incremental vorticity level i\w=3 s™1. Re=2855. White contours represent positive vorticity in this and all subsequent fighyésstantaneous distribu-
tions of vorticity illustrating phase-locked vortex formation during two different cycles of the cylinder motion for indicated values of excitation fréquency
(in Hz). All images correspond to the same instantaneous position, i.e., phase, of cylinder motion. Froude ner@it8s. Reynolds number Re2855.
Dimensionless amplituda/D=0.2. Minimum and incremental vorticity contour levels #ig,,|=12 s * andAw=6 5%,
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ages of Fig. 8) showing instantaneous distributions of ve- streamline pattern and multiple reattachment streamlines oc-
locity, vorticity, and streamline patterns. All images arecur in a similar fashion as d&=1.0 Hz.
taken at the same instant during the cylinder oscillation. For the case of the completely submerged cylinder, Gu,
At the lowest frequenc§=0.5 Hz, the swirl pattern of Chyu, and Rockwelf interpret the timing of vortex forma-
velocity vectors suggests a region of large-scale vortical action in terms of instantaneous concentrations of vorticity cor-
tivity. The region of highest vorticity, however, occurs at theresponding to the Kanan vortices. As the value of fre-
interface between the free stream and the recirculating flonquency is increased, the entire pattern of near-wake vorticity
In fact, this region accounts for nearly all the circulation; concentrations corresponding to théri@n vortices moves
relatively low levels of vorticity and therefore small contri- closer to the base of the cylinder. At a critical value of ex-
butions to the overall circulation, occur within the pattern of citation frequency, the initially formed vortex occurs close to
swirling velocity vectors. The corresponding streamline patthe base of the cylinder and a further increase in frequency
tern shows that well-defined reattachment occurs at the freeauses an abrupt change in timing of the initially formed
surface. The reattachment streamline emanates from the ivortex: it switches from one side of the cylinder to the other.
rotational free stream, and not from the surface of the cylin-Considering the sequence of images in Fig) 3t is evident
der. The streamline pattern interior to the reattachmenthat an analogous change in timing of the initially formed
streamline exhibits an outward spiral, i.e., an unstable focusiortex occurs. In this case, the critical frequency for which
Moreover, a saddle point, indicated by the intersection ofvortex formation occurs adjacent to the base of the cylinder
streamlines, occurs immediately downstream of separatiois f=1.0 Hz. At a higher value of frequency represented by
from the surface of the cylinder. f=2.0 Hz, the timing of the vortex formation is dramatically
At a higher value off=0.7 Hz, a concentrated vortex altered, such that the first, fully formed vortex occurs well
appears; it is located relatively close to the base of the cyldownstream of the cylinder. We therefore conclude that al-
inder. The general features of the velocity distribution andternate vortex formation from either side of a cylinder, as it
the streamline pattern are the same as those@t Hz. A occurs from the fully submerged cylinder, is not necessary
well-defined reattachment point occurs at the free surfacéor substantial changes in timing of the vortex formation
and a saddle point exists immediately downstream of sepaelative to the motion of the cylinder.
ration from the cylinder. The central region of the streamline  Further insight into the near-wake structure is provided
pattern now exhibits, however, an inward spiral, correspondby Fig. 3b), which shows patterns of velocity, vorticity, and
ing to a stable focus, in accord with the enhanced concentratreamlines at an instamtout of phase with that of Fig.(d).
tion of vorticity. Generally speaking, if the patterns of FigaBare indeed
At f=1.0 Hz, a limiting state of vortex formation is at- associated with formation of a detached, identifiable vortex,
tained. It occurs immediately adjacent to the surface of thehen one expects to see such a vortex at a later instant, i.e.,
cylinder. Correspondingly, the streamline pattern shows théarther downstream, in the images of Figb
loss of an identifiable saddle point immediately downstream At f=0.5 Hz, no large-scale vortex is detectable within
of separation. Moreover, there is no clearly defined, singlehe field of view. Instead, a layer of vorticity is evident be-
reattachment point at the free surface. In fact, at a locatiomeath and parallel to the free surface. This observation, in
immediately downstream of the concentrated vorticity, aconjunction with the corresponding pattern of Figa)3sug-
nodal streamline pattern occurs, with multiple streamlinegyests that when the excitation frequency is sufficiently low, a
extending to the free surface. Farther downstream, the patletached, agglomerated region of vorticity cannot be at-
tern of velocity vectors indicates that fluid is ejected down-tained. The layer of vorticity generated during the down-
ward from the free surface. This pattern is characterized by atroke in Fig. 8a) remains, on the whole, in a distributed
nodal streamline parallel and close to the surface. This unform and conforms to the free surface during the upstroke
usual streamline topology is associated with concentrationsotion of the cylinder. The small-scale concentration of vor-
of vorticity immediately below the free surface; they wereticity shown in the lower right of the image &=0.5 Hz
formed at earlier times during the cylinder oscillation. corresponds to a Kelvin—Helmholtz vortex in the separating
At the highest value of=2.0 Hz, the initially formed shear layer; three such concentrations are evident in the in-
vortex occurs well downstream of the cylinder, suggestingerconnected region of vorticity from the surface of the cyl-
that it is generated substantially earlier in the oscillationinder.
cycle than for the previous cases. In essence, this corre- At f=0.7 Hz, on the other hand, a large-scale vortex,
sponds to a change in timing of the initially formed vortex, resulting from agglomeration of vorticity, is evident at a lo-
relative to that, for example, dt=1.0 Hz. This change in cation well downstream of the cylinder. The streamline pat-
timing is apparently necessary in order to accommodate theern indicates that the reattachment point on the free surface
fact that atf=1.0 Hz, the initially formed vortex was forced is located near the right side of the image. The saddle point,
to occur immediately adjacent to the cylinder; a further in-located upstream of the large-scale vortical region, arises
crease in excitation frequency cannot draw the vortex farthefrom the velocity induced by the upward motion of the cyl-
upstream, rather it occurs at an earlier phase in the oscillatiomder adjacent to that associated with the swirl of the large-
cycle of the cylinder. The streamline topologyfat2.0 Hz  scale vortical region.
shows that the saddle point immediately downstream of At f=1.0 Hz, generally similar observations hold, but the
separation is again recovered; it occurs closer to the frelarge-scale is more clearly defined and formed closer to the
surface than &t=0.71 and 0.5 Hz. The occurrence of a nodalbase of the cylinder. This vortex is due to the continuous
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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 id (in Hz). Here F=0.32, Re=2855. Dimensionless amplitud®/D =0.2. Minimum and incremental vorticity contour levels are

|omin=12 s andAw=6 s 1.

feeding of vorticity from the cylinder during the upstroke consistent with the change in timing of the vortex formation
motion, which combines with the highly concentrated vortic-discussed in conjunction with Fig(&. Note the similarity
ity formed during the downstroke of Fig.(&. During the of the image af=2.0 Hz in Fig. 3b) (upstroke criterioh
vortex development, however, the topology undergoes aith that atf=1.0 in Fig. 3a) (downstroke criterion The
transformation. In Fig. &), the major vortex exhibits an similarity of these patterns, which occur at instants during
inward spiral(unstable focus whereas in Fig. @), it has an  the oscillation cycle that are shifted hy relative to each
outward spiral(stable focus other, further reaffirms the change in timing of the initially
Finally, at f=2.0 Hz, a concentrated vortex is formed formed vortex as the frequency is increased friai.0 to
immediately adjacent to the cylinder. This observation is2.0 Hz.
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FIG. 3. (b) Matching images fofa) corresponding to a phase 45° after attainment of the top dead center.

An additional point concerns the change in curvature offor a range of oscillation amplitudes=1, 2, and 5 mm. All
the region of the free surface adjacent to the oscillating cylimages correspond to the same instantaneous position of the
inder evident, for example, by comparing the images atylinder. Atf=0.67 Hz, for the largest amplitudé=5 mm,
f=1.0 in Figs. 3a) and 3b). This change in curvature, in g concentrated vortex is clearly formed close to the cylinder.
conjunction with the formation of the primary vortex ffom The change in character of the initially formed vortex can be
the bottom surface of the cylinder, can give rise 10 & Projperpreted in terms of reattachment length. A&t 1 and 2
nounced concentration of negativgray) vorticity in that .\ i ciantaneous reattachment to the free surface occurs

reglon. well downstream of the cylinder, whereasfat5 mm, it has
V. EFFECT OF AMPLITUDE ON PHASE-LOCKED moved upstream a substantial distance to a location closer to
STATES OF NEAR WAKE the cylinder. At these low amplitudes, the irregular thicken-

Figure 4 shows the structure of the near wake at twdng of the shear layer is due to small-scale vorticity concen-
extreme values of excitation frequenéy0.67 and 2.0 Hz trations arising from the small-scale Kelvin—Helmholtz in-

2112 Phys. Fluids, Vol. 8, No. 8, August 1996 Lin, Sheridan, and Rockwell

Downloaded-05-Mar-2007-t0-130.194.10.86.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://pof.aip.org/pof/copyright.jsp



= ¥\ g

FIG. 4. Instantaneous images of velocity and vorticity fields showing the effect of amphtditemm) of cylinder oscillation at two values of frequenty
(in Hz). All images are at the same instantaneous position, i.e., of 45° after attainment of the bottom dead center=G18% Re=2855. Dimensionless
amplitudes aré\/D=0.2, 0.08, and 0.04. Minimum and incremental vorticity contour leveldayg/=12 s ! andAw=6 s™1.

stability. It is therefore apparent that at a given value ofthe vortex patterns is as shown in the right column of Fig. 4.
excitation frequency, at least in the lower range, formation ofConsidering first the lowest amplitude=1 mm, thenA=2
a well-defined concentration of vorticity requires a suffi- mm, it is evident that this increase in amplitude promotes

ciently large amplitude of excitation. If this threshold value tormation of the vorticity concentration closer to the base of
is not attained, then the separated vorticity layer simply,

. . the cylinder. At the largest amplitud&=5 mm, this trend is
curves toward the free surface and forms a recirculation zon

between the base of the cylinder and the free surface. groken due to a change in timing of the initially formed
At a sufficiently high value of excitation frequency, vortex. For this case, as already suggested in previous im-

f=2.0 Hz, where well-defined concentrations of vorticity are@des, the first highly concentrated region of vorticity is
generated over a wide range of amplitudlethe response of formed well downstream of the cylinder, and a low level
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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 frate=0 and in a frame moving at the free-stream velodif= U, for three different values of excitation frequerfcy

(in Hz). All images are acquired at the same instantaneous position, i.e., a phase of 45° after attainment of the bottom dead-6eB2erR&r2855.
Dimensionless amplituda/D =0.2.

concentration exists at the shoulder of the cylinder; it correthe wake, i.e., the intermediate wake, are shown in Fig. 5.
sponds to the next vortex in the sequence. All images are taken at the same instant of the oscillation
cycle. At each value of excitation frequentytwo reference
VI EFFECT OF NEAR-WAKE STRUCTURE ON frames are employed. The first, desgnated/,aso,. corre-
sponds to the laboratory frame, and the second, indicated by
DOWNSTREAM WAKE . : . .
Ve=U, is a frame moving with the free-stream vorticlty
Images showing the relationship between vortical pat-The latter frame is expected to bring out features of the vor-
terns formed in the near wake and the downstream region dfcal motion. Viewing the images of Fig. 5 as a whole, a
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particularly evident feature is the approach of the initiallying are accompanied by a switch of the initially formed vor-
formed vortex toward the base of the cylinder fas1.0, tex from one side of the cylinder to the other.
which confirms the near-wake observation of Fi¢p)3 Further distinguishing features of the near wake of the
At the lowest frequencyf=0.5 Hz, a swirl pattern is surface-piercing cylinder are revealed by consideration of the
evident in the very near wake ¥=0, but much less so at instantaneous streamline topology. The occurrence of a
Ve=U. No vortical patterns are suggested in the down-saddle point immediately downstream of separation, due to
stream wake region. This observation, combined with thesimultaneous existence of flow induced by the motion of the
lack of any identifiable vortical structures in the downstreamcylinder and the recirculating flow associated with the vortex
region of the wake, along with the patterns of Figa)3 formation, appears to be unique to the surface-piercing cyl-
reaffirms the view that only simple “flapping” of the shear inder. Moreover, the occurrence of a well-defined reattach-
layer occurs at this low frequency, rather than its agglomerament point at the free surface, at least for moderate values of
tion into a large-scale vortex. At=0.71 Hz, for which a perturbation frequency, is another feature that is not present
clearly defined vortex is evident in both framés=0 andU,  for the wake of a completely submerged cylinder. This reat-
a large-scale vortical pattern is suggested in the downstreatachment to the free surface produces a confined region of
region of the wake in the image corresponding/to=U. At intensely recirculatingswirling) flow between the reattach-
f=1.0 and 2.0 Hz, for the framé-= U, two successive swirl ment streamline, the free surface, and the base of the cylin-
patterns of velocity vectors are indicated in the region of theder. Although the patterns of velocity vectors and stream-
wake immediately downstream of the initially formed vor- lines suggest the existence of a large-scale vortex in this
tex. 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
VII. CONCLUSIONS from the cylinder, rather than distributed throughout the cir-
culation region. At sufficiently high excitation frequency,
however, rapid agglomeration of vorticity is attainable, and

does not give rise to highly coherent, self-sustained vorte ) i
formation in the manner of Kenan vortices from a com- € patterns of velocity vectors and streamlines accurately
iéldicate a concentration of vorticity.

pletely submerged cylinder. The presence of a free surfac
appears to inhibit the absolutglobal) instability, and
thereby the mechanism leading to limit cycle oscillations. As
shown by the linear stability analysis of Triantafyllou and pcxNOWLEDGMENTS
Dimas?? the cylinder-free surface configuration exhibits a
convective, rather than an absolute instability, and therefore  The authors gratefully acknowledge support of the Of-
it is expected to show high sensitivity to applied distur-fice of Naval Research, Grants No. N00014-94-1-0185 and
bances. In fact, phase-locked patterns of vortex formatiomNo. N0O0014-94-1-1183, monitored by Dr. Thomas Swean.
can be generated over a very wide range of excitation fre-
guency at low perturbation amplitudes, relative to the case of
the completely submerged cylinder.

At sufficiently high excitation frequency, well-defined 1G. H. Koopman, “The vortex wakes of vibrating cylinders at low Rey-

: P nolds numbers,” J. Fluid MecH8, 501 (1967).
concentrations of vorticity are formed from the surface of thezG. H. Koopman, “On the wind-induced vibrations of circular cylinders,”

cylinder and,. as the value of perturbation frequency is in- \; sc. thesis, Catholic University of America, Washington, D.C., 1967.
creased, the initially formed vortex moves closer to the bas€o. M. Griffin, “The unsteady wake of an oscillating cylinder at low Rey-
of the cylinder until a limiting state is reached, such that nolds number,” Trans. ASME J. Appl. MecB8, 729(1971.

: : : : : O. M. Griffin, “Instability in the vortex street wakes of vibrating bluff
vortex formation occurs immediately adjacent to the cylinder bodies,” Trans. ASME J. Fluid Endi5, 569 (1973,

surface. A further increase in perturbation frequency induceso. m. Griffin and C. W. Vortaw, “The vortex street in the wake of a
a dramatic change in timing of the initially shed vortex rela- vibrating cylinder,” J. Fluid Mech51, 31 (1972.
tive to the cylinder motion. For the case of the Completely 5A. Ongoren and D. Rockwell, “Flow structure from an oscillating cylin-

. der. Part 1. Mechanisms of phase shift and recovery of the near-wake,”
EUbTer?lezg Cy“nder’ as addressed by Gu, Chyu’ andand “Flow structure from an oscillating cylinder. Part 2. Mode competi-
ockwell;

a conceptually similar change in timing of the ton in the near-wake,” J. Fluid Mech.91, 197 (1988.
initially shed concentration of vorticity can occur. The com- "M. Cheng and P. M. Moretti, “Lock-in phenomena on a single cylinder
mon feature of both the surface piercing and the completerWith forced transverse vibration,’Flow-Induced Vibrations and Wear

. . . Lo .. 1991 (ASME, New York, PVP-206, p. 129
Smeerged Cylmder is attainment of a I|m|t|ng position of the 8C. H. K. Williamson and A. Roshko, “Vortex formation in the wake of an

initially formed vortex immediately adjacent to the base of oscillating cylinder,” J. Fluid Struct2, 355 (1989.
the cylinder; it is a necessary prelude to the change in timing90. M. Griffin and M. S. Hall, “Vortex shedding lock-on and flow control

it ; ; ; in bluff body wakes,” Trans ASME, J. Fluid End.13 526 (1991.
.Of t.he. Imt.lal Vlorte)f' Thef [::ac(;l.cal |lmporftance of this thar;)geloo. M. Griffin and M. S. Hall, “Vortex shedding lock-on in a circular
In iming Is alteration of the direction of energy transter be- cylinder wake,” Flow-Induced Vibrationedited by P. W. Bearman, p. 3.

tween the fluid and the cylinder. It is well known, on the *R. E. D. Bishop and A. Y. Hassan, “The lift and drag forces on a circular
basis of the previous studies cited in the Introduction, that cylinder oscillating in a flowing fluid,” Proc. R. Soc. London Ser.2&7,

; ; ; i« 51(1964.
the onset of a peak of the ﬂucwatmg lift on the cyllnder IS 12T Staubli, “Calculation of the vibration of an elastically mounted cylinder

ac?ompaOiEd by a change in phase betwee_n the lift and the‘using experimental data from a forced oscillatio®ySME Symposium on
cylinder displacement. In turn, these alterations of the load- Fluid-Structure Interaction in Turbomachinerg981, Vol. 19.

A stationary, horizontal cylinder piercing a free surface

Phys. Fluids, Vol. 8, No. 8, August 1996 Lin, Sheridan, and Rockwell 2115

Downloaded-05-Mar-2007-t0-130.194.10.86.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://pof.aip.org/pof/copyright.jsp



137, Sarpkaya, “Fluid forces on oscillation cylinders,” J. Waterways Ports Mechanisms of periodic and aperiodic response,” J. Fluid M&6h, 173

Coastal Ocean Div. ASCHEO04, 275 (1978. (1993.
1p. W. Bearman and E. G. Currie, “Pressure fluctuation measurements o¥M. M. Zdravkovich, “Modification of vortex shedding in the synchroni-
an oscillating circular cylinder,” J. Fluid Mech1, 661 (1979. zation range,” Trans. ASME | J. Fluid End.04, 513(1982.

15M. Ferguson and G. V. Parkinson, “Surface and wake flow phenomena ok Gu, C. Chyu, and D. Rockwell, “Timing of vortex formation from an
the vortex-excited oscillation of the circular cylinder,” Trans. ASME B: J. oscillating cylinder,” Phys. Fluids, 3677(1994).
Eng. Ind.89, 831(1967). 2
16C. C. Feng, “The measurement of vortex-induced effects on flow past
stationary and oscillating circular and D-section cylinders,” M.A.Sc. the-

sis, University of British Columbia, 1968. 2 1, 1813(1989. o
7p, W. Bearman and E. D. Obasaju, “An experimental study of pressure G. S. Triantafyllou and A. A. Dimas, “The low Froude number wake of

fluctuations on fixed and oscillating square-section cylinders,” J. Fluid floating bluff objects,” Internal Report No. MITSG 89-5, Massachusetts

G. S. Triantafyllou and A. A. Dimas, “Interaction of two-dimensional
separated flows with a free surface at low Froude Numbers,” Phys. Fluids

Mech. 119 297 (1982. Institute of Technology, Cambridge, 1989.
18T Staubli and D. Rockwell, “Pressure fluctuations on an oscillating trail- 2*D. Rockwell, C. Magness, J. Towfighi, O. Akin, and T. Corcoran, “High-
ing edge,” J. Fluid Mech203 307 (1989. image-density particle image velocimetry using laser scanning tech-

1A, Lotfy and D. Rockwell, “The near-wake of an oscillating trailing-edge:  niques,” Exp. Fluidsl4, 181 (1993.

2116 Phys. Fluids, Vol. 8, No. 8, August 1996 Lin, Sheridan, and Rockwell

Downloaded-05-Mar-2007-t0-130.194.10.86.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://pof.aip.org/pof/copyright.jsp



