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Dynamics of the Vorticity Distribution in Endwall Junctions

C. V. Seal,¤ C. R. Smith,² and D. Rockwell²

Lehigh University, Bethlehem, Pennsylvania 18015

The dynamicsof the vorticity distribution for an unsteady, laminarnecklace vortex system are established using

quantitative particle image velocimetry techniques. The vortex system is composed of necklace vortices, which
form periodically in front of a bluff body junction, translate toward the body, and subsequently amalgamatewith a

sustained corner vortex. It is shown that cross-diffusion of the necklace vortex vorticity with opposite-sign vorticity
generated by a necklace vortex± surface interaction is the dominant mechanism creating a vorticity balance in the

system. The instability of the impingingshear layer, under the in¯ uence of the adverse pressure gradient generated
by the presence of the bluff body, is proposed as the mechanism by which the periodic vortex system frequency is

selected.

I. Introduction

T HE ¯ ow in endwall junction regions is characterized by the
formation of necklace (or horseshoe) vortices [i.e., U-shaped

vortextubeswith the two legs extendingin the downstreamdirection
(Figs. 1 and 2a)], which exhibit a range of behavior depending on
Reynoldsnumber.Thesevortexsystemsand theirpotentialin¯ uence
on surface propertiessuch as skin friction have been investigatedby
several researchersover a number of years.1±5 Of additional interest
has been the impact that the downstreamextensionsof such vortices
can have if they impinge on control surfaces.

Vortex systemsformed at the junctionof a ¯ at plateandbluff body
can be characterizedas either laminar or turbulent,dependingon the
nature of the impinging boundary layer. In the laminar case, recent
studies have shown that the boundary layer approaching the bluff
body encounters an attachment line upstream of the body,6±9 where
the approaching¯ uid meets the reverse ¯ ow created by the pressure
gradient generatedby the body. Instead of lifting away from the sur-
face (in a classic separation process), the ¯ uid then ¯ ows laterally
along the surface and around the sides of the body, forming a shear
layer downstream of the attachment line (Figs. 2a and 2b). This is
in contrast to the previouslyaccepted belief (and what was reported
previouslyby the authors10) that the boundary layer in laminar junc-
tion ¯ ows undergoes a classical separation. Downstream of this at-
tachment (in the shear layer) the impingingboundary-layervorticity
organizes into the coherent vortices described earlier. The laminar
case is characterized by ® ve regimes of behavior5: 1) steadyÐone,
two, or three steady-statevortices develop, with the number of vor-
tices increasingwith Reynolds number; 2) oscillatingÐthe vortices
oscillate periodically with the frequency increasing with Reynolds
number; 3) amalgamatingÐthe primary vortex (the vortex closest
to the body) breaks away from the formation region and advects
toward the body but is subsequently drawn back to and amalga-
mates with the secondary vortex (the vortex following the primary
vortex), forming a new primary vortex; amalgamation is a periodic
event for which frequencyagainincreaseswith Reynoldsnumber;4)
breakawayÐthe primary vortex periodically breaks away from the
formation region and advects downstream toward the body, and the
frequency of breakaway increases with increasing Reynolds num-
ber; and 5) transitionalÐthe entire vortex system destabilizes into
three-dimensional, turbulent-like behavior.

The turbulent case is characterized by the formation of a large-
scale, unsteady turbulentvortex upstreamof the body, with the posi-
tion, size, and strength of the vortex varying randomly.4 In addition,
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the lineof attachmentdescribedearlier for the laminar case becomes
a line of separation.8

The behavior described earlier holds in general for any bluff
body±̄ at plate junction (cylinders, blocks, wedges, airfoils, etc.),
provided the presence of the body produces a suf® ciently strong
adverse pressure gradient.

The objective of the present study was to examine the vortic-
ity distribution and balance in a typical transient vortex system,
building on previous work.10 The present study focuses on the lam-
inar breakaway regime for a ¯ at plate±rectangular block junction,
which exhibits organized and periodic vorticity redistribution into
discrete vortices, as well as clearly de® ned vortex±surface inter-
actions. These characteristics are exhibited to some extent in all
laminar regimes of behavior and also appear sporadically in the
turbulent case. The rectangular block was chosen to increase the
size and lateral extent of the necklace vortices, thereby allowing
the acquisition of detailed particle image velocimetry (PIV) results.

II. Experimental Apparatus and Methods
Water Channel

Experiments were performed in a Plexiglas® free-surface water
channel with a test section 0.3 m deep £ 0.9 m wide £ 5.0 m long
(see Ref. 11 for channel details). A rectangular bluff body [20 cm
high £ 15.2 cm wide £ 5.1 cm deep (H £ W £ d)] was located
normal to the ¯ ow at a distance L/ W = 3.9 from the leading edge
of a ¯ at plate with a 5:1 elliptical leading edge, where L is the
distance of the block from the leading edge, and W is the width of
the block (Figs. 2 and 3). The freestream velocity was U 1 = 50.4
mm/s, which gave ReL = 3 £ 104 and Red ¤ = 2.98 £ 102 based,
respectively, on the distance L and the displacement thickness d ¤
calculated for an equivalent ¯ at plate Blasius boundary layer at
location L .

PIV
High-image-densityPIV12, 13 was used to investigate the velocity

® eld on the symmetry plane. The present study utilized a scan-
ning 8-W laser beam, generated using a rotating polygonal mirror,
to illuminate the ¯ ow® eld. The particle images were recorded on
high-resolution ® lm using a 35-mm camera, with image shifting,
for later analysis on a personal-computer-based interrogation sys-
tem, which yields a ® eld of two-dimensional velocity vectors (see
Ref. 10 for details). To obtain suf® cient spatial resolution, it was
necessary to magnify the ¯ ow® eld, thus allowing a view of only a
part of the vortex system at one time. Therefore, two sets of data
were obtained with slightly overlapping ® elds of view to establish
collective data covering the whole vortex system (Fig. 3). The ® rst
set of experiments10 covered the translation/amalgamation region
(84 £ 24 mm) in which the vortices enter the ® eld of view from the
left, advect downstream, and amalgamate with a corner vortex (see
Sec. III). The second set of experiments focused on the upstream
formation region to examine how the impinging boundary-layer
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Fig. 1 Hydrogen bubble
visualization of an
unsteady, laminar
necklace vortex system.

a)

b)

Fig.2 Schematicsof a) laminarnecklace vortex system andexperimen-
tal con® guration and b) symmetry plane of the ¯ ow topology illustrat-
ing the attachments point and the resulting shear layer (adapted from
Ref. 6); note that the details of the ¯ ow very near the block have been
omitted.

X=0

Flow

84 mm

152 mm

Rectangular Block

L=600 mm
Flat Plate

75 mm

Overlap Region

Formation Region
Translation &

Amalgamation Region

24 mm

Fig. 3 Schematic of rectangular block mounting and ® eld of view used
for the two overlapping sets of PIV experiments.

vorticity is organized into the necklace vortices. Figure 3 shows the
physical orientation of the two ® elds of view. Note that both ® elds
of view are located downstream of the boundary-layerattachment.
Data were taken at 1.0-s intervals in the translation/amalgamation
regionand at 0.5-s intervalsin the formationregion;phaseresolution
of the two ® elds of view was done in postprocessing. In addition,
a second set of data of even higher magni® cation was obtained for
the formation region to provide ® ner spatial resolution.

The PIV imageswere interrogatedusinga single-frameautocorre-
lation technique applied over interrogation windows that measured
1.7 mm square (measured in the physical plane) for the normal
® eld-of-view case and 1.2 mm square (also measured in the phys-
ical plane) for a magni® ed case; the interrogation windows were
overlapped 40% for the normal case and 50% for the magni® ed
case. The ® nal results of the PIV interrogation were velocity ® elds
with a resolution of about 1.0 mm between vectors in the physical
plane for the two overlapping regions with normal magni® cation
and about 0.6 mm between vectors for the higher magni® cation
case (see Ref. 10 for a detailed description of the PIV interrogation
and data analysis process). These velocity data sets were then used
to calculate derived results, such as vorticity and streamlines.

There are two major sources of uncertainty of the velocity ® eld
determined via PIV. The ® rst is associated with the particle image
capturing and interrogation system, which includes errors intro-

duced by the camera optics, particle slip velocity, uncertainties of
the laser scan rate, and interrogation method, etc. Landreth et al.14

demonstrated that a double-pulsedPIV system (which employs es-
sentially identical methods as the PIV system described earlier) ob-
tained data with an associated uncertainty of §1%, and so a similar
uncertainty value is to be expected. The second source of uncer-
tainty is created by the image shifting process. The PIV system
described earlier employs a rotating (bias) mirror method15 to uni-
formly shift the particle images, thus removing directional ambigu-
ity (see Ref. 10 for details), which can introduce signi® cant errors16

if the magnitude of the mirror rotation (during the camera exposure)
is relatively large. However, the PIV systems employed at Lehigh
University utilize very small angular displacementsof the bias mir-
ror so that, based on the equations given by Oschwald et al.,16 the
uncertainties due to the rotating mirror are on the order of a frac-
tion of a percent. Therefore, a guarded uncertainty value of 2% was
assumed for the present data. Using this value for the uncertainty
of the velocity data, we calculated the worst case uncertainty of the
derived vorticity data to be approximately 3.2%. The in¯ uence of
velocity uncertainty on calculated streamline patterns was exam-
ined by randomly altering each velocity vector in a selected dataset
(Fig. 6; t = 1.0 s) by §0±5%, generating new streamline patterns
and comparing them with the streamline patterns of the original
data. This was done for several cases, and no qualitative difference
in the streamline patterns could be observed; this suggests that the
extracted streamline patterns (Sec. III) are accurate re¯ ections of
the physical processes and not a manifestation of data uncertainty.

III. Results and Discussion
Vorticity Contours

Figure 4 is a time sequenceof vorticity contourson the symmetry
plane (for the 1.0-mm resolution cases) covering slightly more than
onecompletevortexgeneration/breakawaycycle.Thecontourlevels
are §1±§33 s ¡ 1 in intervals of 2 s ¡ 1 . Here data sets from the two
® elds of view (Fig. 3) were phase matched and combined to yield
a complete ¯ ow® eld. In addition, Fig. 4 shows the peak vorticity
values associated with the organizedvortical structuresat each time
step. (The location of the vertical bars correspond to the x location
of the peak vorticity measurement.)

As the sequence begins, the impinging boundary-layer vorticity
(negative, indicated by dashed lines) begins to organize into a pri-
mary necklace vortex (at approximately x/ W = 0.3). As time pro-
ceeds, this primary vortex strengthens and advects downstream (at
about 16% of the local freestream velocity), assimilating more im-
pinging boundary-layervorticity.Simultaneously, the vortex begins
to interact with the plate surface, generating opposite-sign vorticity
via a local vortex-induced pressure gradient effect17 that manifests
itself as a region both directly beneath the vortex and as a growing
tongue just trailing the vortex. This eruptive tongue of vorticity in-
creases in strength and penetration into the boundary layer as the
primaryvortexgrows.Eventually,the interactionbetween the vortex
and the surfacebecomesso strong that this eruptionof opposite-sign
vorticity effectively severs the primary vortex from the impinging
boundary-layer vorticity (at approximately t = 3.0 s), allowing the
primary vortex to breakaway from the formation region; the newly
released vortex accelerates to a velocity of about 30% of the lo-
cal freestream, becoming a translating vortex (t = 3.0±6.0 s). At
the point of breakaway, the primary vortex is about 14±15 mm
in diameter [based on the extent of the lowest closed vorticity
contour (¡ 1 s¡ 1)], approximately 81±87% of the equivalent, un-
obstructed Blasius boundary-layer thickness at the block location
(x = 0.6 m).

The newly released translating vortex advects downstream into
the junction corner region, where it decelerates to about 17% of the
local freestream velocity, and amalgamates with and reinforces a
corner vortex (t = 1.0±5.0 s). Just before amalgamation, the vortex
diameter has decreasedto approximately11±13 mm (64±75% of the
equivalent Blasius boundary layer). The reinforced corner vortex
then remains in the corner region, awaiting the arrival of a new
translating vortex. The repetition frequency of these events for the
particularbreakaway case examinedwas 0.2 Hz, yielding a Strouhal
number based on block width of 0.605, which is 3.6 times greater
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Fig. 4 Vorticity contour and peak vorticity time sequence. Dashed lines indicate negative vorticity, and solid lines indicate positive vorticity. Contour
levels range from §1 to §33 s ¡ 1 in intervals of 2 s ¡ 1. Note that the right-hand sides of the vorticity plots were also presented in Ref. 10.

than the measured wake vortex shedding Strouhal number of 0.17
for the rectangular block.

Plotted adjacent to the vorticity contours in Fig. 4 are values
for the peak vorticity associated with both the developing and fully
formed necklace vortices; generally, these peak vorticity values oc-
cur at the center of the vortical structures. Following the tempo-
ral pattern of peak vorticity values illustrates a temporal increase
in the vorticity of the primary vortex as it accumulates impinging
boundary-layervorticity.Following breakaway (at about t = 3.0 s),
the peak vorticity of the primary vortex continually increases, until
amalgamation occurs with the corner vortex. This vorticity ampli® -
cation is presumably due to the stretchingof the vortex tube, caused
by the three-dimensionaldeformation of the vortex tube around the
sides of the body.

Circulation Strength

Figure 5 plots the nondimensional circulation strength and tra-
jectory of the vortices in the translation and amalgamation region
(after breakaway) for the data shown in Fig. 4, as well as for one

additional data set at t = ¡ 1 s. Circulation was calculated from the
velocity data using a line integral:

C v = K V ¢ ds (1)

where the integration path was the minimal closed contour of con-
stant negative vorticity (x = ¡ 1 s¡ 1 was taken to be the bounding
curve of the vortices); the circulation is nondimensionalizedon the
equivalent cyclic circulation (C e) calculated by integrating the vor-
ticity ¯ ux passing across the upstream edge of the ¯ ow® eld over
one formation breakaway cycle. The circulation behavior was not
established for the formation region because the x = ¡ 1 s ¡ 1 vor-
ticity contour does not de® ne a clearly closed vortex contour within
this region.

Notice that although the peak vorticity values increase following
breakaway, the circulation strength of the vortices decreases up to
the pointof amalgamation.At the pointof amalgamation(t = 4.0 s),
the strength of the corner vortex increases sharply due to the vor-
ticity contributed by the primary vortex. Note that the data points
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Blockt=0.0 s t=4.0 s
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Fig. 5 Vortex trajectory (open symbols) and nondimensional strength
( C v/ C e, closed symbols), where C e is the time integral of vorticity ¯ ux
passing across the left edge of the ® eld of view over one cycle. Plotted
data correspond to Fig. 4. Circles represent the impinging translating
vortex, triangles represent the corner vortex, and squares are the new
corner vortex after amalgamation (after Ref. 10).

correspondingto the amalgamatingvorticesat t = 4.0 s in Fig. 5 are
indicatedby differentpositionsbut re¯ ect the same strengthfor each
vortex; this is because the x = ¡ 1 s ¡ 1 contour (used to de® ne the
boundaryof a vortex) engirdles both vortices, such that the strength
is merged, although at this point the vortices still have distinct cen-
ters. Immediately following amalgamation, the new corner vortex
rapidly decreases in strength, due to the apparent cross diffusion of
vorticity between the necklace vortex and the ejected opposite-sign
vorticity generated by the vortex±surface interaction.

This cross-diffusion hypothesis is supported by an examination
of the physicalprocessestaking place in the corner region.Note that
as the necklace vortices approach the block, they undergo stretch-
ing. It is known that during stretching the circulation of an isolated
vortex will be conserved in the absence of ¯ ux or diffusion of vor-
ticity across a material boundary that initially encompasses all the
vortex vorticity. Because the present measurements indicate a sub-
stantial decrease in circulation strength, this suggests that viscous
effects are responsiblefor the decrease.There are two ways that vis-
cous effects could come into play. First, vorticity can diffuse across
the x = ¡ 1 s¡ 1 boundary, and second, the vorticity comprising the
vortexcould cross diffusewith the correspondingopposite-signvor-
ticity that is generatedat the surface and circulatesaroundthe vortex
(e.g., see the corner vortex in Fig. 4 for t = 3.0 s). The relative im-
portance of these two mechanisms was examined by modeling the
necklace vortex as a decaying Oseen vortex matched to the equiv-
alent size and strength of the present vortices; the temporal decay
in the strength was then examined (see Ref. 10 for details). The
model suggests that pure diffusionprocessescould only account for
a possible 8.0% decrease in circulation strength of the vortex when
considered for the period t = ¡ 1.0±3.0 s, whereas a decrease of
approximately 50% was noted for the present study. This suggests
that pure diffusion will play only a small part in the noted vortex
decay process and that a signi® cant cross diffusionof vorticity must
be takingplace, leading to a consequentreductionin vortexstrength.

Streamline Contours
Instantaneous streamlines for the data corresponding to Fig. 4

were determined (Fig. 6) and topologically assessed using the cri-
teria of Perry and Steiner.18 The streamline patterns of Fig. 6 illus-
trate stable foci (the spiraling of streamlines into a central point),
which are a known feature of a vortex undergoing stretching (e.g.,
the sectional streamlines of a Burger’s vortex). Also, the stream-
line patterns of Fig. 6 exhibit several examples of stable limit cycle
behavior.19 For example, in the translationand amalgamation region
at t = 1.0 s, the translating vortex (labeled T.V.) at the right side of
the ® eld of view exhibits a stable limit cycle (i.e., a spiraling in-
ward of external streamlines to a limiting, closed streamline and an
outward spiralingof streamlinesfrom the vortexcenter); simultane-
ously, the corner vortex (labeled C.V.) displays closed streamlines
inside a limiting streamline, suggesting two-dimensional ¯ ow. The
number of occurrencesof closed streamlines is, however, much less
than the number of appearancesof foci and limit cycles.Limit cycles
are also observedoccasionallyin the formationregion,as evidenced

Fig. 6 Instantaneous streamline plots corresponding to Fig. 4. The
isolated patterns on the right are expanded views of the labeled vortices
in the overall temporal sequence. Note that the right-hand sides of the
streamline plots were also presented in Ref. 10.

Fig. 7 Streamline plot of magni® ed case illustrating limit cycles and
the modi® ed feeding topology of the induced counter-rotating vortex.

for t = 3.0 s, where the new primary vortex (denoted N.P.V.) also
exhibits a stable limit cycle. Expanded illustrations of these limit
cycle patterns for the particular vortices are plotted at the right side
of Fig. 6.

Figure 7 showsa streamlineplot for oneof the more highlymagni-
® ed (increasedspatialresolution)data ® elds, roughlycorresponding
to the formation region of t = 1.0 s in Fig. 6; this ® gure again il-
lustrates the clear presence of limit cycle behavior. The reason for
the appearance of limit cycles in the necklace vortices is not im-
mediately clear, but several possibilities exist. First, the necklace
vortices may have a two-celled vortex structure like those described
by Sullivan,20 which would displaya limit cycle pattern.18 However,
the velocity pro® les plotted in Fig. 8, which are representativeof the
necklace vortices throughout the temporal cycle, display the char-
acteristic shape of only a single-celled structure.19 In addition, the
limit cyclesappear intermittently,which suggestssome kind of tran-
sient phenomenonas the causeof the limit cycle patterns;hence,this
two-cellhypothesisseems to be precluded.A more viable possibility
may be that the limit cycle patternsare a resultof a local deceleration
of the axial core ¯ ow caused by local, transient, pressure ¯ uctua-
tions along the vortex axis, which could cause a change in the sign
of the local gradient, @w /@z, from positive (stretching) to negative
(compression).This would be similar to behaviorfor a leading-edge
vortex on a delta wing described by Visbal and Gordnier,20 who
show that the cross¯ ow topology of the vortex can vary, depending
on the axial velocitygradient(@w /@z), as well as the ratio of axial to
circumferentialvelocity components.Thus, the appearanceof limit
cycles in the present results could possibly be explained by con-
tinuity considerations (e.g., if the necklace vortex core undergoes
stretching, its diameter must decrease, resulting in the observed in-
ward spiraling of streamlines; conversely, compression along the
vortex axis will cause expansion of the vortex core, resulting in
outward spiraling of streamlines).Clearly, this observed limit cycle
behavior requires further investigation to establish its cause.
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Fig. 8 Selected u-velocity pro® les for t = 5.0 s.

Further examination of Fig. 6 indicates an interesting modi® ca-
tion in the topology of the formation region between t = 0.0±2.0
s. Beginning at t = 0.0 s, the streamlines feeding the induced,
counter-rotating vortex (labeled I.V.) in the formation region ® rst
pass over the top of the primary vortex (downstream of the I.V.)
and then turn upstream to feed the induced vortex. However, by
t = 1.0 s the streamlines feeding the induced vortex no longer
pass around the primary vortex but rather pass over the develop-
ing primary vortex (upstream of the I.V.) and then dive, upstream
of a saddle point, to feed the induced vortex (also clearly seen in
Fig. 7). This temporal change in feeding topology was also found in
Visbal’s6 computations of an unsteady laminar juncture ¯ ow. This
change in topology appears to be associated with the process of
primary vortex breakaway. Referring back to Fig. 4, the tongue of
opposite-sign vorticity, which extends away from the wall, begins
to extend upward at t = 1.0 s, initiating a severing of the primary
vortex from the formation region, which culminates by t = 3.0 s.
It is speculated that this change of topology re¯ ects initiation of the
vortex severing process that leads to release of the primary vortex.

Velocity Pro® les
Figure 8 shows selected u-velocity pro® les for t = 5.0 s, which

are very similar to pro® les obtained computationally by Visbal for
a cylinder±̄ at plate junction in the laminar breakaway regime. The
indicationof a reverse wall ¯ ow for the most upstream velocity pro-
® le suggests that the necklace vortices form well within the region
of in¯ uence of the adverse pressure gradient producedby the block.
Indeed, an examinationof the inviscid solution for this type of stag-
nation ¯ ow indicates that the upstream edge of the present ® eld of
view is still well within the region of relatively high adverse pres-
sure gradient; the nondimensional pressure gradient is roughly 0.4
at the upstream edge (x/ W = 0), compared with a peak gradient of
0.9 at approximately x/ W = 0.61.

Fig. 9 Wall-normalvorticity distributions (A, B, and C) corresponding
to the u-velocity pro® les labeled A, B, and C, respectively, of Fig. 8.

Figure 8 shows several u-velocitydistributionsfor t = 5.0 s. Note
that velocity pro® les of the right-hand sides of t = 0.0 and 4.0 s
can be found in Ref. 10. From Fig. 8, velocity distributions of the
primary and corner vortices appear similar to those of a decay-
ing potential or Lamb±Oseen vortex, with a central core similar to
solid body rotation. This observation is supported by Fig. 9, which
illustratesfavorablecomparisonsof the wall-normalvorticitydistri-
butions of the necklace vortex, in three states development, to ® tted
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vorticity distributions of a Lamb±Oseen vortex (a Gaussian distri-
bution). Also note the decreasein C (the strengthof the vortex) from
(B) to (C), which matches the behavior of Fig. 5. In addition, the
region between the vortices displays Blasius-like behavior, taking
on in¯ ectional shapes as the vortex is approached. Peridier et al.21

showed (in a computational study of a vortex above an in® nite
plate in the limit Re ! 1 ) that pronounced in¯ ectional pro® les
are a characteristic of vortex-induced boundary-layer separation.
The in¯ ectional-shaped pro® les observed in the present study are
similar (albeit less pronounced due to the relative strength of the
vortices) to the pro® les computed by Peridier et al.,21 suggesting
the presence of similar local separation processes.

Stability Considerations
Employing the velocitypro® le results, the stabilitycharacteristics

of the impinging shear layer were examined to assess a possible
relationship to the periodic breakaway frequency of the necklace
vortices. Figure 8 suggests the most upstream velocity pro® le can
be approximatedas an in¯ ectionalmixing-layerpro® le describedby
a hyperbolic tangent function. For this shape pro® le, linear stability
theorysuggeststhat the greatestampli® cationof disturbancesoccurs
for a nondimensional frequency x s ¼ 0.21 (Ref. 22), where

x s = 4 p f h / ÅU (2)

and where h is the momentum thickness, f is the frequency, and ÅU
is the average velocity of the upper and lower freestream velocities
(Umax and Umin , respectively) in the shear mixing layer. For the
present case, h was determined as h ¼ 1.9 mm by integration of a
typicalvelocitypro® le at x/ W = 0.01 using the standardde® nition,

h = * d

0

j u j
U ( 1 ¡

u

U ) dy (3)

(note that the j u j term accounts for the effects of reverse ¯ ow).
The term ÅU was approximated by assuming Umax to be equal to
the local freestream velocity U (in this case U ¼ 49 mm s¡ 1 at
x/ W = 0.01) and Umin = 0. These values indicate a frequency of
maximum ampli® cation of fstability = 0.22 Hz, which is very close
to the measured frequency of vortex formation and breakaway of
fexperimental = 0.2 Hz.

Preliminary comparison of the measured frequencies for other
breakaway cases (at different Reynolds numbers) suggests a simi-
lar consistency with predicted stability frequencies as illustrated in
Fig. 10 (open symbols). Since PIV data were not available to deter-
mine h and Umax (at x/ W = 0.01) for the other cases, h was ap-
proximated using the Blasius formula for a laminar boundary layer,
and Umax was determined using an analytical solution for the two-
dimensionalstagnation¯ ow (in the freestream)arounda rectangular
body.23 Although calculating h via the Blasius equation (and hence
for a Blasius boundary-layerpro® le) is an approximationof the true
momentum thickness (of a hyperbolic tangent shaped pro® le), it is
an acceptable one because comparison of a Blasius value with the
h measured from the PIV results indicates a variance of only 5%.

To further examine the possibility of impinging shear layer in-
stability as the mechanism of the necklace formation/breakaway

Fstability (Hz)

Fexperimental (Hz)

Fig. 10 Comparison of experimentally determined necklace vortex
breakaway frequency to frequency predicted using stability concepts.

±, µcalculated assuming Blasius formula and ² , µdetermined from PIV
data.

Fig. 11 Experimentally determined map of the lock-on response of an
unsteady laminar necklace vortex system in the breakaway regime.

frequency, the response of the laminar unsteady necklace vortex
system to applied perturbations was examined. This was done for
a circular cylinder±̄ at plate junction (as part of a more recent
study of control of the necklace vortex system). An 8.8-cm-diam
(D) cylinder was placed at L/ D = 12.7 downstream of the plate
leading edge with U 1 = 8.26 cm/s, yielding ReL = 9.2 £ 104

and Red ¤ = 5.25 £ 102 (calculated as described in Sec. II). Ex-
ternal perturbations were applied by sinusoidally varying the in-
jection/suction through a transverse surface slot in the ¯ at plate,
63.5 mm transverse by 2 mm wide in the freestream direction over
a range of j Vp,max j from 0.0 to 2.5 cm/s, where j Vp,max j is the peak
injection/suction velocity over the injection/suction cycle. It was
established that within a narrow frequency range (bracketing the
natural, unperturbed frequency of 0.48 Hz) the application of local
sinusoidalforcingupstreamof the attachmentline can cause the vor-
tex formation/breakaway frequency to follow the forcing frequency
(i.e., lock on to the forcing frequency).However, applicationof this
same type of forcing downstream of the formation region (within
the translation region, approximately0.5 diameters upstream of the
cylinder) had no effect on vortex formation/breakaway frequency.

Figure 11 shows a map of lock-on response with the slot located
2.47 diameters upstream of the cylinder, which was upstream of
the boundary-layer attachment point. Varying both the frequency
and amplitude of the applied perturbations, this map of the region
exhibiting a lock-on response was established. The data plotted is
nondimensional amplitude ( j Vp,max j / U 1 ) vs nondimensional fre-
quency ( f p/ fN ), where U 1 is the freestream velocity, f p is the
frequency of the applied perturbations, and fN is the natural (un-
perturbed) formation/breakaway frequency. Open symbols denote
pointswhere lock-onbehaviorwas observed,and the closedsymbols
represent the bracketing no lock-on cases. Note that modi® cation
of the vortex formation frequency can be in¯ uenced by as much as
30±50% for selected injection/suction magnitudes.

In addition, the slot was used to reduce h in the symmetry plane
region by the application of local, constant rate, surface suction
upstream of the formation region. Quanti® cation of the reduction in
h was not performed, but hydrogen bubble visualization did reveal
an increase in formation/breakaway frequency as the suction was
increased (which presumably reduced h ) as Eq. (2) suggests.

The possibility that the formation/breakaway frequency of the
vortex system is in¯ uenced by downstream conditions of the ¯ ow
was also examined by comparing the frequency of the vortex for-
mation/breakaway process for the unaltered block with the block
retro® tted with a Thwaites-type ¯ ap at the trailing edge. To create
a Thwaites ¯ ap, a 3-mm-thick ¯ at plate that is 3.5 diameters long
was placed behind the block on the symmetry plane, which essen-
tially negated the von KÂarmÂan sheddingbehaviorof the block. With
the ¯ ap in place, no change in the necklace formation frequency
was observed, suggesting no connection between the necklace vor-
tex formation frequency and downstream conditions. This was also
observed in the experiments of Baker.2
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Taken collectively, these results suggest that the instability of
the impinging shear layer is the physical mechanism that deter-
mines the frequency of the unsteady necklace vortex system and
that downstream in¯ uences appear to play no part in the periodicity
of unsteady necklace vortex behavior.

IV. Conclusions
An unsteady, laminar necklace vortex system in the break-

away regime was examined quantitatively to establish the vorticity
dynamics of the system. From assessment of detailed PIV results,
the following can be concluded.

1) The unsteady necklacevortex system exhibits periodic reorga-
nization of impinging boundary-layer vorticity into discrete, trans-
lating necklace vortices; the breakaway of these vortices is precip-
itated by severing the ¯ ux of impinging boundary-layer vorticity
by ejected opposite-sign vorticity resulting from vortex±surface in-
teractions. These translating vortices ultimately amalgamate with a
sustained corner vortex.

2) The necklace vortices display velocity pro® les similar to those
of an advecting decaying-potentialor Lamb±Oseen vortex.

3) On the symmetry plane, the vortex system exhibits both sta-
ble foci, which are a characteristic of a vortex subjected to three-
dimensional stretching, and stable limit cycle patterns, which are
hypothesized to be indicative of local pressure perturbations along
the vortex axis.

4) The necklace vortices undergo a systematic reduction in cir-
culation strength due to the cross diffusion of ejected opposite-sign
vorticity (generated via vortex±surface interactions) with the neck-
lace vortex vorticity.

5) The instability in the impinging shear layer, formed by attach-
ment of the impinging boundary layer, is the probable mechanism
for frequency selection of the periodic breakaway behavior.

6) Utilizing local forcing, the breakaway/formation frequency of
the unsteadylaminar necklacevortexsystem may be controlledover
a narrow range of frequencies, bracketing the natural frequency.
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