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ABSTRACT
The quasi-periodic vortex shedding structure in the wake of

finite surface-mounted square- and circular-cross-section cylin-
ders is investigated for several aspect ratios. Complex continu-
ous wavelet transforms (CWT’s) are used to obtain a phase func-
tion φ(t) from hot-wire measurements. Mean relative phases and
phase averaged particle image velocimetry (PIV) measurements
indicate an upstream bending of the initially vertical shed vortex
structures for all obstacles investigated. This upstream bend-
ing mechanism reorients vorticity streamwise and is described in
terms of Biot-Savart induction that occurs at the junction of the
tip and side shear layers. This mechanism of vorticity concen-
tration/reorientation is inherently three-dimensional and inter-
acts with the nominally two-dimensional mechanism of alternate
vortex sheet roll-up from the opposing obstacle side faces. This
mechanism typically acts higher along the height for square-
as opposed to circular-cross section cylinders and plays a more
dominant role for smaller aspect ratios.

NOMENCLATURE
d Width (hydraulic diameter) of cross-section.
f Frequency.
h Height of cylinder.
Re Reynolds number.

∗Address allcorrespondence to this author.

Si j Strain-rate tensor.
St Strouhal number.
u Instantaneous velocity vector.
u′ Fluctuating velocity vector of the phase averaged velocity.
U Phase averaged velocity vector.
Uc Convective velocity.
U∞ Free stream velocity.
x Position vector.
x Streamwise coordinate.
y Lateral coordinate.
z Vertical coordinate.
δ Boundary layer thickness.
λ Wavelet scale.
λ2 Second eigenvalue of the tensorSi j Sjk +Ωi j Ω jk.
ν Kinematic viscosity.
τ Wavelet time lag.
φ Phase angle.
Φ Power spectral density.
ψ Wavelet function.
ωωω Instantaneous vorticity vector.
ωωω ′ Fluctuating vorticity vector of the phase averaged velocity.
ΩΩΩ Phase averaged vorticity vector.
Ωi j Rotation-rate tensor.
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1 INTRODUCTION
Bluff body flows generally give rise to regions of separated

flow from which vortical structures are shed. When the obstacles
are surface mounted, these structures interact with the vorticity
contained within the horseshoe vortex (formed at the obstacle–
surface junction) and other streamwise vorticity (e.g., tip vor-
tices) in the flow and lead to complex three-dimensional struc-
ture and dynamics. Of interest is the vortex structure when shed-
ding is quasi-periodic. Changes between symmetric and anti-
symmetric modes of the shedding topology with vertical posi-
tion have been reported in the literature. However, conditions re-
ported for these changes have not always been consistent [1, 2].
Moreover, several models depicting the vortex skeleton structure
in the wake have been proposed. While these explain some phe-
nomenological aspects, they are generally not fully consistent
with topological principles. Solenoidality of the vorticity field
in a homogeneous fluid requires that vortex lines form rings or
terminate on the fluid boundaries and that vorticity is imparted to
the flow only at the boundaries by the pressure gradient. As the
vortex lines must in three-dimensions satisfy solenoidality and
on the assumption that the correlated vortex structure will be de-
termined by the vortex line topology, the structure at one vertical
position is not independent of the structure at other positions.

In this work, the emphasis is placed on the streamwise re-
orientation of vortex structures generated initially with the vor-
ticity axis normal to the flow. The emphasis herein will be
that of streamwise reorientation of initially vertical vortices.
Mean field streamwise free end and base vortex structures have
been described by [3–6] but the mechanism of their generation
has not been adequately explained. Previous observations have
noted counter-rotating streamwise vortex pairs in the wake. The
sense of rotation differs according to the obstacle shape (cross-
sectional geometry and aspect ratio,h/d) and flow conditions
(Re, boundary layer to height ratioδ/d, and turbulence intensity)
causing in some cases upwash or, in others, downwash along the
plane of symmetry in the wake.

Proposed models of the vortex structure typically address
either the mean field structure or the instantaneous structure of
a single shed vortex. However, mean structures arise from the
averaging process and thus must arise from the passage of the
shed vortices such that the mean and instantaneous flow fields
must be consistent and satisfy topological constraints.

To elucidate the connectivity in the quasi-periodic vortex
shedding process around finite bluff bodies immersed in a bound-
ary layer, results of hot wire anemometry (HWA) and particle
image velocimetry (PIV) measurements will be interpreted ac-
cording to the solenoidality of the phase averaged wake. Square
and circular section cylinders of aspect ratiosh/d =1, 2, and 4
have been investigated forRe≈ O(104). To distinguish the in-
stantaneous vortex phase from the remaining energetic content
at other scales, the continuous wavelet transform (CWT) of the
measurement signal is taken using a complex Morlet wavelet at

the frequency of the vortex shedding process.
The spatial distribution of relative phase at the shedding fre-

quency is presented and the vortex topology is deduced. Obser-
vations of the shedding mode in the relative phase field indicate
oblique angles of shedding along the height and the effects of
aspect ratio and cross-sectional geometry. Proposed streamwise
oriented free end and base vortex structures which have been ar-
gued to exist based on experimentally observed mean streamwise
vorticity by [3–6] in fact are not in a phase averaged sense dis-
tinct from the shed vortices. In fact, observations of the phase
field indicate that there is a tendency for the shed vortices to bend
back towards the obstacle, consistent with arguments that can be
made based on the Biot-Savart law and the initial spatial distri-
bution of the shed vorticity.

2 EXPERIMENTAL FACILITY
Measurements were conducted in a 16:1-inlet-contraction

open-test-section wind tunnel at the University of Calgary. The
working section of the tunnel has a jet diameter of 0.5m in which
a flat plate with a sharp leading edge is placed, as shown schemat-
ically in Fig. 1. Finite square- and circular-cross-section cylin-
ders of aspect ratioh/d =1, 2, and 4 are mounted on the flat
plate. The height of all obstacles ish =50.8mm, and the ratio of
boundary layer thickness to obstacle height is held fixed.

The coordinate system is taken to have an origin at the centre
of the obstacle on the plate surface, as in Fig. 1. Thex-coordinate
axis is taken as streamwise, thez-coordinate axis as the direction
normal to the plate, and they-coordinate axis as the lateral direc-
tion.

Measurements were taken at free-stream velocities ofU∞= 8
m/s and 15 m/s which correspond respectively to Reynolds num-
bers ofRe=Ud/ν =26,000 and 48,000 forh/d= 1,Re=13,000
and 24,000 forh/d = 2, andRe=6,500 and 12,000 forh/d = 4.
The free-stream turbulence intensity of the tunnel at the lower
and higherRe is 0.6% and 0.3%. The boundary layer thickness
at the mounting location of the finite cylinders with the cylin-
ders removed is approximatelyδ/h≈ 0.3 and 0.2, respectively.
The Strouhal number,St = f d/U∞, for the shedding frequency
(corresponding to the peak in the Fourier power spectrum) for
the range of aspect ratios of square-cross-section cylinders at
different measurement positions falls in the rangeSt = 0.09 to
St = 0.11. For circular cylinders, the Strouhal number ranges
from St= 0.13 toSt= 0.15.

Up to five hot-wire anemometers have been used simulta-
neously (TSI model 1210-20). One anemometer monitored the
free-stream velocity, up to three anemometers would be used in
a traversed vertical rake, and typically one would be used as a
fixed phase reference. Anemometer sampling rates were 10.24
kHz. For the various obstacles and Reynolds numbers, this rate
corresponds to approximately 60 to 700 data points per shedding
cycle. An anti-aliasing filter was used at 5kHz. The histogram for
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FIGURE 1: SCHEMATIC OF OBSTACLE AND PLATE USED
TO GENERATE THE FLOW.

the velocity was monitored at each measurement point to ensure
that a rectified-signal bias (i.e., misinterpretation due to negative
velocity) did not occur.

High-frame-rate PIV (using a LaVision FlowMaster high-
speed system) was conducted at various horizontal planes in the
wake of ah/d = 4 square cylinder. Frame rates of 0.5 and 1
kHz have being used, corresponding to approximately 5 to 10
data points per shedding cycle. The PIV-system cameras pro-
vided for 1024×1024 pixel resolution. The system was operated
in double-pulse mode (with a pulse separation of 50µs). Inter-
rogation windows, using 32×32 pixels in a frame straddled ar-
rangement, resulted in a spatial resolution of 3mm. The surface
pressure was measured at a height of 0.25h(where the fluctuation
magnitude of hot-wire measurements is typically very strong) in
order to have a fixed reference for the phase of the vortex shed-
ding process. Pressure sampling rates were 10.24 kHz—the same
sampling rate as the hot wires—and were sychronized with the
PIV measurements using a TTL trigger sent from the PIV system
at the start of a measurement.

3 METHODOLOGY OF PHASE ANALYSIS
The frequency peak of the power spectrum of wake mea-

surements has no identifiable variation in space. If it is to be
assumed that the wake is made up of convecting coherent vor-
tex structures, it should be verified that the convective velocity
similarly lacks spatial variation downstream of the formation re-
gion. Cross-correlating phase averaged measurements at subse-
quent points with known separation along the streamwise direc-
tion, the time lag of maximum correlation at the two points can
be used to obtain the convective velocity. A lateral average con-
vective velocity is shown in Fig. 2 for three vertical positions in

the wake forx/d ranging from 2 to 11. The convective velocity is
constant along the height and becomes approximately constant at
Uc ≈ 0.75U∞ along the streamwise direction after approximately
six diameters. With a constant convective velocity and frequency
in the wake, the field can properly be analysed according to the
phases of the fluctuations at the shedding frequency.
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FIGURE 2: CALCULATED CONVECTIVE VELOCITY AT
THREE PLANES FROM PIV MEASUREMENTS.

In order to properly exploit the quasi-periodic nature of
the flow when building meaningful statistics, a suitable phase-
determination methodology must be used. Quasi-periodicity of
the flow means that the primary energetic mode of the flow re-
peats, having a certain amount of stochastic variability of the pe-
riod and the field variables. The pronounced peak in the Fourier
power spectrum of velocity measurements, as in Fig. 3, clearly
indicates that the analyzed wakes are indeed quasi-periodic. This
pronounced peak is found in the wake of aspect ratioh/d= 1, 2,
and 4 square cylinders andh/d= 2 and 4 circular cylinders. The
peak is absent in the power spectrum of theh/d = 1 circular
cylinder, consistent with the work of [1].

The instantaneous flow variables of a quasi-periodic flow
can be decomposed as the sum of a coherent (phase averaged)
part and an incoherent (random) part. For the velocity and vor-
ticity, these are

u(x,φR(t), t) = U(x,φR(t))+u′(x, t) (1)

whereφR(t) is a given phase reference of the shedding cycle and

ωωω(x,φR(t), t) = ΩΩΩ(x,φR(t))+ωωω ′(x, t) (2)
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FIGURE 3: POWER SPECTRUM OF A HOT-WIRE VELOC-
ITY SIGNAL COLLECTED AT x/d = 3, y/d = 2, AND z/h=
0.5 FOR Ah/d = 4 SQUARE-CROSS-SECTION CYLINDER.

As averaging and differentiation are both linear operations,
the solenoidality condition on the instantaneous velocity and vor-
ticity fields result in the average fields obeying the solenoidality
condition as well,∇ ·U = 0 and∇ ·ΩΩΩ = 0. The solenoidality of
the fluctuations is ensured by the difference of the instantaneous
and averaged solenoidal conditions,∇ · u′ = 0 and∇ ·ωωω ′ = 0.
The solenoidality of the average field is important in order to
describe the geometry of coherent vortex structures. The instan-
taneous and fluctuating fields are expected to have streamlines
and vortex lines that are quite random. Streamlines and vortex
lines of the phase averaged field, however, are expected to be
well-behaved, allowing results from different planes to be con-
nected. The analysis of the phase averaged field, then, can help
to understand the underlying physical processes in the flow and
the coherent vortex topology.

Since there is cycle-to-cycle variation in the period of the
pressure or velocity fluctuations, a continuous wavelet trans-
form (CWT) was used in order to determine the instantaneous
phase of the shedding cycle. The CWT using a complex valued
wavelet allows one to determine the instantaneous phase of fluc-
tuations within a signal at the various scales (frequencies) con-
tained within the signal. The CWT of a velocity signal,u(t), with
scaleλ (proportional to the inverse of frequency) and time lagτ,
is defined as

W(λ ,τ) =

∫ ∞

−∞
u(t)ψ∗

λ ,τ(t)dt (3)

where the asterisk denotes the complex conjugate of the wavelet
function, ψλ ,τ(t)—a function with compact support that is

stretched or shifted in time by changing the scale and lag con-
stantsλ andτ—where

ψλ ,τ(t) =
1√
λ

ψ
(

t − τ
λ

)

(4)

The analyzing wavelet used is the complex Morlet wavelet,
shown in Fig. 4. It is constructed from a harmonic oscillation
with an amplitude that has an envelope with the shape of a Gaus-
sian function. The Morlet wavelet with bandwidth,fb, and center
frequency,fc, is defined as

ψ(t) =
1√
π fb

ei2π fcte−t2/ fb (5)
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FIGURE 4: THE COMPLEX MORLET WAVELET.

The vortex shedding cycle can be analyzed by taking the
complex value of the wavelet transform at the scale associated
with the frequency of vortex shedding (corresponding to the
peak frequency of the Fourier power spectra). The phase an-
gle of the wavelet transform at any instant in time, then, is
obtained by taking the arctangent of the complex coefficient,
φ = tan−1 ℑ(W)/ℜ(W). The mother wavelet (which is the basic
wavelet which is subsequently scaled and shifted in time) used
had fb = 1.5 Hz andfc = 1 Hz. In order to analyse the phase of
the vortex shedding process, the Mother wavelet is scaled to have
a center frequency equal to the frequency peak in the Fourier
power spectra and the convolution integral of Eq. (3) is taken.
An example of the phase determination with the CWT of a ve-
locity measurement is shown in Fig. 5.
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FIGURE 5: EXAMPLE OF PHASE DETERMINATION
METHODOLOGY. A HOT-WIRE VELOCITY SIGNAL
(TOP), THE REAL PART OF THE CWT AT THE VORTEX
SHEDDING FREQUENCY (MIDDLE), AND THE PHASE
(BOTTOM) ARE SHOWN. THE HOT-WIRE MEASURE-
MENT SHOWN WAS COLLECTED ATx/d = 3, y/d = 2,
AND z/h= 0.5 FOR A h/d = 4 SQUARE-CROSS-SECTION
CYLINDER.

4 RESULTS AND DISCUSSION
To elucidate the three-dimensional topology of the periodi-

cally shed structures, the spatial distribution of the phase relation
is first considered, followed by phase-averaged velocity field re-
sults.

The reason that the relative phase field can elucidate the
wake flow itself is because the velocity, pressure, and vorticity
fluctuations at a point are caused by nearby passing vortices.
Within a plane tangent to convecting vortices (for example, a
vertical-streamwise plane which at least initially contains the
vortices generated within the vertical shear layers), iso-contours
of the phase of the velocity fluctuations will be parallel at some
instant to the phase averaged vortex cores in the wake. By the
Biot-Savart law, the velocity fluctuations will be an integrated
effect of all of the vorticity in the flow. The assumption behind
interpreting the iso-contours of constant phase as being aligned
with vortices is that the phase of the fluctuation intensity is be-
ing governed by primarily the nearest vortex, and the integrated
effect of other vortices is negligible. At points further removed
from vortex cores, or in planes not tangent to vortex cores, the
phase cannot be interpreted in this way, but may still yield infor-
mation on the process.

Measurements have been taken with a fixed hot wire on

one side of the wake while a rake of three hot wires (mounted
vertically) has been traversed over planes aty/d = −1.1 and
y/d=−2 at two free-stream velocities (U∞ = 8 m/s and 15 m/s).
The first hot wire (mounted atx/d = 0.5, y/d = 1.1, z/h= 0.5),
is used as a phase reference,φR(t), for the vortex shedding pro-
cess. The average relative phases to the fixed reference wire,
∆φ = φ(t)−φR(t), measured and iso-contours of the relative
phases are shown for square-cross-section cylinders in Figs. 6, 7,
and 8. Similarly, results for circular-cross-section cylinders are
shown in Figs. 9 and 10. Generally, the Reynolds number effect
is small in the average phase measurements with the exception
of perhaps a slight change in the formation length or a slightly
different acceleration of the vortices.
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FIGURE 6: ASPECT RATIO h/d = 1 SQUARE-CROSS-
SECTION CYLINDER RELATIVE PHASE (TOP) AND ISO-
CONTOURS OF RELATIVE PHASE (BOTTOM). DATA COL-
LECTED AT U∞ = 8 m/s (SOLID LINE) AND U∞ = 15
m/s (DASHED LINE); y/d = −1.1 (LEFT) AND y/d = −2
(RIGHT).

A shared attribute of all results is that periodic fluctuations
at points towards the free end lag those at points closer to the
plate. This leads in the vicinity of the free end to iso-contours
of the phase, and thus (by the assumptions stated above), the
vortices, to be inclined backwards (upstream) towards the obsta-
cle, giving rise to streamwise vorticity. Nearer to the plate, at
the lowest measurement points (z/h= 0.25) the vortex lines tend
to be more upright (vertical) without the obliqueness observed
towards the tip. The exception to the upright lines of constant
phase is the cube, where the iso-contours of the phase tend to
incline back toward the obstacle at points close to both the free
end and towards the plate. This obliqueness near the plate pre-
sumably indicates again the development of streamwise vorticity
in the vicinity of the plate. Other obstacles may in fact show a
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FIGURE 7: ASPECT RATIO h/d = 2 SQUARE-CROSS-
SECTION CYLINDER RELATIVE PHASE (LEFT) AND ISO-
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LECTED AT U∞ = 8 m/s (SOLID LINE) AND U∞ = 15 m/s
(DASHED LINE); y/d = −1.1 (TOP) AND y/d = −2 (BOT-
TOM).

similar tendency closer to the plate, but that is not clear from the
present measurements because hot-wire anemometers could not
be positioned closer to the plate surface. The no-slip condition
at the wall may be enough to explain streamwise reorientation of
the initially vertical vortices close to the plate surface. However,
the same cannot be said for the vorticity towards the free end.

The measurements aty/d=−2 are further from vortex cores
and tend to show more far-field effects of the vorticity fluctua-
tions as vortices are being convected. Aty/d = −1.1, however,
it is much clearer where the top of the wake is (corresponding ap-
proximately to the section of high phase gradients). Above this
high phase gradient region, the velocity fluctuation intensity is
much lower than it is for points closer to the plate. For the cir-
cular cylinders, the high phase gradient region—which is inter-
preted as the inclination at the top of the shed vortices—seems to
be much lower along the obstacle (consistent with the statement
by Kawamura et al. [7] that vortex shedding is suppressed toward
the free end of circular cylinders). The square cylinder vortices,
however, seem to span the entire height (albeit toward the free
end they lack a predominantly vertical vortex structure by some-
where betweenz= 0.5h andz= h), and in the case of the cube,
vortices may perhaps extend even above the obstacle height. For
these lowest aspect ratio obstacles, it is clear that the inclination
of vortices is an increasingly more dominant feature of the wake.
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FIGURE 8: ASPECT RATIO h/d = 4 SQUARE-CROSS-
SECTION CYLINDER RELATIVE PHASE (LEFT) AND ISO-
CONTOURS OF RELATIVE PHASE (RIGHT). DATA COL-
LECTED AT U∞ = 8 m/s (SOLID LINE) AND U∞ = 15 m/s
(DASHED LINE); y/d = −1.1 (TOP) AND y/d = −2 (BOT-
TOM).

The authors have recently described in Ref. [8] a Navier-
Stokes simulation of aRe= 500 flow over an aspect ratioh/d= 2
surface-mounted square cylinder immersed in a thin laminar
boundary layer. Visualizing vortex cores using the method of
Jeong and Hussain [9], a similar tendency for vortices to be in-
clined back towards the obstacle was observed in the vicinity of
the free end of the obstacle. The manifestation of streamwise
vorticity found in the mean field was described as being an out-
come of Biot-Savart induction at the intersection of fluid layers
containing predominently vertical and lateral oriented vorticity
generated by pressure gradients along the obstacle side faces and
tip (of which the layer of concentrated vorticity can be concep-
tually treated as two initially orthogonal vortex sheets). This
provides a mechanism for the generation of the experimentally
observed streamwise vorticity. This mechanism leads to the vor-
tices bending back upstream near the obstacle tip and is expected
to be important in any free-shear flow with curvature or sharp
junctions of adjacent shear layers (notably also square or rect-
angular jets), and is present for the entire range of finite bluff
cylinders studied.

Such phase measurements start building a picture of the vor-
tex lines in the wake. A typical vortex line just downstream of
the obstacle is shown in the top left corner of Fig. 11. The vor-
ticity vector is aligned along the shear layers. Near to the plate,
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FIGURE 9: ASPECT RATIO h/d = 2 CIRCULAR-CROSS-
SECTION CYLINDER RELATIVE PHASE (LEFT) AND ISO-
CONTOURS OF RELATIVE PHASE (RIGHT). DATA COL-
LECTED AT U∞ = 8 m/s (SOLID LINE) AND U∞ = 15 m/s
(DASHED LINE); y/d = −1.1 (TOP) AND y/d = −2 (BOT-
TOM).

the vortex lines run tangent to the surface in the lateral direction
within the boundary layer. The vortex line arches up within the
separated shear layers from the side faces, and is connected over
the top within the tip shear layer. Such a characteristic vortex
line would be expected in the time averaged field. In the phase
averaged field, however, the vortex lines behave dynamically ac-
cording to primarily two mechanisms. Both are easily described
in terms of Biot-Savart induction.

The more obvious mechanism concentrating vortex lines is
that shown in Fig. 11(b). This is the mechanism that governs
von Kármán-type shedding which is ubiquitous in separated bluff
body wakes. Vortex lines are found to concentrate themselves
when a vortex sheet is perturbed by the Kelvin-Helmholtz insta-
bility which causes the vortex sheet to roll-up by an induction
mechanism that becomes increasingly strong as the vortex sheet
is deformed. The vortices formed through the concentration of
vortex lines on opposing sides of the wake then interact with one
another to determine the subsequent development of the wake.
This mechanism is by its nature two dimensional.

The three-dimensionality of the finite bluff body wake arises
by interaction of this two-dimensional mechanism with the sec-
ond mechanism, shown in Fig. 11(a), by which the rolled-up
vortices along the height of the obstacle are subsequently bent
backwards by the added induction of the tip shear layer.
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FIGURE 10: ASPECTRATIO h/d = 4 CIRCULAR-CROSS-
SECTION CYLINDER RELATIVE PHASE (LEFT) AND ISO-
CONTOURS OF RELATIVE PHASE (RIGHT). DATA COL-
LECTED AT U∞ = 8 m/s (SOLID LINE) AND U∞ = 15 m/s
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TOM).

To describe this mechanism, we take the Helmholtz decom-
position of the velocity fieldu = u(ω) +u(φ) whereu(ω) andu(φ)

are rotational and potential vector fields. The rotational part of
the velocity field,u(ω), is that induced by the vorticity field and
is obtained from the Biot-Savart law:

u(ω) =
1

4π

∫ ωωω × r
r3 dV (6)

Considerthe concentrated vorticity of one of the shear lay-
ers, shown in Fig. 12, generated along the height,AB: the
primary source of induced velocity of pointA is caused by the
nearbyωy vorticity at a pointE. The induced velocity is in the
opposite direction to the main flow direction, and thus causes a
lag of the vortices relative to the free-stream velocity. The in-
duced velocity, due to the proximity of the tip vortices, will be
stronger atA than the induced velocity felt at the midpoint of
AB, and hence as the flow convects, the extremityA will move at
a slower rate, deforming any initially straight vortex lines. The
same argument can be made of pointC caused by theωy vorticity
at F , and likewise with the effect of theωz vorticity inducing a
backward directed induced velocity at the extremities of the tip
vortex structureEF. Some negative induced velocity by these
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FIGURE 11: PREVALENT PHYSICAL MECHANISMS CON-
CENTRATING VORTICITY IN THE WAKE (a) BACK-
WARD INCLINATION OF VORTEX LINES GIVING RISE TO
STREAMWISE VORTICITY; (b) VORTEX ROLL-UP AND
SUBSEQUENT LATERAL INTERACTION WITH OPPOSITE
ROLLED-UP VORTEX.

vortices will also be felt by pointsB andD, however, the more
important vorticity for these points will be the boundary layer
vorticity which will enforce the no-slip condition at the wall, and
hence will restrain most movement of these points. The result is
that all extremities of these regions of concentrated vorticityA
throughF will show a reduced convection velocity, and stream-
wise vorticity will arise in the wake due to re-orientation and
stretching of the legs of these vortices.

If vortices generated in the tip are disconnected from vor-
tices along the height of the cylinder, these may themselves bend
backwards and may cause another set of streamwise vortices
counter-rotating with the bent back vortices from the side-wall
shear layers, as seen in [8]. The roll-up mechanism of the tip,
however, is purely a Kelvin-Helmholtz instability, and no set of

counter-rotating vortices is generated to interact with the tip vor-
tices. It is unlikely, then, that if lateral tip vortices are indepen-
dent of the vertical vortices (i.e. not connected with the vertical
vortices as a single structure) that they will be seen as vortex
cores (identified by a method such as described by [9]) in the
phase averaged field.

A

B

C

D

E
F

u
(ω)

 

  

FIGURE 12: BIOT-SAVART INDUCED VELOCITY ON
LINES OF CONCENTRATED VORTICITY WITHIN THE
OBSTACLE SHEAR LAYERS.

The changes in the induced velocity at different points along
the shed structure adequately explain the mechanism leading to
the inclination of the shed structures. It is observed that down-
stream of the formation region, the convective velocity,Uc (the
resulting streamwise velocity component of the vortex core when
superimposing the potential and the induced rotational velocity
fields), does not vary along the height. Hence, the structure bends
until the induced velocity finds an equilibrium and the structure
convects as one at the speedUc.

As a part of a larger investigation into the three-dimensional
structure of finite bluff body wakes, PIV measurements on a
h/d= 4 square-cross-section cylinder have also been conducted.
These measurements can be used to confirm the interpretations
from the hot-wire phase calculations and can give further insights
into the wake field.

As with the hot wires, it is necessary to have a fixed phase
reference in order to reconstruct the three-dimensional field and
to conduct phase averaging. PIV requires seeding particles,
and for this reason, measurements made by fragile hot-wire
anemometers could not be used as a fixed phase reference. In or-
der to conduct phase resolved PIV measurements, then, surface
pressure measurements were taken and used as a phase reference.
Measurements of the surface pressure were taken at 0.25hwhere
the fluctuation amlitude is typically very high.

Figure 13 shows phase averaged velocity measurements in
the convective reference frame, where the velocity vector is given

8 Copyright c© 2010 by ASME



by u−Uc, whereUc = 0.75U∞, as per Fig. 2. Figure 14 shows
colour contours of the vertical component of vorticity,ωz and
the solid black line denotes the bounding line of regionsλ2 < 0
which define vortex cores in the sense described by [9].λ2 is the
second eigenvalue (if the eigenvalues are ordered from smallest
to largest) of the tensorSi j Sjk +Ωi j Ω jk with Si j = 1/2(ui, j +u j,i)
andΩi j = 1/2(ui, j −u j,i) the strain rate and rotation tensors, re-
spectively.λ2 had to be calculated two-dimensionally (neglect-
ing velocity and velocity gradients in thez-direction) as the PIV
measurements are planar. Calculatingλ2 in this way is valid in
regions where the vorticity is primarily vertical (oriented along
z), and vertical velocity gradients are small. Towards the tip, it is
clear that these assumptions break down. Looking at vortex cores
determined by a two-dimensionalλ2 under such circumstances is
not, however, without precedent in the experimental literature as
the definition will pick up any portion of a vortex core that still
has significant vorticity normal to the plane of measurement.

The negative circulation vortex that has just been shed dis-
played in Fig. 14 (denoted structure A), tends to show aλ2 con-
tour that is seen further and further back toward the obstacle at
higher locations, indicating an inclination of the structure. It can
also be seen that at 0.75h, theλ2 contour disappears at around 5d,
indicating that the vortex has either been reoriented to the stream-
wise or lateral directions or has been convected downwards out
of the plane. At 0.5h, interestingly theλ2 defined vortex core
initially rolls-up close to the obstacle but has subsequently split
into two by approximately 7d. At 0.25h, this splitting of the core
tends to be observed even further along the streamwise coordi-
nate. This splitting of a vortex structure into two vortices with
the same rotational sense is initially quite surprising. In fact, the
observed split of the vortex structure suggests the formation of a
vortex strand connecting to the initial vertically oriented vortex
on the opposing side of the wake. These connectors can provide
a topologically consistent, three-dimensional mechanism for sat-
isfying the solenoidal condition on the vorticity field while pre-
serving the spatially periodic structure of the system of shed vor-
tices. This hypothesis is currently being investigated.

5 CONCLUDING REMARKS
The near-wake vorticity dynamics are fundamentally an in-

terplay between the physical mechanisms: (i) shear layer roll-up
on either side of the wake and subsequent cross-stream interac-
tion of the two shear layers and (ii) the backward reorientation
of vortices toward the free end of the obstacle—consistent with
a higher backward Biot-Savart induced velocity from the vortic-
ity contained within the three shear layers in the initial formation
region. A third mechanism may also be important in all cases,
but has primarily been seen in the relative phase results of the
h/d = 1 square-cross-section cylinder, (iii) the no-slip condition
which again reorients vorticity by lowering the convective veloc-
ity of the near-wall portions of vortex lines. The concentration of
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FIGURE 13: PHASE AVERAGED CONVECTIVE FRAME
VELOCITY VECTORS, u − Uc, AT 0.25h, 0.5h, AND
0.75h (FROM TOP TO BOTTOM). BLANKED AREA IS IN
THE SHADOW OR REFLECTION OF THE LASER LIGHT
SHEET. ALL THREE MEASUREMENTS ARE TAKEN FOR
A COMMON RELATIVE PHASE OFφ = 1.1 RELATIVE TO
THE SURFACE PRESSURE FLUCTUATIONS.

vortex lines by these mechanisms, and the predominant effects
of rotation over shear on fluid elements leads to the production
of vortices. It is clear from the measurements shown that indeed
we have a lean-back mechanism of the vortices in the wake of
the finite obstacles that is increasingly important as the aspect
ratio, h/d is reduced, and is an effect of stronger importance in
square- as compared to circular-cross-section wakes. In fact, the
vortices in the wake do not seem to extend to the same height
as in the square-cross-section wake, and thus the effect of the tip
shear layer is reduced.

Whether the vertical vortices are connected across the tip
shear layer or whether they are merely bent back toward the ob-
stacle at the free end cannot yet be assessed conclusively. Al-
though by solenoidality, vortex lines in the wake are quite cer-
tainly connected across the wake in this way as a result of the
direction of the vorticity vector and the solenoidality of the vor-
ticity field, a vortex (as defined by a method such as that of [9])
may end as rotation and shear components of the fluid deforma-
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FIGURE 14: VORTICITY CONTOURS WITH LINES OF
λ2 = 0 OF PHASE AVERAGED MEASUREMENTS AT 0.25h,
0.5h, AND 0.75h (FROM TOP TO BOTTOM). CONTOUR
INCREMENTS ARE 0.4U∞/d. BLANKED AREA IS IN
THE SHADOW OR REFLECTION OF THE LASER LIGHT
SHEET. ALL THREE MEASUREMENTS ARE TAKEN FOR
A COMMON RELATIVE PHASE OFφ = 1.1 RELATIVE TO
THE SURFACE PRESSURE FLUCTUATIONS.

tion change throughout the field. In fact, the vortex structure
toward the free end of the obstacle may be even more complex
at the tip than expected. The phase averaged PIV measurements
seem to indicate that vortices (as identified by aλ2 based only
upon thex andy deformation components) tend to split, suggest-
ing a vortex strand connecting the initial vertically oriented vor-
tex on the opposing side of the wake perhaps also accounts for
the observed downwash seen in the mean flow symmetry plane.
Further measurements are being carried out to develop further
insight into the vortex sturcture of the free end side of the wake.
Further questions about the wake vortex structure, such as the
symmetry and anti-symmetry of shed vortices will be tackled in
an upcoming publication by the authors.
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