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This paper presents data showing the three-dimensional vortical structures in the
near wake region of circular cylinders. The in-plane velocity field was measured

using a digital Particle Image Velocimetry ( PIV) technique. The vortical structures
are found to include inclined counter-rotating longitudinal vortices in the braids

M. C. Welsh

CSIRO, Division of Building, Construction
and Engineering,
Highett, Vic. 3190, Australia

vortex Sstreet.

Introduction

It has been recognised in recent years that the wake of a bluff
body develops three-dimensional vortical structures. William-
son (1988), Williamson et al. (1995), Wei and Smith (1986),
Welsh et al. (1992), Bays-Muchmore and Ahmed (1993), and
Wu et al. (1994a, 1994b, 1996) have all shown that the three-
dimensional vortical structures include inclined pairs of counter-
rotating longitudinal vortices, having streamwise and transverse
vorticity components. They form rib-like structures in the braids
joining successive Kdrmén vortices. Similar three-dimensional
vortical structures were shown to exist in plane mixing layers
by Bernal and Roshko (1986), among others.

The development of three-dimensional instabilities and the
formation of small-scale longitudinal vortices are related to lo-
cal turbulence production and fine-scale velocity fluctuations
(Hussain, 1986, Ferre et al., 1990) in turbulent wake flows. An
understanding of the fluid dynamics involved is of great interest
to fluid mechanics in general and in particular to engineering
technologies and computational fluid dynamics.

Wu et al. (1994b) showed, using a digital PIV technique,
that the vorticity of longitudinal vortices is twice that of the
Kérmén vortices upon which the former are superimposed. This
is consistent with the theory of Meiburg and Lasheras (1988)
that the longitudinal vortices are being stretched by the spanwise
vortices (i.e., Kirmdn vortices). This strong vorticity field in-
duced by the longitudinal vortices could be significant in the
development of the Kdrmén vortex street. The present work
sought to explore this further by quantifying the velocity pertur-
bation induced in the wake by the longitudinal vortices.

In this paper, the same digital PIV technique (Wu et al.
1994b) was used to obtain instantaneous in-plane velocity dis-
tributions in the wake of a circular cylinder. Quantitative infor-
mation of the strength of the longitudinal vortices and their
influence on the velocity distributions were obtained. The data
obtained make it possible to analyse the velocity perturbation
resulting from the longitudinal vortices, and to develop a simple
model that can predict the amplitude of the spanwise velocity
modulation and the magnitude of apparent velocity spikes.

It will be shown that the spanwise velocity modulation can
be as large as two thirds of the freestream velocity, due to
the perturbation of the longitudinal vortices. Spanwise velocity
profiles of wakes are rarely reported, partly because of the diffi-
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Jjoining consecutive Kdrmdn vortices. A simple vortex-pair model is proposed to
estimate velocity perturbation induced by the longitudinal vortices in the near wake
region. The perturbation resulting from the longitudinal vortices is shown to induce
spanwise velocity modulation and a velocity spike of a nominally two-dimensional

culty of capturing three-dimensional features using conven-
tional single-point probes and partly because of the lack of
understanding of flow three-dimensionalities. There has, how-
ever, been some success in using single sensors to measure the
time-mean spanwise velocity profile in mixing layer investiga-
tions. Huang and Ho (1990) studied the small-scale transition
process of a mixing layer using an X-wire probe. They measured
the spanwise distribution of the time-mean streamwise velocity
profile. The profiles contained clear wavy patterns, which they
pointed out were due to the formation of streamwise vortices
(longitudinal vortices). The amplitude of the wavy pattern var-
ies from 0.10 to 0.20 (U is the average velocity of the mixing
layer), depending on streamwise distance.

Experimental Arrangement and Facilities

Water Tunnel and Test Models. A return-circuit water
tunnel schematically shown in Fig. 1 was used for the experi-
ments. Water was pumped into a settling chamber containing
filters and a honeycomb and then passed through a 4:1 contrac-
tion before entering the working section. The water leaving the
working section flowed via a 440 mm long duct into an outlet
reservoir tank. The working section is 770 mm long with a
cross-section of 244 by 244 mm. The walls are transparent,
being made of acrylic.

Circular cylinders used in these experiments were made of
244 mm long polished plexiglass with diameters of 3.3, 6.4 and
9.4 mm. End-plates were used to reduce the possible interfer-
ence of the boundary layer forming along the test section walls.
The freestream velocity was uniform to within 1 percent outside
the boundary layers and the longitudinal turbulence level was
typically 0.1 percent when band-pass filtered between 0.08 and
20 Hz. No clear spectral spikes were evident in the longitudinal
velocity signal.

PIV Technique. Flow was seeded with hollow microsphere
beads with a mean diameter < 30 4m. An 8W argon-ion contin-
uous laser beam was transmitted through a 50 pm diameter
multi-mode optical fibre and spread into a light sheet using a
cylindrical lens. The light scattered from the particles in the
laser sheet was recorded using a *“Videk™’ digital CCD camera
with a spatial resolution of 1280 X 1024 pixels; the light inten-
sity signal was digitised into 256 levels (8-bit) on a personal
computer. Single-frame, multiply-exposed particle images were
sampled and processed using software based on the Young’s
fringe method to give the in-plane velocity distribution. The
words in-plane will be used in the paper to refer to the two-
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Fig. 2 The PIV image plane was in the centerline plane of the cylinder
and 2D behind the back of the cylinder. The image size was 2.8 x 2.2D.

dimensional plane where the PIV measurement was conducted
to give two velocity components in that plane. The principle of
the PIV technique was outlined in the early work of Barker
and Fourney (1977). Excellent reviews are available on PIV
techniques, and readers are referred to Adrian (1991) and Buch-
have (1992). In the present application, the Young’s fringe
pattern was found by performing FFT calculations on a Silicon
Graphics workstation and an algorithm was used to calculate
the spacing and orientation of the fringe patterns to determine
the velocity vectors.
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Fig. 3 Velocity vector field with frame of reference (a) fixed to the cylin-
der, {b) moving with the vortices at 60 percent U,. The velocity grid
resolution was 0.5 mm, D = 9.4 mm, Re = 550.

The uncertainty of the velocity measurement is 4 percent at
a confidence level of 95 percent. The uncertainty of circulation
is equal to that of the velocity measurements.

Results

Overview. The experiments were conducted at Reynolds
numbers ranging from 140 to 550. Because of the limited space,
data will be presented only for Re = 550, which is well above

d = vortex core diameter (mm)

Umax = mMaximum of spanwise profile of

Otéax = the amplitude of spanwise mod-

D = diameter of cylinder (mm) u (m/s) ulation of u (m/s)
Re = Reynolds number based on Dand ~ u/,,, = the amplitude of velocity spike OWar = the amplitude of variation of w
U, (non.) (m/s) (m/s)
U, = freestream velocity (m/s) u = spanwise average of u (m/s) I = circulation of a longitudinal vor-
u, w = streamwise and spanwise flow X, y = streamwise and transverse coordi- tex (m?/s)

velocity (m/s) nate, zero at cylinder center (mm)

z = spanwise coordinate (mm)

w, = y-direction vorticity component,
normal to the measurement
plane (1/s)
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Fig. 4(a)

Fig. 4(b)

Fig. 4 Typical streamline patterns at two arbitrary instants, sampled
randomly in time at Re = 550 (the streamlines here are not drawn at
constant intervals)

the transitional range for the onset of the three-dimensional
vortices (occurs at Re =~ 175, Williamson (1988) and Wu et
al. (1994a)).

Instantaneous in-plane velocity distributions were measured
in a transverse plane located 2D behind the back of the cylinder
and in a plane passing through the cylinder centre-line, as shown
in Fig. 2. The measurement plane was chosen to cut across
the inclined longitudinal vortices joining consecutive Karman
vortices in the wake. The measurement plane covered an area
of 2.8D in the streamwise and 2.2.D in the spanwise directions.
A typical velocity vector field, showing flows in the transverse
plane, is presented in Figs 3(a) and (b) at Re = 550. The
frame of reference in Fig. 3(a) is fixed to the cylinder while
in Fig. 3(b) it moves with the vortices. Pairs of vortices can
be seen to be spinning in opposite directions along the cylinder
span.

Two typical instantaneous streamline patterns, as calculated
from the velocity data, are shown in Fig. 4, in a frame of
reference moving with the vortices. The counter-rotating longi-
tudinal vortices, being intersected by the measurement plane,
are evident as the mushroom-type structures. As an interesting
comparison, readers are referred to the hydrogen-bubble flow
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Fig.5 Probability density function distribution of circulation of longitudi-

nal vortices at Re = 550, the data are normalized by U, and D, the number
of samples is 50

patterns presented by Wei and Smith (1986) and Wu et al.
(1994a).

Spanwise Velocity Modulation. Clearly, the action of lon-
gitudinal vortices will distort the velocity field of a vortex street
resulting in spanwise velocity modulation. The extent of this
distortion can be quantified from the PIV measurements,

To do this, the circulation of a longitudinal vortex has been
estimated by integrating vorticity over the area in which the
vorticity w, is greater than 10 percent of Wymax, Where w,, is the
vorticity perpendicular to the measurement plane and w,y,,, is
the maximum vorticity perpendicular to the measurement plane.
It should be pointed out that the circulation obtained in the
current measurement plane represents the circulation of the in-
clined longitudinal vortices, as the circulation along a closed
line surrounding a vortex is independent of the way the line is
drawn. A typical probability density function distribution (or
histogram) of measured circulation of longitudinal vortices, is
plotted in Fig. 5 for Re = 550. This has been calculated from
50 frames of randomly sampled particle images. Clearly the
strength of the positive and the negative vorticity in the two

w profile sliced at B-B

&

£ u profile
sliced at
A-A
A
l.&.'
Fig. 6 A simple velocity perturbation model, flow induced by a pair of
ideal Rankine-vortex
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Fig.7 Velocity spanwise modulation at 4 arbitrary instants, streamwise
velocity component u variation along cylinder span, the instantaneous
data were sampled randomly at Re = 550
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parts of a vortex pair is statistically balanced, as is expected.
The mean circulation can be expressed as:

I ~ 0.39U,D D

where U, is the freestream velocity and D is the cylinder diame-
ter. Measurements performed for a range of Reynolds numbers
reveal that this correlation is valid when the Reynolds number
is well above a transitional range, i.e., Re > 250 ~ 300.

Now that the circulation of the longitudinal vortices is known,
the induced spanwise velocity modulation can be estimated by
considering an ideal vortex pair in the x-z plane, as schemati-
cally shown in Fig. 6, where the z-axis corresponds to the cylin-
der axis (spanwise direction). The parameter éu,,,. shown in
the figure is used to characterise the level of velocity spanwise
modulation. Based on the above ideal vortex pair model, it is
elementary to show:

2.67T
wd

Ol =

(2)

where d is the average vortex core diameter. Substituting the
correlation for T in (1), we get:

Sthae ~ 0.33 —UZD 3)

The vortex core diameter is found to be d =~ 0.5 D, which
is approximately half of the spanwise wavelength of the vortices

(the spanwise wavelength of the vortices has been found to be
approximately equal to one cylinder diameter by Williamson
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Fig.9 Places of an imaginary hot-wire probe, No. 1: aligned to the center
of the positive vorticity, No. 2: aligned to the centroid of the vortex pair,
No. 3: aligned to the centre of the negative vorticity

Transactions of the ASME




12
-':5!!‘.‘
Ao
‘l" * ALL 1
AR o !“ A“ A
A.o’ Ladad a
vy Pliggeress, 4 fus 3
A B *
e "ny e
o Cnn 9,
‘. M !-.-0.“:. .6
ol _ arrival of "t
 positive vortex vortex pair 04

t
I
i
|
’ S
02

® negative vortex
a center of vortex paid

050 045 040 035 030 025 020 015 010 005 0.00

t (sec)
Fig. 10(a)
14
arrival of
Vvortex pair 12
ey
o [N
l::‘ 1
2 add
!‘;un a “.« 08 @
,!,!:" ‘ qeett® %
*e l;‘.‘."". 0s
*qet®
+ positive vortex 04
» negative vortex 02
4 center of vortex pair
0

050 045 040 035 030 025 020 015 010 005 0.00

t (sec)

Fig. 10(c)

arrival of

vortex pair 12
s, J/
an
AdAa,
“h-‘ ad “ .Iﬂ
‘:‘“ “Ll“ A, ":“ 08
LML OSSN ‘A‘M
wEES, (000, s

L 06

L I

uw/U,

+ positive vortex 04
» negative vortex

& center of vortex pair

050 045 040 035 030 025 020 0I5 010 005 000

t (sec)
Fig. 10(b)

+ positive vortex 14
= negative vortex
4 center of vortex pair

i addda, 08 S
- Mﬁ AAAL’ A
2““* ‘“'."“:. A‘ . ..'!‘“ %
LS L34
-I".O s 'a l":”:o"' o6
‘0 “’l
[ 04
arrival of \
vortex pair 02

050 045 040 035 030 025 020 015 010 005 000

t (sec)

Fig. 10(d)

Fig. 10 Temporal velocity fluctuation obtained by invoking Taylor's hypothesis. The three curves correspond to the probe being at the centre of
the positive vortex (vorticity), at the center of the negative vortex (vorticity) and at the centroid of a vortex pair, respectively, the convective velocity
used for transform is 0.8U,. The data were’ sampled at 4 arbitrary instants.

(1988), Bays-Muchmore and Ahmed (1993), and Wu et al.
(1994a)). The amplitude of the spanwise velocity modulation
can therefore be estimated as below, where d = 0.5D is used:

Sty =~ 0.66U, 4)

Typical spanwise modulations of the streamwise velocity
component, u, sliced through the centres of pairs of longitudinal
vortices, are plotted in Fig. 7 at four instants. It should be
noted that the spanwise variation of u/U, is dependent on the
streamwise location where the measurement is made. As the
ul U, velocity profiles in Fig. 7 are all taken slicing through the
centres of the longitudinal vortices they represent the maximum
influence produced. On the other hand, the influence of the
spanwise vortices is to produce a background velocity variation
in the streamwise direction, this becomes clear when a stream-
wise slice of the measurement plane is plotted as shown Iater
in Fig. 10. The probability density function distribution of the
modulation amplitude 6u,,,, has been calculated and the result
is shown in Fig. 8. The prediction based on the forementioned
model is also indicated in the figure and there is reasonable
agreement between the model and the data.

In passing, it should be noted that it is also possible to provide
information on the induced spanwise velocity component w. In
a similar fashion, a parameter 6w,,, is defined in Fig. 6 to
characterize the induced spanwise velocity component. In this
case, the meaningful velocity profile is taken from a slice (eg.,
B-B in Fig. 6) through the centre of the one of the two vortices.
The result based on the present PIV measurement is:

Wiax =~ 0.41U, (%)
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Velocity Spike. Imagine if an Eulerian probe (e.g., a hot-
wire probe or a LDA) were placed in a bluff body wake to
measure the velocity variation with time. Velocity fluctuations
caused by the longitudinal vortices would be sensed by the
probe if it were placed at the right position at the right time.
With instantaneous velocity data measured using the PIV tech-
nique, it is possible to ‘‘animate’’ such an event. Taylor’s frozen
flow hypothesis is assumed to be valid for a very short period
of time, during which the flow structures containing the vortices
are to be convected downstream unchanged and at the convec-
tive velocity of the vortex street. This transformation is ex-
pressed as:

f(x) =f(Uy) (6)

where x and ¢ are spatial and temporal coordinates, f(x)is the
spatial distribution of a certain fluid quantity, U, is the convec-
tion velocity, and f(U.t) is the temporal distribution derived
from f(x).

Typical velocity time evolution signals as seen by the imagi-
nary stationary probes placed at the centre of a positive vortex
(ie., with positive vorticity), the center of a negative vortex
and the centroid of the vortex pair as shown in Fig. 9 are plotted
in Figs 10(a), (b), (c), and (d) where time increases from
right to left corresponding to flow from left to right. The arrival
of a vortex pair in time is indicated by the vertical dotted lines,
calculated from the spatial position of the centroid of the vortex
‘pairs. A velocity spike clearly emerges at the time of arrival of
vortex pairs and the fluctuation is maximum when the ‘“‘probe’’
is located at the centroid of a vortex pair. It is seen that the
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Velocity Spikes Induced By
Longitudinal Vortices

t

Fig. 11 Conceptual diagram on the effect of generation of velocity
spikes due to the action of the longitudinal vortices in a cylinder wake

amplitude of the velocity spike is very sensitive to where the
‘probe’ is placed. The amplitude reduces substantially when the
probe is shifted away from the centroid of a vortex pair.

In summary, in addition to the pure periodic velocity oscilla-
tion expected to be detected by a hot-wire (or LDA) probe
placed in the wake of a bluff body, spikes, as illustrated in Fig.
11, should exist in the time velocity fluctuation signal of a three-
dimensional vortex street behind a bluff body. It is useful to
estimate the amplitude of the velocity spikes, .., as defined
in Fig. 11. An estimation of u,,, can be made from the spanwise
variation of the streamwise velocity component (shown in
Fig. 7):

Ui = Uy — B = Olher! 2 7D

where u,,.. and @ represent the maximum and the spanwise
average of u component, respectively. Using the previous re-
sults, it is concluded that u,,,, =~ 0.33U,. The prediction is in
reasonable agreement with the measurements (see, for example,
the data in Fig. 10).

Concluding Remarks

A digital Particle Image Velocimetry (PIV) technique has
been used to measure the velocity field in the wake of circular
cylinders. The instantaneous in-plane velocity distributions ob-
tained in a plane parallel to the cylinder axis reveal the perturba-
tions to the flow induced by the inclined longitudinal vortices.
Pairs of these vortices along the cylinder span have been shown
to produce the mushroom-type structures in the streamline pat-
terns. Spanwise instantaneous velocity modulations generated
by the longitudinal vortices are presented. A simple vortex-pair
model is suggested to predict the modulation amplitude and is
found to agree well with the measurements. The mechanisms
of velocity spikes are illustrated by using Taylor’s hypothesis,
together with data and correlation for their characterisation.
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The velocity spikes caused by the longitudinal vortices con-
tribute to an increase in high frequency components in the flow’s
kinetic energy spectrum. The amplitude of these spikes can be
estimated when the strengths of the longitudinal vortices are
known. The present paper provides a way to predict the ampli-
tude of the spikes. It is recognised that in a real situation, the
léngitudinal vortices are not located in a fixed spanwise position
(Wu et al., 1994a), instead they are being generated randomly
across the cylinder span. The velocity fluctuations associated
with the velocity spikes may look irregular for a stationary
probe.
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