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This paper presents the velocity field of the longitudinal vortices found in the wake of a circular 
cylinder, as measured using digital particle image velocimetry (PIV). Vorticity and circulation of the 
longitudinal vortices are presented, based on instantaneous velocity distributions in a transverse 
plane behind the cylinder. 

Recently, flow visualizations by Wei and Smith,’ 
Williamson,’ Welsh et a1.,3 and Bays-Muchmore and 
Ahmed4 have shown that three-dimensional (3-D) vertical 
structures develop in the wake of a bluff body. The 3-D 
vertical structures were found to include pairs of counter- 
rotating longitudinal vortices superimposed on the nominally 
two-dimensional (2-D) Kirmin vortex street as speculated 
by Grant’ decades ago. The vortices are similar to the 3-D 
flow structures observed by Bernal and Roshko” in plane 
mixing layers. While the existence and the topological de- 
tails of the longitudinal vortex structures have been recog- 
nized through visual observation, the physical characteristics 
and dynamical properties of the structures remain to be ex- 
plored through quantitative measurement. 

In the present study, digital particle image velocimetry 
[PIV) has been used to measure the instantaneous velocity 
field in a transverse plane (the x-z plane, where the x axis is 
in the flow direction and the z axis is parallel to the cylinder 
axis) behind the circular cylinder. The principle of PIV is 
simple: the flow field, seeded with particles, is illuminated by 
a pulsed laser light sheet, the displacements of the double or 
multiply exposed particles are recorded and then analyzed 
using specially developed software to obtain instantaneous 
velocity distributions. PIV techniques have attracted substan- 
tial attention in recent years and comprehensive reviews have 
been provided by Adrian7 and Buchhave.s In this application, 
single frame and multiply exposed digital particle images 
were acquired using a CCD camera with a spatial resolution 
of 1280X1024 pixel. The experiment was carried out in a 
low turbulence water tunnel at a Reynolds number of 52.5 
based on cylinder diameter. This Reynolds number was cho- 
sen to be well above the transitional range noted by 
Williamson’ for the onset of the longitudinal vortices, so that 
the structures were expected to be fully developed and rep- 
resentative of a wider range of Reynolds number. The mea- 
surements were conducted in a transverse plane 2D behind 
the back of the cylinder and covered an area of approxi- 
mately 2.8X2.20. The in-plane velocity vectors, with ap- 
proximately 2000 points per frame, were obtained using 
Young’s fringe patterns, calculated from 2-D FFT over small 
interrogation windows overlapped at 50%. The overall veloc- 
ity measurement uncertainty is estimated to be 4% and the 
vorticity error 15%-20%, at the 95% confidence level. 

A typical hydrogen-bubble flow visualization pattern is 
presented in Fig. l(a). It can be seen that mushroom-type 
structures, indicated by the arrow, develop in the near wake 
behind a circular cylinder, implying the existence of the 
counter-rotating longitudinal vortices in the cylinder wake. 
An instantaneous velocity distribution sampled at an arbi- 
trary instant is presented in Figs. l(b) and l(c), with the 
frame of reference moving at a speed approximately equal to 
the eddy convection velocity lJ,=60% U,,, where U, is the 
free-stream velocity. The cross-sectional streamline patterns 
were obtained by integrating the velocity field. The spiraling 
of the streamline patterns near vortex centers is indicative of 
flow three-dimensionalities, i.e., flow motions out of the 
measurement plane. From a survey of over 130 vortex pairs 
contained in 50 instantaneous velocity data frames, it was 
found that the streamlines usually spiral in around vortex 
centers. This suggests that the vortices are experiencing ex- 
pansive strain fields perpendicular to the measurement plane. 

Transverse vorticity has heen calculated from the dis- 
crete velocity data. Figure 2 shows fiuctuations of the maxi- 
mum and minimum transverse vorticity component of vortex 
pairs as the test is repeated, where free-stream velocity and 
cylinder diameter are used for normalization: 
$=oJ( UOID), where ~0~ is the transverse vorticity compo- 
nent. The mean of both positive and negative vorticity is 
approximately equal, &=+7.3. Measurements made using 
the same PIV technique show that the maximum spanwise 
vorticity of a shed Strouhal vortex is approximately Q =4-5 
at Re=525. Therefore the maximum vorticity of the longitu- 
dinal vortices is greater than that of the spanwise vortices. 

This result is perhaps expected, as longitudinal vortices 
are thought to be stretched by spanwise vortices, as sug- 
gested by Wei and Smith‘ and Meiburg and Lasheras,” 
among others. If the longitudinal vortices are hypothesized to 
originate from the spanwise vortices, then a higher vorticity 
of the longitudinal vortices is consistent with the vortex 
stretching theory. 

The circulation of a longitudinal vortex has been esti- 
mated by integrating vorticity over the area in which & is 
greater than 10% of ty max. The mean circulation of longi- 
tudinal vortices was found to be r/( U,D) =0.39 with a stan- 
dard deviation of 0.14, and the mean circulation of K&m& 
vortices was found to be r,,/( lJ,Dj=3.5 with a standard 
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FIG. 1. Flow field in the transverse plane (the X-Z plane): (a) How visual- 
ization, ilow from left to right and the cylinder is located at left; (b) velocity 
vectors seen in a frame of reference moving at 60% Ua; (c) sectional 
streamline seen in the moving frame of reference. 
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FIG. 2. Maximum (or minimum) vorticity fluctuations of longitudinal vor- 
tex pairs. 

deviation of 0.27 (where KM denotes K&man vorticesj. Thus 
the circulation of the longitudinal vortices is significantly 
smaller than that of the K&man vortices: 

r/r ,,mO.ll. il) 
This suggests that the longitudinal vortices originate 

from only part of the spanwise vortices. This can be com- 
pared with the circulation of longitudinal vortices in mixing 
layers which has been given by Jimenez et al. lo They inves- 
tigated the three-dimensional topology of the streamwise 
vortices in a plane mixing layer, and they suggested a circu- 
lation ratio of 0.60. This value is larger than that found in the 
wake as presented here, and appears to indicate a difference 
in flow characteristics (between wakes and mixing layersj. 

To examine the symmetry of vortex pairs, the two circu- 
lations (positive and negative,) of a vortex pair are plotted 
against each other in Fig. 3. A vortex pair is said to be ideal 
if its positive and negative circulation are equal, as indicated 
by the line. The data points, although showing a degree of 
scatter, clearly indicate a linear correlation. This correlation 
suggests that an increase in the circulation of one vortex 
corresponds to an increase (in absolute value) in the circula- 

0 

-0.6 

-0.8 

0 0.2 0.4 
2.h 

0.6 0.8 1 
UOD 

FIG. 3. A correlation between positive and negative circulations of vortex 
pairs. 
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cylinder show a pattern of longitudinal vortices. Vorticity and 
circulation of the longitudinal vortices, which are useful in 
characterizing the vertical structures, have also been pre- 
sented. 

ACKNOWLEDGMENTS 

The authors acknowledge the support from an Australia 
Research Council grant. J. Wu acknowledges the support 
from a Monash University Graduate Scholarship. 

FIG. 4. Spanwise variation of u: an instantaneous velocity profile sliced 
through centers of longitudinal vortices. 

tion of the other vortex of a counter-rotating vortex pair. The 
result adds useful quantitative support to the theory that the 
mushroom-type structures are actually part of a vortex loop,” 
since circulation is invariant along a vortex tube, even when 
it is being distorted. 

To show the spanwise velocity variation caused by the 
existence of the longitudinal vortices, a typical instantaneous 
velocity profile through the centers of longitudinal vortices is 
shown in Fig. 4, where 14 is streamwise velocity and z is the 
spanwise axis (parallel to the cylinder axis). 

In summary, we have presented the measured velocity 
field in the 3-D wake of a circular cylinder using the PIV 
method. Velocity vectors in the transverse plane behind the 
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