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ABSTRACT 
The paper reports on an experimental study of turbulent 

flow in the near-wake region of four different finite cylin-
ders. A particle image velocimetry technique was used to 
conduct detailed velocity measurements around and in the 
near-wake of the cylinder models. The contours as well as 
profiles of the mean velocities and turbulence intensities 
were obtained to document the salient features of the flow 
field. The proper orthogonal decomposition and two-point 
correlation functions were then applied to provide an in-
sight into the structure of the flow. Reconstruction of the 
fluctuating velocity components for various numbers of 
POD modes were also used to investigate the role of large-
scale structures. 
 
INTRODUCTION 

Turbulent flows around bluff bodies have received 
considerable research attention due to their practical impor-
tance in a wide range of environmental and fluid engineer-
ing applications. These include flow past high-rise build-
ings, overhead cables and hydraulic structures such as 
bridge piers. The two-dimensional turbulent wakes gener-
ated by an infinite circular and square cylinder in a uniform 
flow are the prototypical configurations that have been stu-
died most extensively. Excellent review and discussions on 
turbulent wakes in uniform flows have been presented, for 
example, by Zdravkovich (2003)  

Although the fluid flow around the infinite cylinder is 
now reasonably well understood, detailed quantitative ex-
perimental information in the near wake region of a finite 
cylinder of various cross-sections is limited. It should be 
remarked that the finite length of the cylinder pertains to 
the non-negligible end effects that invariably enhance 3-D 
flow characteristics over all Reynolds number ranges (Park 
and Lee, 2002). One of the salient features of flow over a 
3-D bluff body is flow separation from the top and side sur-
faces. The separated flow is shed periodically downstream. 
Near the ground surface, one or more vortices are induced 
and stretched into the shape of a horseshoe (Park and Lee, 
2002). Okamato and Sunabashiri (1992) and Park and Lee 
(2004) found that the free-end downwash shear layer plays 
an important role in the formation of the near wake. For an 
aspect ratio in the range of 3 to 4, the free-end shear layer 
attaches on the wall.  Extensive reviews and discussion can 
be found in Sumner et al. (2004) and Adaramola et al. 
(2007). In spite of the previous investigations, only a few 
studies have measured the wake velocity field of a finite 
cylinder (Adaramola et al. 2007). 

The objective of the present study is to investigate the 

effects of cylinders cross-section (circular, square, and 
trapezoidal-shaped) on the mean velocity and turbulence 
statistics in the near wake region of finite cylinders. Subse-
quently, the flow structure is studied in detail using the 
proper orthogonal decomposition (POD) and two-point 
correlation functions. 

 
EXPERIMENTAL METHOD 
 The schematic of a three-dimensional view of the in-
serted test section with the cylinder, the CCD camera, and 
the laser arrangements are shown in Figure 1a.  Figure1b 
shows the plan view of the cylinder models: b (i), b (ii), b 
(iii), and b (iv), show, respectively, the circular (CC), 
square (SQ), trapezoidal-shape with the longer side (Sz1) 
facing the oncoming flow (DS), and trapezoidal-shape with 
the shorter side (Sz2) facing the oncoming flow (DR). It 
should be remarked that Figure 1b (iii) is a mirror image of 
1b (iv) and that the radius, R = 12.7 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  (a) A 3-D view of test section, the CCD camera, 
and the laser arrangements with the coordinate system, (b) 
plan view of cylinder models: b(i) Circular (CC), b(ii) 
Square (SQ), b(iii) & b(iv) Trapezoidal-shaped, respec-
tively, DS and DR. 
 
As shown, x, y, and z are, respectively, in the streamwise, 
transverse and spanwise directions; x = 0 is at the trailing 
edge of the cylinder which is located at 1250 mm  from the 
inlet of the test section, y = 0 is at the floor of the inserted 
test section, and z = 0 is at the channel mid-span.  
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 The approach free stream velocity close to the free 
surface (Ue = 0.26 m/s) and the water depth, h (= 75 ± 2 
mm) were kept constant in all the experiments. The wake 
measurements were performed in the x-z plane at mid-
depth of flow (i.e., at h = 37.5 ± 1 mm). The Reynolds 
number based on depth of flow and boundary layer mo-
mentum thickness, were, respectively, 19500 and 1540. 
Prior to conducting measurements around the cylinder in 
the x-z plane, the approach flow was characterized up-
stream of the leading edge of the cylinder at x/D ≈ -20 in 
the x-y plane located at mid-span of the channel. The 
boundary layer thickness defined as the y-location where U 
= 0.99Ue was 63 mm. This implies that the mid-depth 
where the wake measurements were conducted is within 
the boundary layer.  

A PIV technique was used to conduct the velocity 
measurements. The flow was seeded with 5 m polyam-
ide seeding particles having a specific gravity of 1.03. An 
Nd-YAG, 120 mJ/pulse laser of 532 nm wavelength was 
used to illuminate the flow field. The laser sheet was lo-
cated at the mid-plane of the channel and perpendicular to 
the camera. A 12-bit high-resolution digital camera (Dan-
tec Dynamic HiSense 4M camera) that uses a CCD with 
2048 pixels  2048 pixels and has a 7.4 μm pixel pitch 
was used to image the flow field. The measurements were 
made at a field of view of 105 mm  105 mm which cor-
responds to 8.3D  8.3D in the streamwise and spanwise 
directions of the flow. The instantaneous images were 
processed using the adaptive correlation option of Flow-
Manager developed by Dantec Dynamics Inc. A three-
point Gaussian curve fit was used to determine particle dis-
placement with sub-pixel accuracy. An interrogation area 
of 32 pixels  32 pixels with 50% overlap was employed. 
With this interrogation area size, the spacing between adja-
cent vectors is 0.82 mm or 0.06D. The particle image di-
ameter was dp = 2.1 pixels, which is very close to the rec-
ommended optimum value of dp ≈ 2 pixels required to 
minimize peak locking (Raffel et al 1998). Based on pre-
liminary convergence tests, 2000 instantaneous image pairs 
were used to compute the mean velocity and turbulence 
statistics reported subsequently. 

Measurement uncertainty analysis was made follow-
ing the AIAA standard derived and explained by Coleman 
and Steele (1995).  The guidelines and steps necessary to 
minimize the bias and precision errors in PIV measure-
ments are discussed by Prasad et al (1992) and Forliti et al 
(2000). In this study, the uncertainties in the mean veloci-
ties and turbulence intensities at 95% confidence level were 
estimated to be 2% and 6%, respectively, of the corre-
sponding maximum values.  

 
RESULTS AND DISCUSSION 
 
Contours of Mean Velocity 

The contour plots of the normalized mean streamwise 
velocity, (U/Umax) obtained at mid-depth of flow are shown 
in Figure 2 to reveal some qualitative features of the flow 
pattern around the various cylinder models. The corre-
sponding streamlines are superimposed to facilitate the in-
terpretation of the results.  The approximate locations of 
the cylinders are also shown in each figure. The Umax val-
ues used to normalize the data in Figures 4 and 5 are sum-
marized in Table 1. These values were obtained at x/D = 
2.5 downstream of the cylinders, and outside the wake re-

gion; i.e., where U is uniform or independent of z. As ex-
pected a pair of counter rotating vortices, nearly identical in 
size, is formed downstream of the cylinder. The topologies 
of the streamwise mean velocity revealed that blockage 
produced by the cylinders produced high velocity regions 
on either side of the cylinders, and extending to the outer 
edges of counter rotating vortices. As a result of entrain-
ment of the ambient fluid into the wake region, the mean 
velocity across the wake decreases with downstream dis-
tance. The streamline topologies demonstrate some impor-
tant differences in the flow patterns that can be attributed to 
the specific geometry of the cylinders. For example, the 
wake region behind the cylinders with sharp upstream 
edges (Tests SQ and DS) is relatively wider but shorter 
than those downstream of models with more rounded up-
stream edges (Tests CC and DR). From the streamline to-
pologies, the spanwise width of the wake, Wf, is defined as 
the cross-stream distance between the separating shear lay-
ers on opposite sides of the wake axis passing through the 
foci. The axial locations, xf/D, of the foci are presented in 
Table 1. 

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2:  Contours of mean velocity (U/Ue): (a) CC; (b) 
SQ; (c) DS; and (d) DR. 
 

 
The value of xf/D = 1.5 for Tests DS and SQ is distinctly 
smaller than xf/D  1.9 and 2.2 for the cylinders with more 
rounded edges (Tests CC and DR, respectively). On the 
contrary, Table 1 demonstrates that the values of the non-
dimensional spanwise width for cylinder models with sharp 
leading edges (Tests DS and SQ) are relatively larger than 
those with rounded leading edge (Tests DR and CC). 

 
Table 1. Summary of test conditions and pertinent  
parameters. 
 

Test 
D 

(m/s) 
Umax 
(m/s) 

xf/D Wf/D Lr/D Lf/D 

CC 12.2 0.282 1.9 1.3 2.6 2.8
SQ 12.8 0.284 1.5 1.6 2.3 2.5 
DR 15.2 0.296 1.5 1.7 2.6 2.6 
DS 15.2 0.298 2.2 1.3 3.1 3.1 
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The value of Wf/D = 1.15 for Test CC is relatively larger 
than the corresponding value of 0.95 reported by Ozgoren 
(2006). For the square cylinder (Test SQ), the present value 
of 1.56 is not significantly different from 1.48 obtained by 
Ozgoren (2006).  
 
Profiles along the Wake 

Figure 3a shows the distributions of the normalized 
mean streamwise velocity along the wake axis for the cyl-
inder models. The streamwise mean velocity along the 
wake axis provides information about the length of the re-
circulation, Lr (which is defined as the distance between the 
center of the cylinder and the downstream location where 
the streamwise mean velocity becomes zero) as well as re-
covery of the mean flow towards the approach flow (i.e. 
U/Umax = 1). The values of Lr/D for the cylinder models are 
shown in Table 1. Figure 3a also reveals that, for all test 
cases, the magnitude of U/Umax initially decreases with dis-
tance along the wake axis with (U/Umax)min occurring at 
about the middle of Lr and then start to increase thereafter. 
The values of (U/Umax)min are approximately -0.16, -0.17,   
-0.17, and -0.22, respectively, for Tests SQ, CC, DR and 
DS. The subsequent recovery of the mean flow in the very 
near-wake region is fastest for Test SQ and slowest for Test 
DR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Mean velocities and turbulent quantities along the 
wake centerline: (a) streamwise mean velocity and (b) 
streamwise turbulent intensity. 

 
The streamwise turbulence intensity (Figure 3b) increases 
along the wake axis to a maximum followed by a gradual 
decay. The vortex formation length, Lf, is defined as the 
downstream location of the cylinder where the streamwise 
velocity fluctuation level has increased to a maximum (Na-
kagawa et al., 1999). The values of Lf/D  2.8 and 2.5 (Ta-
ble 1) were obtained for Tests CC and SQ, respectively. 
The corresponding values for Tests DR and DS are, respec-
tively, Lf/D  3.1 and 2.6. It is clear from Table 1 that, for a 
given test condition, the location where U becomes zero 
(Lr) is not significantly different from the point where umax 
occurred (Lf). The distributions of the turbulence intensity 

along the wake axis also depend on the specific geometry 
of the leading edge of the cylinder. More specifically, the 
profiles downstream of CC and DR are lower than ob-
served for SQ and DS. It has been argued that, for a circu-
lar cylinder in a uniform flow, an increase in Lf/D is related 
to a decrease in turbulent intensity and the base suction 
(Williamson (1996).  

 
Profiles across the Wake 

The profiles of the normalized mean velocities and 
turbulence intensities across the wake at selected stream-
wise locations corresponding to the foci as well as x/D = 
2.5, 5.0 and 10.0 are shown in Figures 4 and 5, respective-
ly. The x-axis range of repeated section in Figure 4a is 0 to 
2, while for Figure 4b it is 0 to 0.3. The x-axis range of re-
peated section in Figure 5 is 0 to 0.4. It is important to note 
that in these and subsequent plots, appropriate intermediate 
data points are skipped to avoid data congestion. These 
data sets, apart from providing additional insight into the 
downstream development of wake flow, would be useful 
for validating numerical results in the near-wake region of 
open channel flows. Figure 4a shows that the mean veloc-
ity, U/Umax at the axial location corresponding to the foci 
increase from negative values in the recirculation regions to 
maxima and then decrease to a value of unity. The profiles 
of U/Umax are symmetrical about the wake axis, z = 0. As 
the flow evolves downstream and entrains the ambient 
fluid, the wake spreads in the spanwise direction and the 
velocity deficit diminishes with x/D. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: Mean velocities (a) U/Umax and (b) W/Umax at se-
lected x/D locations across the wake.  
 
The mean spanwise velocity, W/Umax profiles (Figure 4b) 
are anti-symmetric about the wake axis; that is, the values 
of W/Umax are predominantly positive for z > 0 and nega-
tive for z < 0. The spanwise mean velocity is as high as 
16% of Umax. These high values together with the steep 
gradients W/z in the very near wake region imply that the 
dynamic importance of the spanwise mean velocity in mo-
mentum transport cannot be neglected. Moreover, the con-
tributions of W and W/z to the convective and production 
terms in the transport equations for the Reynolds shear 
stress and turbulent kinetic energy should be accounted for 
in order to correctly predict the flow characteristics in the 
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near-wake region. At larger downstream location (x/D > 5), 
W/Umax decays very rapidly and W/z diminishes.  

The streamwise turbulent intensity, u/Umax (Figure 5a) 
shows the expected double peaks confirming the existence 
of pairs of vortices observed in Figure 4a. The double 
peaks become broader and less distinct with downstream 
distance. Unlike the streamwise turbulent intensity profiles, 
a single peak is observed in w/Umax with a maximum occur-
ring along the wake axis (Figure 5b). It is interesting to 
note that the u-values are generally smaller than those of 
the w-values at all locations, signifying a more intense 
spanwise mixing.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Variation of turbulence intensities (a) u/Umax and 
(b) w/Umax at selected x/D locations across the wake.  

 
Although the trends in all test cases at the selected x/D lo-
cations appear to be qualitatively similar, a collapse of the 
profiles of CC and DR for (U/Ue)min values and a similar 
collapse of the profiles of SQ and DS at a higher (U/Ue)min 
values at the corresponding x/D locations (not shown) is 
observed in the wake region. For the turbulent quantities, 
however, DS consistently, reveals highest peak values 
closely followed by SQ with least values for CC and DR. 
These observations imply that the effect of leading edge 
geometry is more significant than that of the trailing edge. 

 
 

POD ANALYSIS 
 
Implementation 

The POD analysis presented in this study follows the 
snapshot methodology proposed by Sirovich (1987). The 
specific implementation follows the procedure outlined by 
Meyer et al. (2007). By this method, each instantaneous 
PIV vector map is considered a snapshot of the flow, and 
the total number of vectors in each snapshot is designated 
by M, while the total number of snapshots is denoted by N. 
The snapshot method is computationally more efficient 
than the direct method when M >> N as in the present PIV 
experiments. The streamwise (u) and transverse (v) compo-
nents of the fluctuating velocity (uj

n, wj
n) are obtained by 

subtracting the ensemble averaged snapshot ( u ) from each 

snapshot ( nû ), where the index n runs through the N snap-
shots and j runs through the M positions of velocity vectors 
in a given snapshot (i.e. uj = u (xj, zj)). The fluctuating ve-

locity components from the N snapshots are then arranged 
in a matrix U and the N  N auto-covariance matrix is ob-
tained from 

   C = UTU           (1) 
A set of N eigenvalues, i, and a corresponding set of or-
thonormal eigenvectors, Ai which satisfy 

CAi = iAi           (2) 
can be evaluated from the auto-covariance matrix; where i 
runs from 1 to N.  The eigenvalues are ordered by decreas-
ing value as follows:  

1 > 2 > … > N > 0          (3) 
The normalized POD modes (i) are constructed from the 
projection of the eigenvectors (Ai) on to the original fields 
as follows: 
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where An
i is the nth component of the eigenvector corres-

ponding to i. Here ||. || is the L2-norm. The POD coeffi-
cients, ai of each mode were calculated by projecting the 
fluctuating part of the velocity field onto the calculated 
POD modes as follows:  

   an =  Tun
       (5) 

where,  = [1 2 … N].  The expansion of any member of 
the ensemble using an arbitrary number of modes m was 
performed using:  

                  



m

i

nin
i

n aau
1

~   (6) 

Equation 6 is known as the proper orthogonal decomposi-
tion of un; it gives the best approximation of the data en-
semble un in the sense that the average least-squares trunca-
tion error is a minimum for any given number m ≤ N of ba-
sis functions over all possible sets of orthogonal basis func-
tions.  
 The ensemble-averaged energy, E of the fluctuating 
component is given by the sum of all the eigenvalues (Equ-
ation 7) while the fractional contribution of each eigenfunc-
tion to the total energy is given by the fractional contribu-
tion of its associated eigenvalue (Equation 8).  
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RESULT AND POD APPLICATION 
 
Convergence Test 

Convergence of the POD analysis is defined as the ra-
tio between the energy contained in the ith mode and the 
global energy contained within the flow (Patte-Rouland et 
al. 2001). It is noteworthy that the number of snapshots re-
quired to adequately capture the energy content for a given 
mode depends on the nature or complexity of the flow. To 
evaluate the sample size or snapshots necessary to obtain 
converged POD analysis in the present study, the fractional 
contributions of the first two eigenvalues (1

* and 2
*) with 

increasing number of snapshots were calculated (not 
shown). It is observed that, for N ≥ 400, the variation of 1

*
 

and 2
* with N are within ± 0.03 % except for Test DS. 

Even for Test DS, 1
* = 23.1 ± 0.09 % and 2

* = 21.0 ± 
0.07 %. Based on these results, it was concluded that N = 
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2000 used in the present analysis is adequate to achieve 
converge results. The number of snapshots used in the pre-
sent study is higher than N = 500 used to analyze the near-
wake region of square cylinders with different inclinations 
to the approach flow (van Oudheusden et al. 2005) and rec-
tangular cylinders with different aspect ratio (Shi et al. 
2009). 

The fractional and the cumulative contribution of the 
modes to the turbulent kinetic energy for all test cases are 
plotted in Figures 6a and 6b, respectively. The dominance 
of the first two modes in the POD analysis is evident in 
Figure 6a. The figure also reveals that the first two eigen-
values occur in pairs of almost equal values. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Spectra of turbulent kinetic energy for various 
test cases: (a) Fractional contribution to the turbulent ki-
netic energy by the modes, (b) Accumulated turbulent ki-
netic energy ratio of modes as a function of mode number. 
 
 
As explained by Rempfer and Fasel (1994) this partnership 
indicates that the coherent structures of the flow are repre-
sented by spatio-temporal modes. This implies that the two 
spatial-modes linked to a pair of eigenvalues represent the 
same physical structure shifted only in the streamwise di-
rection. Similar observations were made in the experimen-
tal study by van Oudheusden et al. (2005). The fractional 
contributions of the first two modes (1

*
 and 2

*) to the to-
tal energy depend strongly on the geometry of the cylinder 
model. For example, 1

* = 20% and 22% for Tests SQ and 
DS, respectively. These values are approximately 54% to 
70% higher than 1

* = 13% for the cylinders with rounded 
leading edge. These results imply that the large scale struc-
tures are more energetic downstream of cylinders with 
sharp leading edges compared to those found behind cylin-
ders with more rounded leading edges. The energy associ-
ated with the modes decrease very rapidly with increasing 
mode for i ≥ 3 (Figure 6a). For example, the fractional con-
tribution to the total energy drops two orders of magnitude 

within the first 30 to 40 modes. The convergence of the 
cumulative contribution of POD modes towards 100% 
(Figure 6b) is relatively slow, as would be expected.  
 
Eigenfunctions 

The POD eigenfunctions represent the most common 
event occurring in the fluctuating field. Each mode repre-
sents a different flow structure embedded in the mean flow 
field. It also reveals different energy content in the velocity 
fluctuations. For example, the spatial flow structure charac-
teristics exhibited by POD modes 1, 2, 3, and 5 for Test SQ 
are shown in Figure 7. Mode 1 displays two distinct vorti-
cal structures: counter-clockwise and clockwise centered 
respectively, at x/D  1 and x/D  2.3 (where stagnation 
point occurs in Figure 2) along the wake axis downstream 
of the cylinder. For the second mode, which roughly corre-
sponds to the situation after half the shedding period of a 
single structure, the vortex position is displaced down-
stream. Mode 3 reveals a clockwise vortex structure whose 
centre is located at y  0 and a counter-clockwise vortex 
structure whose centre is located at y  0 with strong 
streamwise flows generated between the flapping vortices. 
This might be the reason why modes 1 and 2 show a very 
high contribution (Figure 6a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Spatial velocity fields for SQ using modes: (a) m 
= 1; (b) m = 2, (c) m = 3 and (d) m = 5 

 
TWO-POINT CORRELATION FUNCTIONS 

The two-point correlation functions are defined at a 
reference points (xref, zref) for the streamwise and spanwise 
fluctuating velocities at two locations separated in the 
streamwise and spanwise directions by ∆x and ∆z as fol-
lows: Ruu= <u'(xref, zref )u'(xref + ∆x, zref + ∆z)>/< urms(xref, 
zref )urms(xref + ∆x, zref + ∆z)> and Rww= <w'(xref, zref )w'(xref 
+∆x, zref +∆z)>/< urms(xref, zref )urms (xref + ∆x, zref + ∆z)>  
where u' and w' are the streamwise and spanwise compo-
nents of the velocity fluctuations at (xref, zref).  

The contours of Ruu centred at downstream location, 
x/D = 2.5 with transverse and spanwise locations fixed, re-
spectively at y/D = 3.0, and z/D = 0 for all the cylinder 
models are shown in Figure 8. The contours show that the 
cylinders with sharp upstream edges (SQ and DS) have 
relatively longer and larger spatial extents than those 
downstream of cylinders with more rounded upstream 
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edges (CC and DR). This implies that Tests SQ and DS 
generate stronger and larger organized motion. The corre-
sponding Rww contours (not shown) are much larger than 
those of Ruu in the spanwise direction plotted in Figure 8. 
The relatively smaller extent of Ruu compared to Rww indi-
cate that the spanwise velocity fluctuations would sustain 
strong correlation over a larger spanwise direction than the 
streamwise fluctuations. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Contours of Ruu centred at x/D = 2.5: (a) CC, (b) 
SQ, (c) DR, and (d) DS. Note that outermost contours: Ruu 
= 0.5 with 0.1 spacing. 
 
The two-point correlation profiles extracted from the 
streamwise and transverse slices through the centers of the 
contours shown in Figure 8 are, respectively, shown in 
Figures 9a and 9b. These profiles are used to quantitatively 
study the decay of the auto-correlations in the streamwise 
and spanwise directions.  It is noted that Ruu(z) decays more 
rapidly than the corresponding Ruu(x) for each model. In 
addition, the decay is less rapid with Tests SQ and DS 
compared to Tests CC and DR.  

 

 
Figure 9: One-dimensional two-point correlation profiles 
extracted along the vertical and horizontal dash lines in 
Figure 8: (a) Ruu(x) and (b) Ruu (z). 

 
Following previous studies (Volino et al., 2007), the 
streamwise extent of Ruu (i.e., Lxuu) and transverse extent 
Ruu (i.e., Lyuu) were estimated. For example, the ratio Lxuu/ 
Lyuu for CC and SQ are, respectively, 1.4 and 1.8. This also 
confirms the earlier assertion that cylinders with sharp up-
stream edges have relatively longer and larger spatial ex-
tents compared to cylinder with rounded upstream edges.  
 
CONCLUSION 

The effects of cylinders cross-section on evolution of 
turbulent wakes in circular, square, and trapezoidal-shaped 

has been investigated using PIV, POD, and two-point cor-
relation functions. It was found that the flow characteristics 
depend strongly on the cross-section of the cylinder leading 
edge. The dominance of the first two POD modes and pro-
gression towards small scales structures with increasing 
mode is observed. In addition, the sharp upstream edges 
cylinders generate stronger and larger organized motion 
than cylinders with more rounded upstream edges. 
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