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Evolution of patterns of streamwise vorticity in the
turbulent near wake of a circular cylinder
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High-image-density particle image velocimetry allows characterization of the in-
stantaneous patterns of streamwise vorticity w, over the cross-section of the near wake
of a circular cylinder, and the manner in which they evolve with streamwise distance.
Emphasis is on the Reynolds number Re = 10 x 10, for which the Kelvin—Helmholtz
(K-H) mode in the separating shear layers has a streamwise wavelength much smaller
than that of the Kdrman mode. Consequently, the corresponding spanwise wavelength
between w, concentrations increases substantially from its value in the separating shear
layer to a larger one in the near wake. This streamwise evolution is defined by spatial
correlations of patterns of instantaneous w, and interpreted with the aid of the quasi-
two-dimensional topology of the wake in the base region of the cylinder. The principal
features of the phase-averaged topology are foci of the initially formed Kdarman
vortices and a saddle point between them. Immediately downstream of this saddle,
remarkably coherent patterns of w, concentrations are evident; they have a wavelength
approximately equal to the cylinder diameter. Moreover, larger-scale spanwise
distortion eventually occurs. This distortion exhibits several modes; the most severe is
a nearly discontinuous variation of patterns of w,.

1. Introduction

Even at relatively low values of Reynolds number, of the order of a few hundred, the
near wake of a circular cylinder exhibits remarkable complexity, evident in the early
investigation of Hama (1957), who visualized the three-dimensional distortion of the
Karman vortices. More recently, Gerrard (1978), Williamson (1988, 1992), Konig,
Eisenlohr & Eckelmann (1993), and Zhang et al. (1995) have characterized the detailed
structure of the three-dimensionality in the near wake; a central ingredient of this
structure is the development of streamwise vortices between the Karman vortices.
Williamson (1996) has provided an overall assessment of this complex three-
dimensionality.

Very recent studies of the near-wake structure have focused on the predominant
spanwise lengthscales up to Reynolds numbers of the order of 2000. Mansy, Yang &
Williams (1994) employed laser scanning anemometry and Wu et al. (1994b) used
digitized hydrogen bubble markers to show that the spanwise wavelength, which is
of the order of the cylinder diameter, generally exhibits a decrease with increasing
Reynolds number.

At sufficiently high values of Reynolds number, of the order of 10?, the structure
of the very near wake is complicated by the onset of a Kelvin—-Helmholtz (K-H)
instability in the separating shear layer. It has come to be known as the Bloor—Gerrard
instability or transition wave, originally investigated by Bloor (1964) and Gerrard
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(1978), and more recently by Wei & Smith (1986), Kourta et al. (1987), Unal &
Rockwell (1988), Bays-Muchmore & Ahmed (1993), Filler, Marston & Mih (1991),
and Sheridan et al. (1993). These investigations have employed a variety of visualization
approaches to demonstrate that the small-scale concentrations of vorticity arising from
the K-H instability exhibit ordered quasi-two-dimensional and three-dimensional
patterns along the separated shear layer up to a Reynolds number of at least 20 x 103.
The scale of, and wavelength between, these concentrations of vorticity decreases with
increasing Reynolds number. Correspondingly, their characteristic frequency increases.
These aspects have been addressed by Bloor (1964), Wei & Smith (1986), Kourta er al.
(1987), Filler et al. (1991), Sheridan et al. (1993), Yokoi & Kamemoto (1992, 1993) and
Wu et al. (1994 d). Quantitative imaging of the instantaneous structure of the K-H and
Kérmdn vortices is given by Lin, Towfighi & Rockwell (1995).

The near wake of the cylinder therefore exhibits two characteristic lengthscales, one
associated with the streamwise wavelengths between the Kelvin—-Helmholtz vortices
and the other between the Kdrmdn vortices. It follows that two distinct spanwise
wavelengths A, may occur. This issue is assessed by Williamson, Wu & Sheridan (1995)
on the basis of the flow visualization, scanning laser measurements of Mansy et al.
(1994), and particle image velocimetry measurements of Rockwell & Lin (1993), Wu er
al. (1994 a), and Lin, Vorobieff & Rockwell (1994, 1995).

The large number of investigations on mixing layers from thin splitter plates is
directly relevant to our considerations of the shear layer instability, i.e. the
Kelvin—Helmholtz instability. Detailed assessments of the quasi-two-dimensional and
three-dimensional features of such mixing layers, which are beyond the scope of the
present summary, are provided by Roshko (1976), Ho & Huerre (1994), Hussain
(1986), Huang & Ho (1990), Bell & Mehta (1992). The onset of spanwise non-
uniformity in mixing layers was indicated in the early studies of Brown & Roshko
(1974), Konrad (1976), and Breidenthal (1981). By visualizing the cross-section of this
class of flows, Bernal & Roshko (1986), and Jimenez, Cogolos & Bernal (1985)
demonstrated the existence of streamwise vorticity concentrations. The mechanism
giving rise to this three-dimensionality was elucidated by Corcos & Lin (1984),
Lasheras, Cho & Maxworthy (1986), and Lasheras & Choi (1988) as vortex stretching
in the braid region between the quasi-two-dimensional spanwise vortices. Huang & Ho
(1990) show that the spanwise wavelength rapidly decreases in the streamwise (x)
direction until, near the onset of the first vortex merging, it tends towards an
asymptotic value of A,/A, = 2/3. It is therefore crucial that any scaling of spanwise to
streamwise wavelength properly accounts for the dimensionless streamwise distance at
which the flow is characterized, emphasized by Huang & Ho to be Rx/A,, in which R
is the velocity ratio across the mixing layer and A, is the reference wavelength of A,.

For flow past a cylinder, at relatively high Reynolds numbers over the range from
5x10® to 20x 103, the quasi-two-dimensional wavelength of the Kdrmdn and
Kelvin—Helmbholtz vortices are sharply differentiated, the latter being an order of
magnitude smaller than the former. Very little attention has been given to the structure
and scaling of the small-scale streamwise vortices corresponding to the K-H and
Kdarman modes in the very near wake, prior to and during onset of the first Kdrman
vortex. Previous investigations of Hayakawa & Hussain (1989) and Bays-Muchmore
& Ahmed (1993), extending over 3 < x/D < 40, in which x is the distance downstream
of the cylinder, indicate that the spanwise scale A, appears to be of the order of one
cylinder diameter D. The investigations of Rockwell & Lin (1993) and Lin ef al. (1994,
1995) have focused on the location x/D =1 in the very near wake where the first
Karmdn vortex forms; they find A,/D ~ 1. The evolution of the patterns of streamwise
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vorticity w, along the near wake has remained uninvestigated, and the transformation
from patterns of w, associated with the K-H mode to those linked to the Karman
mode remains unclarified.

These three-dimensional features of the wake at higher values of Reynolds number
are, of course, related to the time-averaged characterizations of three-dimensionality of
Szepessy & Bearman (1992) and Norberg (1994). Szepessy & Bearman investigated the
effects of aspect ratio and end plates on spanwise correlations of velocity and pressure
in the near wake; in addition, spectra and instantaneous time traces of pressure and
velocity were acquired along the span. Spanwise variation of the phase of Kdrman
vortex shedding was clearly evident; their correlation measurements suggest a spanwise
scale of the order of 2.5D. Norberg (1994), in a complementary study of the effects of
aspect ratio and end conditions, found a strong dependence of the spanwise scale, of
the order of 5D to 15D, on Reynolds number. These time-averaged studies suggest the
possibility of instantaneous, large-scale distortions along the span of the near wake.

The present study employs instantaneous concentrations of streamwise vorticity as
a means to characterize the predominant instantaneous scales and wavelengths of the
three-dimensionality of the near wake. The feasibility of this approach has been
demonstrated through characterization of instantaneous vorticity distributions from
stationary and oscillating plain cylinders, in addition to cylinders having localized and
distributed non-uniformities, mostly at much lower values of Reynolds number than
addressed herein, as described by Rockwell er al. (1992, 1993), Rockwell & Lin (1993),
Towfighi & Rockwell (1994), Wu ez al. (1994 a, b). These investigations have revealed
various features of vorticity concentrations orthogonal to those of the primary
Karman vortices. By use of cinema techniques, it is possible to construct three-
dimensional space-time images of the near wake, as demonstrated by Rockwell & Lin
(1993), Lin & Rockwell (1994), Lin, Vorobieff & Rockwell (1993, 1995). Instantaneous
values of circulation associated with the streamwise vorticity concentrations and
related features of the near-wake vorticity field at a single location (x/D = 1) in the
near wake are addressed by Lin et al. (1995).

Consideration of the near-wake structure at high Reynolds number leads to a
number of unclarified issues. Recognizing that there are two predominant scales of
quasi-two-dimensional vortices in the near wake, the K—H and Kdrmdn vortices, and
accounting for the rapid onset of the K-H vortices immediately downstream of
separation, it is expected that the patterns of instantaneous streamwise vorticity will
exhibit substantial variations along the wake in the streamwise direction. Yet, virtually
no quantitative insight is available on the streamwise variation of the instantaneous
vorticity concentrations. In addition, there is a tendency to characterize the spanwise
lengthscale of the three-dimensionality in terms of a single wavelength A,. However, the
complex three-dimensional distortion mechanisms in the near wake at high Reynolds
number are expected to give rise to staggered, rather than in-line concentrations of
streamwise vorticity, i.e. a cross-stream wavelength A, of significant magnitude is
expected. A further feature of the near wake is the existence of a separating shear layer
along the relatively low-velocity region adjacent to the base of the cylinder, which is
influenced by the downstream development of the large-scale Kdrmdn vortices.
Characterization of A, in relation to the structure of this region has remained
unexplored. Finally, the possible existence of large-scale spanwise distortions, having
lengthscales substantially larger than the A, between vorticity concentrations, may
exert an important influence on the overall mechanism of Karmadn shedding. The
structure of these distortions may be related to vortex dislocations observed at much
lower values of Reynolds number. The manner in which such large-scale distortions
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alter the patterns of streamwise vorticity concentrations associated with the K-H and
Karman instabilities, as well as generating new concentrations of their own, remains
unclarified. This investigation addresses these complex features of the near-wake
structure.

2. Flow system and experimental techniques

-All experiments were performed in a large-scale free-surface water channel having a
test section 914 mm wide, 597 mm high, and 4880 mm long. The water level was
maintained at a depth of 540 mm. The test section was preceded by a large-scale 2: 1
contraction, preceded by a honeycomb-screen conditioning system, which provided a
free-stream uniformity within 0.5% and turbulence intensity less than 0.1 % The flow
velocity was maintained at 183 mm s™. This speed, in conjunction with cylinder
diameters of 25 and 51 mm, yielded Reynolds numbers based on diameter D, of 5 x 10®
and 10 x 103. For brevity, nearly all of the data presented herein are at Re = 10 x 10°.
A full set of images at both Re is given by Chyu (1995). The Plexiglas cylinders were
polished to a very smooth finish and had diameter variations of less than 0.002D. They
were mounted vertically in the water channel and bounded by end plates as indicated
in figure 1, such that the values of aspect ratio were L/ D = 18 and 9 respectively. These
end plates had a diameter of 254 mm, a thickness of 5 mm, and were bevelled at a sharp
angle of 15° on the exterior side. The same principal features of the flow structure were
observed for these two different cylinder systems.

High-image-density particle image velocimetry (PIV) was employed to determine the
instantaneous velocity field over the cross-section of the wake. As indicated in the field
of view of figure 1, this approach led to instantaneous concentrations of streamwise
vorticity w,. The general technique involved a scanning-laser version of PIV, as
described Rockwell ez al. (1993), Rockwell (1993), Rockwell & Lin (1993), Towfighi &
Rockwell (1994), and Lin et al. (1995). A brief summary of the overall approach is
given here. The (y, z)-plane of figure 1, indicated as the field of view in the plane of the
laser sheet, was defined by a scanning beam from a 4 W continuous wavelength
Argon-ion laser, which was focused on a rotating, polygonal mirror having 72 facets.
The scanning frequency of the laser beam was 626 cycles s™'. This approach provides,
in essence, a pulsed laser sheet having a thickness of 1 mm, as assessed in detail by
Rockwell er al. (1993). The camera shutter was maintained open for several scans of
the laser beam, generating multiply-exposed images of each of the 14 um metallic-
coated particles in the flow. The field of view indicated in figure 1 was transmitted to
the exterior of the test section by means of an image steering mirror, oriented at 45°
with respect to the free stream. This technique is described in detail by Lin & Rockwell
(1994). The centre of this mirror was placed at a minimum distance x/D =9.5
downstream of the cylinder, such that the dynamics of the near wake were not
influenced, as verified by hydrogen bubble and particle tracking videos. Outside the test
section of the water channel, the particle images were reflected against an image
shifting mirror, which imparted a constant bias displacement to all particle images,
thereby precluding difficulties associated with directional ambiguity and large dynamic
range across the extent of the field of view. Images were recorded by a Nikon F4
camera using high-resolution film (300 lines mm™"); the lens had a magnification of
1:5. The 35 mm negative was then digitized using a digitizer having a resolution of 125
pixels mm™. This field of digitized particle images was subjected to a single-frame
cross-correlation technique, based on the concept of Meinhart, Prasad & Adrian
(1992), yielding the velocity field at each location of the interrogation window having
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FI1GURE 1. Schematic of experimental system.

dimensions of 100 pixels by 100 pixels. Interrogation areas were overlapped by 50%.
The effective grid size on the plane of the film was 0.4 mm. The values of spatial
resolution in the plan of the laser sheet, relative to the cylinders of diameter D = 25 and
51 mm, were therefore 0.08D and 0.04D respectively.

Both instantaneous and averaged PIV images are employed to represent the flow
structure. Averaged images were determined from instantaneous ones that were
randomly acquired at arbitrary phases during the Kdrmdn cycle of oscillation. In
contrast to phase-locked image acquisition, this approach does not give flow structure
unique to a specific phase of the Kdarmdn vortex formation. Moreover, N images,
ranging from N = 5 to 33, were employed for averaging; the value of N is specified for
each set of averages. The object of these averages was to demonstrate the lack of phase-
coherent non-stationary behaviour of the pattern of streamwise vorticity.

Regarding the uncertainties of the quantitative parameters determined from the
instantaneous and averaged images, the upper uncertainty bound on the lengthscales
L corresponding to the distance between vorticity concentrations is estimated to be
6 %. This value compares with the uncertainties of local velocity and vorticity of 0.4 %
and 3 % respectively.
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FiGURe 2. Quasi-two-dimensional view of instantaneous near-wake structure at Re = 10x 10°
showing locations of cross-flow planes defined by laser sheet. Minimum and incremental vorticity
levels are |w_, | = 5s! and Aw = 5571,

min

wx wrm.v

FIGURE 3. Instantaneous streamwise vorticity w, (lo,,,,| = 557!, Aw = 5 s7') and root-mean-square
of fluctuating vorticity &,,(®,,, = 557", Ao = 1s"") at x/D = 0. Re = 10 x 10%,

min
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FIGURE 4. Vorticity correlation function R (£,7) of instantaneous streamwise
vorticity field w,_ at x/D =0. Re = 10 x 10°.

3. Patterns of streamwise vorticity in the very near wake

The field of view of the cross-flow plane of the near wake, corresponding to images
of instantaneous velocity and streamwise vorticity «,, is shown in figure 1 and
described in further detail in §2. It is insightful to relate these cross-flow images to the
corresponding, quasi-two-dimensional patterns. Figure 2 shows quasi-two-dimensional
images of vorticity at Re = 10 x 10®. The streamwise locations x/D of the cross-flow
planes are designated as vertical lines; these lines are superposed on contours of
constant spanwise vorticity , in the (x, y)-plane. The images of instantaneous w, show
small-scale K—H vortices in the separating shear layers. Pronounced concentrations of
w, occur at locations close to and upstream of the base, i.e. upstream of x/D = 0. We
therefore expect the corresponding manifestations of three-dimensionality to be
detectable in the cross-flow plane at x/D = 0. For the particular instantaneous image
shown at Re = 10 x 10%, the pattern of small-scale vortices sets in much earlier in the
lower shear layer from the cylinder. Examination of a sequence of instantaneous
images revealed that this pattern switches between the upper and lower layers, in
general accord with, but not phase-locked to, the formation of the Kdrmadn vortices.
At the instant shown, more pronounced three-dimensionality is therefore expected to
occur in the shear layer from the lower side of the cylinder, and distributions of w, on
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FIGURE 5. Streamwise development of w, for Re = 10 x 10°. Minimum contour
level |w,,, | = 5 s7*, contour increment Aw = 5s7.

the cross-flow plane will exhibit higher levels in that region. Regarding the onset of
Kérman vortex formation at Re = 10 x 10?, the centre of the large-scale concentration
of vorticity formed from the lower surface of the cylinder is at x/D ~ 0.9. The
streamwise location of the onset of both the K-H and Karman vortices is not
stationary: it fluctuates up- and downstream of the nominal locations shown in figure
2, evident from examination of a number of instantaneous images.

Figure 3 shows a comparison of a representative image of instantaneous vorticity o,
and the root-mean-square of the fluctuating vorticity &,,,, over the (y,z) cross-flow
plane at x/D = 0 for Re = 10 x 10%, The instantaneous concentrations w, tend to be
centred on the projected boundaries of the cylinder designated by the thin white
vertical lines. The pattern centred on the right-hand boundary exhibits highly
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FIGURE 6. Averaged spanwise and cross-flow wavelength of w, concentrations as a function of
x/D. Re =10x10%

concentrated vorticity, while that on the left-hand boundary shows lower-level,
irregular distributions of vorticity. This pronounced asymmetry of patterns of w,
concentrations is due to the different maturity of the small-scale quasi-two-dimensional
vortices, as described in conjunction with figure 2. The concentrations of w, on the
right-hand side of the image are not arranged in-line with alternating sign, which is the
traditionally accepted view for very low values of Reynolds number. Rather, this
staggered quasi-ordered pattern of w, has the basic features of the initially formed
pattern in a mixing layer at high Reynolds number, investigated by Bell & Mehta
(1992).

The root-mean-square of the fluctuating vorticity was calculated according to the
following equation:

N 12
Dy = {N*l—T 2} [wi——(ﬂ]z} . 1)

A total of 33 instantaneous images of w,, i.e. w,, was employed to determine the
averaged @ and @,,,, distributions. The intent of these &,,,, distributions is not to
provide asymptotic statistical values; rather, it is to emphasize the non-stationary
nature of the instantaneous w,. If they were to occur at the same locations in a sequence
of images, the locations and peak values of @,,,, would approximate those of the w,
image. This is clearly not the case, and we therefore conclude that the patterns of w,
exhibit significant variations with time. A further observation is that the highest levels
of @,,,, occur in the separating shear layers from the cylinder; that is they tend to be
centred on the projections of the cylinder boundaries.

[t is evident that determination of the representative wavelengths A, and A, along
and normal to the span of the cylinder requires quantitative evaluation of patterns of
instantaneous vorticity. The correlation of the instantaneous vorticity m, over the (y, z)
cross-flow plane is defined as

R ) = {wy,2) wx(z +&24+1)),, ’ @)

wrms
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in which £ and # are variables of integration, corresponding to the distance from the
designated point (y, z) in the (v, z)-plane to the point of interest in the (y, z)-plane, and
o, 18 the spatial root-mean-square of vorticity over the (y, z)-plane, which is used to
normalize R (£, ) to unity at (§, %) = (0, 0). Figure 4 shows the R (£, %) plot for the left-
hand image of figure 3. The width and length of the R (&, ) plot are the same as the
corresponding crossflow (y, z) plane shown in figure 3. Also shown in figure 4 is the
correlation length L, defined as the distance between the origin (£, %) = (0,0) and the
first peak closest to the origin. Interpretation of the R (&, ) plot and the use of this plot
for estimating wavelengths A, and A, is discussed in detail by Chyu (1995). As
illustrated in figure 4, L represents the shortest distance between correlated vorticity
concentrations, which is then taken as the resultant wavelength of the vortical structure
on the (y, z)-plane. The projection of L on the »-axis, i.e. 5, = Lcos ¢, ¢ being the angle
to the »-axis, gives the spanwise wavelength A,; similarly £, = L sin ¢ represents cross-
stream wavelength A,. On the basis of the first peak of R (£,7), obtained from ten
instantaneous images, the spacing of the small-scale concentrations of @, has an
average dimensionless value of L/D = 0.46, whereas the average spanwise and cross-
stream wavelengths are A,/D = 0.45 and A,/D = 0.1. From quasi-two-dimensional
instantaneous images of the same case at Re = 10 x 10%, it was found that the average
streamwise spacing A, between spanwise K-H vorticity concentrations w, is
A,/D = 0.24. Therefore, the ratio of the spanwise to streamwise spacing of the small-
scale structures is A,/A, = 1.9. This ratio is in general agreement with that expected
from studies of mixing layers, at locations upstream of the first merging of adjacent
spanwise vortices. Huang & Ho (1990) determined that A,/A, = 1.65 at the streamwise
location where (p, z) structure was first detectable. Furthermore, Bell & Mehta (1992)
found, during the initial stage of development of a mixing layer, that A,/A, = 2. Based
on the experimental findings of Huang & Ho (1990), A,/A, tends to the asymptotic
value of approximately 2.3 at locations further downstream. The essential ingredient
for approaching this asymptotic value is, however, merging of adjacent spanwise
vortices, an event that was undetected herein for the separating shear layers from the
cylinder.

4. Streamwise development of patterns of streamwise vorticity

The evolution of the patterns of instantaneous w, in the streamwise direction is
shown in figure 5. The minimum and incremental values of vorticity were maintained
constant for all values of x/D. This allows comparison, from one value of x/D to the
next, of the peak vorticity levels and circulation of vorticity concentrations. In all cases,
instantaneous images were acquired at a phase when the patterns of w, are
approximately centred on the cylinder axis. At larger values of x/D, patterns of w, are
swept back and forth across the wake in accord with formation of the Kdrman vortices.
Only images corresponding to a nominal position midway between the extreme
positions of the translating patterns are shown in figure 5.

The image at x/D = 0 shows small-scale concentrations of vorticity, which are
generally located on the projected boundaries of the cylinder. On the other hand, at
x/D =1/8,1/4 and 1/2, well-defined concentrations of vorticity exist over the entire
cross-section of the wake. It is evident that the small-scale concentrations seen in the
separating shear layers at x/D = 0 no longer exist in isolation at x/D > 1/8; rather,
they are modulated by the vorticity in the base region, whose origin will be addressed
in§5. At x/D = 1, large-scale distortion of the pattern of well-defined w, concentrations
sets in; it exhibits a remarkably abrupt change in the location of the large-scale w,
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concentrations. They are aligned with the centre of the cylinder over the top half of the
image and with the right-hand side of the cylinder in the bottom half. This onset of
large-scale distortion at x/D = 1 is in accord with the onset of formation of the quasi-
two-dimensional Kdrman vortex shown in figure 2. At x/D = 2 in figure 5, the large-
scale distortion of the patterns of streamwise vorticity again shows a nearly
discontinuous form. Further interpretation of these patterns, along with the
corresponding velocity fields, will be addressed in §6.

In order to determine the representative spanwise A, and cross-stream A, wavelengths
of the concentrations of w,, instantaneous vorticity correlations were calculated using
the same approach as described in §3. At each value of x/D shown in figure 6, a total
of five instantaneous images yielded an average value of resultant wavelength L and the
corresponding spanwise A, and cross-stream A, wavelengths. The wavelengths A,/D
nearly doubles from its initial value of A,/D =0.45 at x/D =0 to its essentially
asymptotic values of A,/D =091 and 0.88 at x/D =1 and 2. Important is the
observation that the value of A, /D is a substantial fraction of A,/D, emphasizing the
necessity of simultaneously characterizing values of both A, and A,. As described by
Chyu (1995), similar observations hold for Re = 5 x 10%. At this value of Re, however,
the value of A /A, can be as large as 0.45.

At a substantially lower value of Reynolds number Re = 600, Mansy et al.
determined values of A,/D as a function of x/D using scanning LDA. The general form
of their plot is remarkably similar to that of figure 6. The first detectable values of A,/ D
in their measurements, however, are further downstream relative to the values of figure
6, apparently due to the larger wavelengths of the K—H instability at lower Reynolds
number.

5. Circulation of concentrations of streamwise vorticity

The dimensionless circulation I'* = I',/nUD of the concentrations of w, were
evaluated for representative instantaneous images. I, is the normalized value of the
streamwise circulation and U is the free-stream velocity. Values of I'™* are given in
figure 7. Each closed contour corresponding to the lowest level of vorticity served as
the circuit for evaluating the circulation. In cases where these minimum levels of
vorticity encompass two or more concentrations of vorticity, the closed vorticity
contour is cut at the location indicated by a short straight line, in order to give an
indication of the typical circulation of a single concentration of vorticity. The average
value of I'* was determined by averaging all of the indicated I'* within each
instantaneous image. Depending upon the image, the average involves 20-30
instantaneous I™*.

Figure 7 shows that I'* increases with x/D and attains average and maximum values
of 0.06 and 0.26 at x/D = 1. The highest values of I'* are attained in the region
corresponding to the onset and development of the large-scale Kdrmdn vortex
formation (compare figure 2).

6. Classification of large-scale modes of wake distortion

In the foregoing sections, the patterns of vorticity concentrations were captured at
an instant when they were nominally centred on the axis of the cylinder. In this section,
we broaden our consideration to include successive instants during the Kdrman cycle
of vortex formation, in order to allow definition of possible large-scale modes near and
at the onset of the first Kdrmdn vortex.
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FIGURE 8. Streamwise vorticity and velocity fields near and after Kdrman vortex formation.
Re = 5 x 10°. Minimum vorticity contour level lw_, | = 557, contour increment Aw = 5s7. Images
(a)(c)areat x/D=1;(d)i1s at x/D = 2.

min

At smaller values of x/D, well upstream of the location where Kdrmdn vortex
formation occurs, the patterns of vorticity remain confined between the essentially
undeflected shear layers originating from the surfaces of the cylinder, as emphasized in
images 1/8 < x/D < 1/2 of figure 5. In this case, the approximate boundaries of the
vorticity patterns correspond to the projections of the cylinder boundary. As shown by
Chyu (1995), the patterns of velocity vectors suggest eddy-like structures corresponding
to the vorticity concentrations. There is, however, no preferred orientation of the
velocity vectors in the horizontal direction, which would suggest sweeping of the flow
across the wake region, from right to left or conversely.
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FIGURE 9. Streamwise vorticity and velocity fields near Kdrmdn vortex formation: x/D = 1,
Re = 10 x 10%. Minimum vorticity contour level lw_, | = 5571, contour increment Aw = 5™,

min

At larger values of x/D, however, it is possible to observe several classes, or modes,
of distortion along the span of the near wake. These distortions have large scales, i.e.
long spanwise scales, relative to the spanwise wavelength between vorticity con-
centrations w,. In order to illustrate these distortions, we include images corresponding
to Re = 5x 10 (Chyu 1995), as well as Re = 10 x 10%. Considering, first, figure 8,
more specifically images (a) and (b) at x/ D = 1, generally uniform patterns of cross-flow
from left to right (a) and right to left () are evident. This quasi-uniform sweeping of
flow across the wake is associated with particularly well-defined patterns of
instantaneous w,, which tend to have an alternating positive and negative sense along
the span of the cylinder. The patterns shown in images (¢) and (d) are, however, more
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complex. In (c), the vectors are oriented predominantly to the right in the upper half
of the image and to the left in the lower half, corresponding to a nearly discontinuous
‘shear’ mode, already suggested in the vorticity contours of figure 5. This type of mode
is more sharply defined in image (d). At the spanwise location designated by the
brackets immediately to the right of images (¢) and (d), a particularly large
concentration of vorticity forms. These types of large-scale modes, among others, can
occur intermittently, and over a range of x/D in the near wake, as the location of the
initial Kdrman vortex drifts up- and downstream over a large number of cycles.

Generally similar modes occur at the higher Reynolds number Re = 10 x 10%. In
figure 9, corresponding to x/D = 1, images (a) and (b) correspond to sweeping of flow
across the wake to the right and left respectively; again, this sweeping eflect is
associated with the large-scale Karman vortex formation. The concentrations of
streamwise vorticity along the span of the cylinder are quite ordered in both images (a)
and (b). They exhibit a spanwise wavelength of the order of one cylinder diameter. In
image (¢), a shear-type mode involves vectors predominantly to the right in the bottom
and top regions of the velocity image, and to the left in the mid-portion of the image.
Large-scale concentrations of streamwise vorticity o, occur at the locations where the
cross-flow changes direction, indicated by the brackets.

7. Overview of near-wake structure and concluding remarks

Over the range of Reynolds number from 5x10° to 10x 10°% the streamwise
wavelength A, between Kdrmdn vortices is an order of magnitude larger than the
K-H wavelength Ay, between successive small-scale concentrations of spanwise
vorticity w, formed in the shear layers separating from the cylinder. Correspondingly,
the spanwise wavelengths A, of the concentrations of streamwise vorticity , are small
in the region where only the K-H vortices exist, relative to values of A, where the
Kdrmdn vortices dominate. In addition, a third, much larger scale of three-
dimensionality occurs; it involves several possible classes, or modes, of distortion; the
most pronounced is a severe, nearly discontinuous pattern of w, associated with the
Kdrman vortices.

The three-dimensional features of the near-wake are defined in terms of: circulation
of concentrations of streamwise vorticity w,; characteristic spanwise A, and cross-
stream A, wavelengths between w, concentrations, as determined from spatial
correlation of instantaneous w, concentrations; and large-scale distortions of patterns
of w, concentrations. It is demonstrated herein, for both values of Reynolds number,
that the spanwise wavelength A, rapidly increases from its value at the base of the
cylinder to attain a value of the order of the cylinder diameter. It is, however,
important to consider simultaneously the variation of the cross-stream wavelength A,
when interpreting this variation of spanwise wavelength A_; in fact, the ratio of A,/A,
can be as high as 0.2 to 0.5, emphasizing the staggered form of the patterns of w,.
Moreover, the insight gained by considering the instantaneous distributions of
streamwise vorticity is highlighted by comparison with root-mean-square distributions;
the latter reveals relatively little, due to the non-stationary nature of the w,
concentrations from cycle to cycle of the near-wake vortex formation.

Figure 10 provides an overview of the quasi-two-dimensional streamline patterns in
relation to the instantaneous concentrations of w, at Re = 10 x 10°. Specification of
this two-dimensional topology is central to interpreting the generation of three-
dimensionality. Irrespective of whether one considers successive K—H or Kérman
vortices, it is generally acknowledged that the strain field in the vicinity of the saddle
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F1GURE 10. Interpretation of instantaneous patterns of streamwise vorticity w, in relation to the
quasi-two-dimensional streamline topology at Re = 10 x 10%.

point between vortices is central to the generation of streamwise vorticity. Identification
of the saddle point structure is therefore insightful, as evident in the descriptions of
mixing layers by Corcos & Lin (1984) and vortex streets by Cantwell & Coles (1983)
and Wu, Sheridan & Welsh (1994 ¢).

Figure 10(a) shows the instantaneous streamline topology of the separating shear
layer from the bottom surface of the cylinder; this topology is in a frame moving at
three-quarters the free-stream velocity. The occurrence of saddle points between
successive vortices is evident. The streamline patterns near the vortex centres all exhibit



Streamwise vorticity in the near wake of a circular cylinder 133

spiral patterns, signifying spanwise three-dimensionality; most of these spirals are
outward, corresponding to unstable foci. Owing to lack of phase coherence of this
vortex system, its structure is smoothed out over a number of Karman cycles, and it
is not detectable in the pattern of figure 10(b), which was constructed by averaging five
phase-referenced images of the large-scale vortex formation. The phase reference
corresponded to the appearance of the centre of the upper large-scale vortex at the
same spatial location. The saddle point is designated by the bold dot. According to the
interpretation of Wu ez al. (19945b), spanwise disturbances moving along streamlines
toward the saddle point will, upon encountering the saddle, be stretched along the
streamlines oriented away from the saddle. We emphasize, however, that the complete
mechanism giving rise to the remarkably coherent patterns of w, is not conclusively
resolved. Zhang, Noack & Eckelmann (1994) describe a centrifugal instability in the
form of Gortler vortices in the very near wake, based on a direct numerical simulation.
An analogous (Rayleigh) centrifugal instability has been computed using a large-eddy
simulation for the case of an isolated vortex by Sreedhar & Ragab (1994). These
simulations exhibit patterns of streamwise vorticity having several features in common
with the present observations.

In the following, we categorize the streamwise evolution of representative patterns
of w, with reference to figures 10(a) and 10(5).

Kelvin—-Helmholtz vortex region. Immediately downstream of separation from the
cylinder, the pattern of w, is as indicated in figure 10 (a). The cross-flow plane, which
touches the base of the cylinder, i.e. x/D = 0, also lies between the first and second
saddle points of the K-H vortex system, so significant levels of v, should be evident.
As is indicated in figure 10(c), showing instantaneous w,, the degree of development
of the three-dimensionality and level of vorticity concentration are substantially more
advanced in the lower than in the upper shear layer: this corresponds to earlier onset
and development of the quasi-two-dimensional small-scale vortices in the upper layer,
illustrated in figure 2. The staggered pattern of small-scale concentrations of w, shown
in the lower layer of image (¢) has certain features in common with those formed in the
high Reynolds number mixing layer from a thin plate (Bell & Mehta 1992). The
complexity of the w, pattern is no doubt influenced by the upstream recirculation of
stretched vorticity from the saddle point shown in figure 10 (b). The ratio of the
averaged spanwise A, to streamwise A, (quasi-two-dimensional) wavelength, A,/A_, is
of the order of 2, which is in good agreement with the initial region of development of
mixing layers at higher Reynolds number characterized by Huang & Ho (1990) and
Bell & Mehta (1992). Unlike the classical mixing layer, the adjacent small-scale vortices
on the shear layer from the cylinder do not generally undergo coalescence, perhaps due
to the existence of the guasi-two-dimensional recirculation zone of image (b); there is,
therefore, no mechanism for decreasing the ratio A,/A, for increasing x.

Evaluation of the instantaneous dimensionless circulation /™ = I, /nUD of the w,
concentrations at x/D =0 gives average and maximum values of 0.03 and 0.07
respectively. These values compare with the instantaneous maximum circulation
I'* ~ 0.15 of the small-scale spanwise vorticity «, concentrations shown in figure 2.

Base flow region. Immediately downstream of the base of the cylinder, at x/D = 1/2,
patterns of streamwise vorticity w, are not simply confined to the separating shear
layers; rather, concentrations of substantial scale and strength exists across the entire
near wake, as shown in figure 10 (d). The rich array of w, concentrations in the base
region occurs well upstream of the saddle point shown in figure 10(b). The degree to
which this array of w, is due to (i) an upstream consequence of vortex stretching, (ii)
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further manifestation of a centrifugal instability, or a combination of (i) and (ii),
remains unresolved.

Evaluation of the spanwise and cross-stream wavelengths A, and A, over the entire
cross-section of the near wake shows instantaneous and averaged values significantly
larger than those at x/D = 0 (see figure 6). On the basis of this instantaneous image,
it is difficult to distinguish those w, concentrations strictly associated with the shear
layers from those in the base (central) portion of the wake. Close inspection of figure
10(d), however, indicates generally smaller-scale w, concentrations along the lower
boundary than along the centre of the wake, corresponding respectively to the shear-
layer and base regions. This observation suggests, in a simplified sense, that the pattern
of w, in the shear layer tends to retain its identity in the very near wake. The potential
communication between regions of w, in the shear layer and base region, however,
provides a much more complicated system of w, than exists in an isolated mixing layer.

The outer boundaries of the wake represented in figure 10(d) change insignificantly
with time, i.e. during formation of the Karman vortex, suggested not only by figure
10(d), but also by images corresponding to x/D < 1/2 in figure 5. This region of the
wake of located sufficiently far upstream of the saddle point such that large-scale cross-
stream undulations of the entire wake are not detectable.

Kdrmdn vortex region. Immediately downstream of the saddle point, at the location
x/D =1, represented by figure 10(e), it is possible to identify particularly ordered
large-scale concentrations of streamwise vorticity w,. The location of the w,
concentrations along the bottom of figure 10(e) is consistent with the location of the
streamline emanating from the saddle point at the bottom of figure 10(d). The spanwise
wavelength A, of the w, concentrations is of the order of the cylinder diameter D, and
their average and maximum values of circulation I are 0.06 and 0.26 respectively, two
to three times larger than the corresponding values of I} for the small-scale K-H
vortices in the shear layers from the cylinder. The peak value of I'* = 0.26 is, however,
significantly smaller than the instantaneous I'} of the spanwise Kdarman vortices, which
is of the order unity, i.e. I'F ~ 1.

During formation of the Kdrmdn vortex, the entire pattern of w, concentrations is
swept across, i.e. moves from one side to the other of, the cross-flow plane. The type
of instantaneous pattern shown in figure 10(e) occurs at the extreme position of this
cross-stream oscillation. Note that the plane at x/D = 1 is approximately parallel to
streamlines that originate from the irrotational region exterior to the wake, and extend
across the wake. This streamline pattern, relative to the laser sheet at x/D =1,
corresponds to the pattern of the uniform velocity extending over the cross-flow plane
in figures 8 and 9.

Distorted Karman vortex region. Near and downstream of the first saddle point, the
spanwise structure of the wake intermittently exhibits large-scale distortions of the
patterns of w,. Such distortions are represented by figure 10(f), which, in this case, is
estimated to occur at the second saddle point on the upper side of the wake. This
distortion involves a remarkably abrupt, nearly discontinuous, change in the location
of the w, concentrations. The y-shaped connections between spanwise vortices observed
in the smoke visualization studies of Norberg (1993), at a Reynolds number of
5.5 x 108, would correspond to the essentially discontinuous distortions of the patterns
of w, presented here. A large-scale concentration of w, is present at the location of the
so-called discontinuity, evident not only in figure 10(f), but also in figures 8 and 9 at
the locations of the brackets. At this location, there is an abrupt change in the nominal
direction of the velocity across the wake such that the overall velocity pattern in the
vicinity of the discontinuity exhibits a shear-type flow. At very low values of Re, of the
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order of a few hundred, the qualitative visualizations of Gerrard (1978) and
Williamson (1989) suggest isolated regions of streamwise vorticity at dislocations in
patterns of Kdrman vortices otherwise free of w, concentrations. The nearly abrupt
large-scale distortions of interest here, with a pronounced concentrations of w, at the
spanwise location of the so-called discontinuity, may be akin to the dislocation
phenomenon observed at low Reynolds number. This aspect deserves further study.

The authors are indebted to Drs Jung-Chang Lin and John Sheridan for fruitful
discussions. The support of the Office of Naval Research under Grants N00014-94-1-
0185 and N00014-90-J-1510, as well as the National Science Foundation under Grant
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