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Abstract

The effect of initial conditions on a self-preserving plane wake has been investigated for two wake generators, i.e. a circular cylinder
and a screen of 50% solidity. Measurements were made at x=h (x is the streamwise distance downstream of the cylinder and h is the
momentum thickness of the wake) = 580 for the circular cylinder and 830 for the screen using 8 X-wires in the plane of mean shear.
A vector wavelet multi-resolution technique is applied for analysis of the hot-wire data. This technique decomposes turbulent structures
into a number of components based on their central frequencies, which are linked with the turbulence scales. Sectional streamlines, vor-
ticity contours and probability density functions of the fluctuating velocities at the same central frequency, i.e. the comparable scales of
turbulent structures, are examined and compared between the two generators. Discernible differences are observed in the turbulent struc-
tures of large-down to intermediate-scales. The differences are further quantified in terms of contributions from the turbulent structures
of different scales to the Reynolds stresses and vorticity variance. The vorticity behavior of the screen wake is different from that of the
circular cylinder. The difference exhibits an extraordinary similarity to that in the near wake.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Whether turbulence memorizes itself is a fundamentally
important issue, which has received considerable attention
in the literature. Experimental evidence has pointed to the
persistence of initial conditions in the self-preserving region
of a turbulent flow. Bevilaqua and Lykoudis (1978) com-
pared the wake of a sphere with that of a porous disk. Both
flows had the same drag and Reynolds number,
Reh ¼ U1h

m ¼ 10; 000, where U1 is the free stream velocity,
h the characteristic height and m is the kinematic viscosity.
The turbulence intensity, normalized by the maximum
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velocity deficit U1, was found to be greater in the wake
of the sphere than in that of the disk. Wygnanski et al.
(1986) examined experimentally the turbulent plane wakes
of various generators of approximately the same drag coef-
ficient. Their hot-wire measurements were conducted at
x=h ¼ 100–2000, where x is the streamwise co-ordinate
and h is the momentum thickness. They concluded that
the normalized longitudinal turbulence intensity u2 and
Reynolds shear stress uv in the self-preserving region could
depend on wake generators. Other studies (George, 1989;
Bonnet et al., 1986; Louchez et al., 1987; Cimbala et al.,
1988; Johansson et al., 2003) have confirmed the depen-
dence of the detailed behavior of a turbulent far-wake on
initial conditions.

The persistence of the effect of initial conditions in the
self-preserving region implies a dependence of the large-
scale organized structures on initial conditions because
of a link between these structures and self-preservation
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(Bevilaqua and Lykoudis, 1978; George, 1989). This has
indeed been confirmed. Using a vorticity-based detection
scheme, Zhou and Antonia (1994a,b, 1995) educed large-
scale vortical structures in a self-preserving wake generated
by circular, triangular, square cylinder and a screen, respec-
tively. Conditional sectional streamlines and contours of
the shear stress indicated that the large-scale vortical struc-
tures in the screen wake were more asymmetrical about the
vortex center than in the solid-body ones. Accordingly, the
coherent contribution to the Reynolds shear stresses was
appreciably larger in the screen wake than in the solid-body
wakes.

Our understanding of the large-scale vortical structures
has been greatly improved in the last two decades or so.
This is partly attributed to the successful development of
various schemes for educing these structures from the tur-
bulent flows, such as the phase-averaging technique (Cant-
well and Coles, 1983; Kiya and Matsumura, 1985), the
vorticity-based technique (Hussain and Hayakawa, 1987;
Zhou and Antonia, 1993), the pattern recognition tech-
nique (Giralt and Ferré, 1993) and the scheme based on
critical points (Zhou and Antonia, 1994a,b). However, tur-
bulent structures are characterized by a wide range of
scales, from large-scale coherent structures to Kolmogrov
length scale structures. The relatively small-scale struc-
tures, such as the secondary vortices (Wei and Smith,
1986) or longitudinal rib-like structures that occur in the
saddle region, can play an important role in the wake
dynamics (Hussain and Hayakawa, 1987). However, there
is a lack of reliable techniques that could educe these struc-
tures from the measured or numerical data. As a result,
there is limited information, mostly of qualitative descrip-
tion based on flow visualization (Wei and Smith, 1986;
Wu et al., 1996; Williamson, 1996), on the turbulent struc-
tures other than the large-scale coherent ones. Many
aspects of these structures, including their exact role in
transport and relation with the large-scale structures,
remain unknown or speculative. It is suspected that the tur-
bulent structures of intermediate-scale structures may also
contribute to the dependence of a self-preserving wake on
the initial conditions.

The present work aims to investigate the possible effect
of initial conditions on the self-preserving turbulence
structures of various scales, as well as large-scale ones.
The velocity data were obtained using 8 X-wires in a tur-
bulent far wake generated by a circular cylinder and a
screen of 50% solidity, respectively. The former wake
generator is associated with vortex shedding, whereas
the latter is not, thus defining very different initial condi-
tions. The wavelet transform has recently emerged as a
technique to analyze the turbulent structures (Argoul
et al., 1989; Farge, 1992; Li, 1998; Farge et al., 1999;
Lewalle et al., 2000; Li et al., 2002). Recently, the orthog-
onal wavelet multi-resolution technique was developed to
analyze the turbulent near-wake of a circular cylinder
(Rinoshika and Zhou, 2005a). This technique is capable
of tracking the turbulence structures in terms of time
and frequencies, and separating the turbulence structures
into a number of components based on their characteris-
tic frequencies or scales, thus complementing conven-
tional vortex-detection techniques, which have difficulty
in identifying turbulence structures other than the large-
scale ones. Sectional streamlines and vorticity contours
of various scales are examined and compared between
the two wake generators. The differences are quantified
in terms of the contributions from the turbulence
structures of different scales to the Reynolds stresses
and vorticity variance. This investigation is further
linked with that in the near wake (Rinoshika and Zhou,
2005b).
2. Orthogonal wavelet technique

Orthogonal wavelet analysis, which is divided into the
discrete wavelet transform and wavelet multi-resolution
analysis, has been previously investigated (Yamada and
Ohkitani, 1990; Meneveau, 1991; Mouri et al., 1999; Farge
et al., 1999; Li et al., 2002; Rinoshika and Zhou, 2005a,b).
Rinoshika and Zhou (2005a) applied the latter to the anal-
ysis of a turbulent near wake. The same technique is used
in this work and briefly described in this section. The algo-
rithm for numerically calculating the discrete wavelet
transform is similar to the fast Fourier transform (FFT),
and a detailed description can be found in Press et al.
(1992).
2.1. Discrete wavelet transform

The discrete wavelet transform is a linear and orthogo-
nal transformation that operates on a data set whose
length is an integer power of two. Like the FFT, the dis-
crete wavelet transform can be viewed as a rotation in
function space, from the physical domain to wavelet
domain, where the basis functions are called as ‘‘wave-
lets’’. The wavelet bases are rather localized in both phys-
ical and frequency spaces. Various orthogonal wavelet
bases have been constructed, including Meyer basis,
Daubechies basis, Coifman basis, Battle-Lemarie basis,
Beylkin basis, spline basis. Different wavelet basis func-
tions may be used to emphasize different characteristics
of target data sets. For example, the use of Haar basis
function may highlight discontinuity in the data, and the
Daubechies family may emphasize the smoothness of the
data. Without losing generality, the Daubechies wavelet
basis with an order of 4 (Daubechies, 1992), which is
the simplest member of the Daubechies wavelet family
and has only four coefficients (c0, c1, c2, c3), is used below
in order to illustrate how to conduct the discrete wavelet
transform.

Given a one-dimensional data matrix VN,

VN ¼ v1 v2 � � � v2N½ �T; ð1Þ

the matrix product CN � VN ¼ Vw is performed, viz.
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where blank entries correspond to zeroes, CN is the matrix
of the wavelet basis and Vw the first transform coefficients.
The superscript T in Eq. (1) denotes a transposed matrix.
As indicated in the structure of the matrix CN, two related
convolution operations are carried out. The odd rows of
matrix perform an ordinary convolution with coefficients
c0, c1, c2 and c3 acting as a low-pass (smoothing) filter,
while the even rows perform a different convolution with
coefficients c3, �c2, c1 and �c0 acting as a high-pass (differ-
ence) filter. The resulting first transform coefficient matrix,
Vw, consists of interlaced smooth and difference coeffi-
cients, denoted by si and dN

i ði ¼ 1; . . . ; 2N�1Þ. This matrix
is then permuted such that the first 2N�1 elements are the
smooth coefficients si and the last 2N�1 elements are the dif-
ference coefficients dN

i by pre-multiplying a permuting ma-
trix PN, and are expressed as

The last 2N�1 difference elements of VN
w , i.e. the dN coeffi-

cients, are called the wavelet coefficients at level N.
VN
w ¼ PN � Vw ¼
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The wavelet basis matrix CN�1 and the permuting
matrix PN�1, which are the halves of CN and PN, respec-
tively, are then applied to the first 2N�1 smooth elements
of VN

w . The 2N�2 smooth s coefficients and 2N�2 difference
dN�1 coefficients are generated in this operation processing,
the latter coefficients corresponding to the wavelet coeffi-
cients of the hierarchical level N � 1. This pyramidal proce-
dure is repeated until the last hierarchical level 1 consisting
of two s coefficients is obtained. This procedure is some-
times referred to as a pyramidal algorithm. Therefore, the
discrete wavelet transform can be expressed in matrix form
by
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where S and W are discrete wavelet coefficient (or spec-
trum) matrix and analyzing wavelet matrix of VN, respec-
tively. In the pyramidal operation, W is usually
constructed based on a cascade algorithm of an orthogonal
wavelet basis function, viz.

W ¼ P1C1 . . . PN�1CN�1PN CN ð5Þ

In general, wavelet basis functions are chosen such that
W satisfies WTW = I, where I is a unit matrix. This condi-
tion enables the discrete wavelet transform to be an orthog-
onal linear operator and invertible. The inverse discrete
wavelet transform can be simply performed by reversing
the procedure, starting with the lowest level of the hierar-
chy, that is,

VN ¼WTS: ð6Þ

In the present work, the Daubechies wavelet basis with
an order of 20 (Daubechies, 1992), as shown in Fig. 1, is
used, rather than that with an order of 4, since a higher
order wavelet basis has good frequency localization and
is relatively smooth. However, wavelets with lower orders
(such as Daubechies wavelet with an order of 2) are a poor
approximation to an ideal band-pass filter due to its poor
frequency-domain characteristics, thus being unsuitable
for the analysis of turbulent signals.

2.2. Orthogonal vector wavelet multi-resolution analysis

The discrete wavelet transform produces coefficients
that contain information on the relative local contribution
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Fig. 1. Daubechies wavelet with an order of 20. (a) Wavelet function, (b)
scaling function.
of various frequency bandwidths to the transformed data
instead of the frequency components of original data. In
order to obtain the grouped frequency components of the
transformed data, the discrete wavelet coefficient S is first
decomposed into the sum of all levels:

S ¼ S1 þ S2 þ S3 � � � þ Si þ � � � þ SN
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The inverse wavelet transform is then applied to the
coefficient of each level and given by

VN ¼WTS1 þWTS2 þWTS3 þ � � �WTSi þ � � � þWTSN ;

ð8Þ

where term WTS1 and WTSN represent the data compo-
nents at wavelet level 1 (the lowest grouped frequency)
and level N (the highest grouped frequency). This decom-
position method is referred to as the wavelet multi-resolu-
tion analysis (Mallat, 1989). In fact, the wavelet component
of each level is calculated using the inverse wavelet trans-
form of the wavelet coefficients at this level, while the wave-
let coefficients of other levels are made zero (Rinoshika and
Zhou, 2005a). Furthermore, the sum of all wavelet compo-
nents can be used to reconstruct the original data in the
case of the orthogonal wavelet bases. See Newland (1993)
for more details. It is well known that wavelet transform
cannot achieve simultaneous time and frequency resolu-
tions because the time-domain resolution and the fre-
quency resolution are governed by the Heisenberg
uncertainty principle, i.e. the product of the time duration
and frequency bandwidth is a constant. This principle is of
course also applicable in the present context. The time-fre-
quency partition resulting from the wavelet multi-resolu-
tion analysis is long in time when capturing low-
frequency structures, thus having good frequency resolu-
tion for these structures, and long in frequency when cap-
turing high-frequency structures, thus having good time
resolution for these structures. The wavelet multi-resolu-
tion technique intelligently adapts itself to capture struc-
ture features across a wide range of frequencies, which
cannot be achieved by conventional band-pass filtering
techniques, and computation is faster, compared to the
conventional matching techniques.

Because the number of wavelet coefficients is less than
that of the original data, the degrees of freedom associated
with wavelet components obtained from the inverse wave-
let transform of the wavelet coefficients should be fewer
than that associated with the original time series.

The wavelet multi-resolution analysis, introduced
above, deals with scalar data. Since data to be analyzed
are sometimes given as vectors such as velocity vectors in



Table 1
Characteristic wake parameters

Wake
generator

h

(mm)
h
(mm)

Reh Reh L

(mm)
U 1=U1
(%)

x=h x/h

Cylinder 6.35 3.0 2800 1350 25 6.9 280 580
Screen 8.00 2.1 3600 900 21 6.3 220 830
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a turbulent flow field, the present investigation has
extended the analysis technique to deal with vector data,
referred to as the vector wavelet multi-resolution tech-
nique, which has been given little attention previously.

For a vector ~v, the wavelet multi-resolution analysis is
first performed for each component of~v. The wavelet com-
ponent of the vector is then constructed from all the vector
components of the same characteristic frequency. Thus,
vector data are converted to a summation of vector wavelet
components at different characteristic frequencies, viz.

~v ¼
XN

i¼1

~vi ¼
XN

i¼1

WT~Si; ð9Þ

where the vector wavelet components are normal to each
other. In Eq. (9), ~v1 and ~vN represent the vector wavelet
components at level 1 (the lowest frequency) and level N

(the highest frequency), respectively. Evidently, the sum
of all vector wavelet components, i.e. Eq. (9), is a recon-
struction of the original vector function.

3. Experimental conditions

Experiments were carried out in an open-return low-tur-
bulence wind tunnel with a 2.4 m-long working section
(0.35 m · 0.35 m) in Professor R.A. Antonia’s laboratory
at The University of Newcastle. The bottom wall was tilted
to achieve a zero streamwise pressure gradient. Fig. 2
shows the experimental arrangement. A circular cylinder
(h = 6.35 mm) and a screen (h = 8.0 mm) of 50% solidity
were used to generate the wake, respectively, each installed
in the mid-plane, 0.20 m from the exit plane of the contrac-
tion. The two generators spanned the full width of the
working section, resulting in a blockage of 1.8% and
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Fig. 2. Experimental arrangement.
1.2%, respectively. Measurements were made at U1 ¼
6:7 m/s. Table 1 summarizes the characteristic flow param-
eters for the two wake generators, where L is the mean
velocity half width, U1 is the centerline velocity deficit
and Reh is the Reynolds number based on h. Zhou and
Antonia (1995) confirmed that the wake was approxi-
mately self-preserved in terms of mean velocity, second
moments and power spectral density function at x=h ¼
580 behind a circular cylinder and at x=h ¼ 830 behind a
screen. Wygnanski et al. (1986) argued that the momentum
thickness was the appropriate length scale for a small def-
icit wake. Ideally, the measurements should have been
made for the same blockage ratio and drag (Bevilaqua
and Lykoudis, 1978; Wygnanski et al., 1986; Cannon
et al., 1993). This would be difficult to achieve. In order
to minimize the possible effect of different drag on the
wake, the momentum thickness is used as the length scale
for normalization in the paper. The difference in drag
further results in different Reynolds number between the
two wakes. However, the far wake is unlikely to depend
strongly on Reh or Reh. Zhou et al. (1998) investigated
the dependence of the streamwise fluctuating velocity on
Reh. As evident in their Fig. 2, the difference in the fluctu-
ating velocity was only appreciable when a change in Reh

exceeded 1000. Furthermore, the results presented in this
paper will be either normalized by the maximum velocity
deficit or the maximum variance of fluctuating velocities,
which acts to minimize further the possible Reh effect.
Therefore, a difference of 500 in Reh should correspond
to a negligible effect in the far wake. The Kolmogorov
length scale g was about 0.45 mm for both wakes.

A rake of eight X-wires, which was aligned in the plane
of mean shear, i.e. the (x,y)-plane, was used to measured
velocity fluctuations u and v simultaneously at eight points.
The nominal spacing between X-wires was about 5 mm.
Wollaston (Pt-10% Rh) wires, 5 lm in diameter and about
1 mm in working length, were operated with constant tem-
perature circuits. Signals from the circuits were offset,
amplified and then digitized using 16 channel (12 bit) A/
D boards and a personal computer at a sampling frequency
of fs ¼ 3:5 kHz per channel (the cut-off frequency was
1.6 kHz). The wires were calibrated for velocity and yaw,
and continuously checked for drift. There was no apprecia-
ble drift observed since sampling of each set of data was
about 38 s and the total duration for the acquisition of a
number of sets of data was completed in a few minutes.
The sampled data were processed based on velocity and
yaw calibrations to obtain signals proportional to u and
v, together with the local mean velocities U and V ð� 0Þ.
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4. Decomposition of turbulent structures into various scales

4.1. Spectral characteristics of velocity fluctuations

Fig. 3 presents the power spectral density function Fu of
the u-signal and Fv of the v-signal. Note that Fu (Fig. 3a)
does not show any pronounced peak, but Fv (Fig. 3b) does
around the frequency f �0 ¼

f0h
U1
� 0:41 for the circular cylin-

der and 0.49 for the screen, indicating the occurrence of
large-scale vortical structures. Both u- and v-spectrum dis-
play appreciable difference between the generators over a
range of frequencies around f �0 , reconfirming the connec-
tion between the turbulence memory effect and large-scale
structures (Bevilaqua and Lykoudis, 1978; George, 1989;
Zhou and Antonia, 1994a,b, 1995) and further suggesting
a contribution from the structures of other scales, in partic-
ular intermediate scales, to the persistence of the initial
conditions. The difference diminishes for the frequencies
of about 4f �0 and higher. It is worth pointing out that Fu

(Fig. 3a) for f < f0 has a quite significant magnitude, com-
pared with that around f0. In contrast, Fv (Fig. 3b) for
f < f0 is very small. This will be discussed further in Sec-
tion 6.
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Fig. 3. (a) The u-spectrum; (b) the v-spectrum (y=h � 5:4 for circular
cylinder and y=h � 7:3 for screen).
4.2. Spectral characteristics of wavelet components

A vector wavelet multi-resolution technique is used to
analyse the measured velocity data. The dominant fre-
quency f0 of large-scale structures, as evident in the v-spec-
trum (Fig. 3b), is selected as the ‘fundamental frequency’.
In order to determine the characteristics of each wavelet
component, the thirteen wavelet components of v signals
at y=L ¼ 0:6 (y/h = 5 for the circular cylinder and 7 for
screen) near the vortex path are analyzed by Fourier anal-
ysis. The spectrum of each wavelet component displays a
peak at its central frequency and covers a range of frequen-
cies, as illustrated in Fig. 4 at wavelet level 9 for both gen-
erators. Table 2 shows the central frequencies and their
bandwidths of the wavelet components from f0/2 to 8f0,
which cover the range of frequencies that are of major con-
cern in the present investigation. Evidently, the wavelet
component of the central frequency f0 is representative of
large-scale vortical structures, and those at a multiple of
f0 and at a frequency smaller than f0 correspond to smal-
ler-scale and larger-scale structures, respectively. Thus,
comparison between the comparable-scale turbulence
structures of the two wakes may be reduced to that
between the wavelet components of the same multiple f0.
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Fig. 4. The v-spectrum of the wavelet component at f0 (wavelet level 9): (a)
circular cylinder at y=h � 5:4, (b) screen at y=h � 7:3.



Table 2
Central frequencies and bandwidths of wavelet components

Wavelet
level

Circular cylinder Screen

Central
frequencies
(Hz)

Frequency
bandwidth
(Hz)

Central
frequency
(Hz)

Frequency
bandwidth
(Hz)

8 38 (1/2f0) 20–70 42 (1/2f0) 15–80
9 75 (f0) 40–140 83 (f0) 40–160
10 150 (2f0) 80–270 160 (2f0) 80–270
11 300 (4f0) 110–650 330 (4f0) 110–650
12 600 (8f0) 220–1100 660(8f0) 220–1100
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4.3. Vorticity approximation

Vorticity approximation may be obtained based on
velocity data using the central difference approximation
(Zhou and Antonia, 1993). As such, the eight X-wires in
the (x; y)-plane may produce spanwise vorticity data at
each of the seven midpoints between adjacent X-wires.
The spanwise vorticity component of the ith wavelet com-
ponent may be approximated by

xzi ¼
oV i

ox
� oUi

oy
¼ ovi

ox
� oðU þ uiÞ

oy
� Dvi

Dx
� DðU þ uiÞ

Dy
;

ð11Þ

where Dyð� 5:0 mmÞ is spacing between two X-wires in the
(x; yÞ-plane; Dx ¼ �UDt ðTaylor’s hypothesisÞ ¼ �U=fs.
For simplicity, U c ¼ 0:94U1 on the vortex path (Zhou
and Antonia, 1995) is used to calculate Dx. Vorticity con-
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Fig. 5. Circular cylinder: (a) measured instantaneous sectional streamlines; (
Screen: (c) measured instantaneous sectional streamlines; (d) vorticity contours
in (b) and (d) represent positive and negative contours, respectively. The con
arbitrary.
tours and root mean square (rms) values thus obtained
showed no appreciable difference from those obtained
using local mean velocity. Note that vorticity is indirectly
calculated from velocity signals using the central difference
approximation. Spacing between X-wires is about 5 mm,
significantly larger than the Kolmogorov length
(�0.45 mm) at the centerline, implying an insufficient spa-
tial resolution of vorticity. Because there is a lack of reli-
able vorticity data for this flow in the literature, it is
difficult to translate reliably the inadequate resolution into
errors caused. However, the approximation is relatively
easy to implement and should be adequate for describing
at least the relatively large- and intermediate-scale vorticity
field, thus providing useful qualitative information on the
relationship between different wavelet components. But it
should be cautioned that the vorticity estimate for rela-
tively small-scale structures might not be trustworthy.
5. Turbulent structures of different wavelet components

Sectional streamlines (Williamson, 1996), hereafter
referred to as streamlines for brevity, were constructed
from the velocity vectors of measured velocity or wavelet
components to ‘visualize’ the flow structure. Fig. 5 shows
instantaneous streamlines and the contours of normalized
vorticity, xzh=U 1, from measured data for both generators.
To avoid the distortion of flow patterns, the same scales
have been used for x

h ¼ �
tUc
h and y

h in both streamlines
and vorticity contours. Large-scale vortical structures are
evident in streamlines, though the structures of other scales
Flow

c/
0 10 20 30 40 50

θ

b) vorticity contours, xzh=U 1 (Max: 0.07, Min: �0.09, increment: 0.01).
, xzh=U 1 (Max: 0.04, Min: �0.04, increment: 0.01). Solid and broken lines
tour levels of jxzjh=U 1 6 0:01 have been removed. The origin of time is
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are also identifiable. However, it would be difficult to study
the behaviors of the structures other than the large-scale
ones for either flow based on Fig. 5. In general, the vortical
structure centers shown in streamlines coincide with the
local vorticity peaks, suggesting that information about
the flow structure may be obtained by examining either
streamlines or vorticity.

Fig. 6 presents the vorticity contours and streamlines,
calculated from the wavelet components of velocity at the
central frequency f0, which is likely representative of coher-
ent structures. The foci and saddle points in Fig. 6 are in
general approximately coincident with those in Fig. 5 but
appear better defined. To facilitate data interpretation,
these points are marked by ‘F’ and ‘S’, respectively, on
the upper side of the streamlines of the wavelet component
at f0 in Fig. 6 and those at 2f0 in Fig. 7. The streamlines and
vorticity contours (Fig. 6) of the wavelet component at f0

display clearly four quasi-periodical vortical structures
for both wakes, corresponding well to the large-scale struc-
tures in Fig. 5. Furthermore, the flow structure appears
rather similar to the conditionally averaged results based
on the detections of large-scale structures (Zhou and Anto-
nia, 1994a,b, 1995) thus providing a validation of the data
analysis technique presently used. Apparently, there is a
correspondence between the wavelet component of the cen-
tral frequency f0 and the large-scale vortices. It is perhaps
difficult to identify a qualitative difference in the flow struc-
y/

0
4
8

F
FS S S

θ
y/

0
4
8θ

y/

0

5

10

15

F S F

θ

tU

y/

-50 -40 -30 -20 -10
0

5

10

15

θ

F

Fig. 6. Circular cylinder: (a) sectional streamlines of the wavelet component at
0.004). Screen: (c) sectional streamlines of the wavelet component at f0; (d) vo
Solid and broken lines in (b) and (d) represent positive and negative contours,
The origin of time is arbitrary.
ture between the two wake generators. But the vortical
structures in the circular cylinder are associated with higher
vorticity concentrations (Fig. 6b) than those (Fig. 6d)
in the screen wake. Furthermore, there is appreciable
‘intrusion’ by positive ðxzÞf0

h=U 1 at tU c=h � �43 �
�26 and � 16 � 1 above the centerline in the cylinder
wake. These positive vorticity concentrations occur in the
saddle region and seem to show a tendency aligned along
the converging separatrix (Hussain and Hayakawa, 1987).
As a matter of fact, these concentrations are identifiable
in the contours (Fig. 5b, tU c=h � �40 � �35 and � 5
� 1) of spanwise vorticity derived from the measured
velocities. In contrast, such ‘intrusion’ is almost nonexis-
tent in the screen wake. Interestingly, the same difference
occurs in the near wake (see Rinoshika and Zhou,
2005b), though the positive ðxzÞf0

h=U 1 contours did not
appear aligned along the converging separatrix in the
cylinder near-wake. The observation between the cylinder
and screen wakes is likely linked with a difference in
spanwise vortex strength between the two flows. The max-
imum magnitude of negative ðxzÞf0

h=U 1 associated with
spanwise vortices above the centerline is �0.022 in the cyl-
inder wake, almost twice that (�0.014) in the screen wake
(Fig. 6b). A similar difference is observed in the near wake
(Rinoshika and Zhou, 2005b). The strong vortices should
correspond to a strong straining motion in the saddle
region, which is likely responsible for the occurrence of
low
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h=U 1 (Max: 0.006, Min: �0.014, increment: 0.002).

respectively. The contour levels of ðxzÞf0
h=U 1 6 0:002 have been removed.
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Fig. 7. Circular cylinder: (a) sectional streamlines of the wavelet component at 2f0; (b) vorticity contours, ðxzÞ2f 0
h=U 1 (Max: 0.016, Min: �0.024,
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the positive ðxzÞf0
h=U 1 concentrations. Note that such

positive concentrations are not always associated with sad-
dle points, e.g. at tUc/h �16, suggesting that the orienta-
tion of the structures in the saddle region could be quite
arbitrary.

As the central frequency increases to 2f0 (Fig. 7), the
structures occur more frequently but show a smaller size
than those in Fig. 6. Some of them are apparently associ-
ated with the vortical structures at f0, for example, at
tU c=h � 5 in the circular cylinder wake and at
tU c=h � �10 and 24 in the screen wake. More occur in
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Fig. 8. Vorticity contours of the wavelet component at 4f0, ðxzÞ4f 0
h=U 1: (a) circ

0.014, Min: �0.018, increment: 0.004). Solid and broken lines represent
ðxzÞ4f 0

h=U 1 6 0:002 have been removed. The origin of time is arbitrary.
the saddle region between the large-scale vortices, for
example, at tU c=h � �31, �8, 18 and 54 for the cylinder
and �37, �30 and 42 for the screen. The latter observation
is consistent with the occurrence of longitudinal or rib
structures (Rinoshika and Zhou, 2005a), which occur
between successive spanwise structures (Cantwell and
Coles, 1983; Zhou and Antonia, 1993). A more frequent
occurrence of the latter structures suggests that the rib-
structures could make a predominant contribution to the
wavelet component of 2f0. Note that some of these interme-
diate-scale structures are also identifiable in the measured
low
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ular cylinder (Max: 0.03, Min: �0.026, increment: 0.004); (b) screen (Max:
positive and negative contours, respectively. The contour levels of
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data, e.g. the structures at tU c=h � �52 and �51 for cylin-
der (Fig. 5a) and tU c=h � �57 for screen (Fig. 5c), demon-
strating that the wavelet technique presently used can
indeed separate the turbulence structures of different scales.
Similarly to the case of f0, the positive ðxzÞ2f 0

h=U 1 concen-
trations occur more frequently in the cylinder wake
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Fig. 10. Probability density functions, PðuÞ, of the measured and the wavelet c
circular cylinder and y=h � 7:3 for screen).
(Fig. 7b) than in the screen wake (Fig. 7d). Furthermore,
these concentrations generally occur in the saddle between
consecutive structures at 2f0, e.g., at tU c=h � �57, �46 and
�2. The observation is again probably attributed to the lar-
ger strength of structures at 2f0 in the cylinder wake than in
the screen wake; the maximum magnitude of negative
Flow
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ðxzÞ2f 0
h=U 1 in the two wakes is about 0.024 and 0.018,

respectively.
Vorticity contours of the wavelet components at 4f0 and

8f0 (Figs. 8 and 9) do not seem to be correlated with foci
and saddle points associated with the vortical structures
of f0. This implies that the characteristics of the small-scale
components are not in phase locked with the large-scale
components. (Steamlines were not constructed for the
wavelet components of central frequencies higher than 2f0

since the convection velocity Uc of large-scale structures,
at which the reference frame of streamlines is translated,
may not be appropriate for relatively small-scale struc-
tures.) The vorticity contours appear elongated laterally,
particularly at 8f0 and tend to show vorticity concentra-
tions of alternate sign along the flow direction. Vorticity
concentrations in the cylinder wake are appreciably stron-
ger than in the screen wake; the maximum magnitude of
ðxzÞ4f 0

h=U 1 or ðxzÞ4f 0
h=U 1 is 0.26 for the cylinder but

0.18 for screen.
The wavelet components at a central frequency higher

than 8f0 are not shown because of their diminishing contri-
bution to measured vorticity and Reynolds stresses (see
Section 6).
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Fig. 11. Probability density functions, P ðvÞ, of the measured and the wavelet
circular cylinder and y=h � 7:3 for screen).
Figs. 10 and 11 present the probability density functions,
PðuÞ and P ðvÞ, of u and v and their wavelet components. The
signals u and v were measured at y=h �7, which corresponds
approximately to the most likely path of large-scale vortical
structures. A difference is discernible in the measured P ðuÞ
(Fig. 10a) between the two wakes, which is largely attrib-
uted to the wavelet components of 1

2
f0 (Fig. 10b) and lower

frequencies. The measured P ðvÞ (Fig. 11a) for the two wakes
almost collapses together. However, there is a marked dif-
ference in their wavelet components of the central frequency
up to 4f0. P ðvÞ at f0 (Fig. 11c) and 1

2
f0 (Fig. 11b) spreads

more on both sides, implying a larger fluctuating lateral
velocity, for cylinder than for screen. The observation is
consistent with the significantly higher maximum vorticity
concentration (ðxzÞf0

h=U 1 ¼ �0:022, Fig. 6b) in the cylin-
der wake than that (�0.014) in the screen wake. But an
opposite observation is made for P ðvÞ at 2f0 (Fig. 11d)
and 4f0 (Fig. 11e); PðvÞ exhibits a more pronounced peak
at vi=vrms ¼ 0 for cylinder. Correspondingly, the maximum
ðxzÞ2f 0

h=U 1 (Fig. 7b) increases, compared with that of
ðxzÞf0

h=U 1 (Fig. 6b), about 10% in the cylinder wake, but
30% in the screen wake. PðvÞ at 8f0 (Fig. 11f) is virtually
identical for two wake generators, reconfirming the negligi-
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components for v-component at various central frequencies (y=h � 7:0 for
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ble effect of initial conditions on the small-scale structures
of 8f0 or higher frequencies.
6. Contribution from turbulent structures of different scales

to Reynolds stresses and vorticity variance

The time-averaged product of the wavelet components
bi and ci, each representing ui, vi or xzi, may be calculated
by

bici ¼
1

n

Xn

j¼1

biðtjÞciðtjÞ; ð12Þ

where n ¼ 133; 000, which is the total number of measured
data points. The product is normalized by the maximum va-
lue of the measured time-averaged product ðbcÞmax to indi-
cate the contribution from each wavelet component, i.e. the
turbulent structures of a range of scales, to the Reynolds
stresses or vorticity variance. This information is of funda-
mental importance and also valuable for numerical
modeling.

Fig. 12 presents time-averaged Reynolds stresses and the
wavelet components of central frequencies from 1

2
f0 up to
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Fig. 12. Velocity variance and shear stress of the measured and the
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i =ðv2Þmax; (c) uv=ðuvÞmax and uivi=ðuvÞmax.
8f0. Fig. 13 is also given to show more clearly the depen-
dence of the wavelet components on the central frequency.
The wavelet components at a central frequency lower than
1
2
f0 do not seem to be physically important; on the other

hand, those at a frequency higher than 8f0 contribute about
1% or even smaller to Reynolds stresses. Therefore, the
components whose central frequency falls below 1

2
f0 or

above 8f0 are not shown. The negative uivi=ðuvÞmax near
y=L ¼ 0 and at relatively high central frequencies has been
removed in Fig. 12c to allow the log-scale presentation.
The ðbcÞmax values (Table 3) show discernible difference
between the cylinder and screen wakes. The observation
is agreeable with Zhou and Antonia’s report (1995), sug-
gesting the effect of different generators on Reynolds stres-
ses and vorticity variance.

The total contribution from the components of 1
2
f0, f0,

2f0, 4f0 and 8f0 accounts for about 80% of u2, 96% of v2

and 97% of uv. The five components are reasonably repre-
sentative of the flow in terms of v2 and uv, but not so in u2.
It has been verified that errors caused by neglecting the
components whose central frequency exceeds 8f0 are negli-
gible. The u-spectrum (Fig. 3a) exhibits significant energies
at frequencies lower than 1

2
f0, that is, the deficit between u2
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Table 3
Maximum values of u2=U 2

1, v2=U 2
1, uv=U 2

1 and x2
z h
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1

u2=U 2
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1 uv=U2
1 x2

z h
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1

Circular cylinder 0.106 0.064 �0.036 6.3 · 10�8

Screen 0.098 0.071 �0.033 3.9 · 10�8

0 2 4 6 8 10 12 14 16 18
10-2

10-1

100

ω
z2 /(

ω
z2 ) m

ax
;

ω
zi

2 /(
ω

z2 ) m
ax

y/θ

Fig. 14. Vorticity variance of the measured and the wavelet components
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and the contribution from the five components is mostly
due to excluding those components of a central frequency
below 1

2
f0.

The maximum value of bici=ðbcÞmax corresponding to f0

is between 40% and 60% of the measured bc, appreciably
higher than the maximum coherent contribution (between
20% and 46%) from the large-scale vortical structures, as
given in Table 3 of Zhou and Antonia (1995). The vorticity
scheme used by Zhou and Antonia (1995) detected the
large-scale structures, while the wavelet component of f0

covers a frequency range from 40 Hz to 140 Hz for cylinder
and from 40 Hz to 160 Hz for screen (Table 2). Conse-
quently, it is not surprising to see a difference between
the contributions to bc from the large-scale structures
educed by the two techniques.

The bici=ðbcÞmax value decreases as the central frequency
increases between f0 and 8f0, consistent with the perception
that lower frequency eddies contain more energy. When the
central frequency increases from f0 to 2f0, the decrease in
bici=ðbcÞmax is rather rapid, about 28% of u2 and 20% of
v2 for the cylinder but more rapidly for the screen, up to
32% of u2 and 40% of v2. This indicates predominance in
energy by large-scale structures. The appreciable disparity
in the decrease of bici=ðbcÞmax implies a difference in turbu-
lent structures between the two wakes. Note that in the
near wake the contribution to u2 and v2 from the wavelet
component of 2 f0 is almost the same as that of f0 for cyl-
inder, though it drops appreciably for screen, exceeding
10%. Evidently, the behaviors of u2

i and v2
i in the far wake

bear a similarity to that in the near wake, suggesting a
memory of turbulent structures.

The wavelet component bici=ðbcÞmax at 2f0 is nonetheless
significant, ranging between about 10% of u2 and 20% of v2.
A similar percentage is observed in the near-wake of screen
(Rinoshika and Zhou, 2005b). In the cylinder near-wake,
however, bici=ðbcÞmax at 2f0 is only marginally smaller than
that at f0, reaching 20% of u2 and 40% of v2. This probably
reflects a difference between the near- and far-wake struc-
tures of a cylinder. The maximum x2

z h
2=U 2

1 is 6.3�10�8

(Table 3) in the far-wake is much smaller than that
(2.0 · 10�6, derived based on Rinoshika and Zhou,
2005b) in the near-wake. Furthermore, the dominant vor-
tex frequency f0h=U1 is about 0.2 in the near-wake, but
only 0.06 in the far-wake. Namely, the average vortex spac-
ing of the latter triples that of the former. Thus, the vortex
stretching is likely weak, which is caused by the interac-
tions between vortices and is largely responsible for the
generation of intermediate-scale structures such as longitu-
dinal rib structures. Consequently, the intermediate-scale
structures, predominantly longitudinal (Hussain and
Hayakawa, 1987), generated in the saddle region are rela-
tively weak in strength, leading to a less energetic wavelet
component at 2f0.

The bici=ðbcÞmax value of f0 in the screen wake appears
larger than that in the cylinder wake (not so evident in
Fig. 12 because of the use of the log scale). The observation
conforms to the previous report (Zhou and Antonia, 1995)
that the coherent contribution from the large-scale vortical
structures to the Reynolds stresses is larger in the screen
far-wake than in the solid body far-wake. It further com-
promises a more rapid decrease in the energy of the wavelet
component from f0 to 2f0. The result again confirms the
conception that the large-scale vortical structures contrib-
ute to the effect of initial conditions on the self-preserving
wake. The difference between the two wakes is appreciable
down to the wavelet component of 4f0, suggesting that the
intermediate-scale structures also play a role in the persis-
tence of the initial conditions.

Fig. 14 presents spanwise vorticity variance, x2
z=ðx2

z Þmax,
and the wavelet components, x2

zi=ðx2
z Þmax, of 1

2
f0, f0, 2f0, 4f0

and 8f0 calculated from Eq. (11). The total contribution
from these components accounts for barely 80% of the mea-
sured variance. The deficit is due to excluding the wavelet
components at a central frequency lower than 1

2
f0 and

higher than 8f0, though the effect of the former is probably
minor. The component of 1

2
f0 tends to contribute least in

both flows. The x2
zi=ðx2

z Þmax value in the screen wake
appears decreasing, albeit slowly, as the central frequency
increases. This is not so evident in the cylinder wake. Note
that x2

zi=ðx2
z Þmax corresponding to f0 is largest, about 30%,

among f0, 2f0, 4f0 and 8f0 in the screen wake. In contrast,
x2

zi=ðx2
z Þmax at f0 is smallest, accounting for less than 20%

of the total vorticity, among f0, 2f0, 4f0 and 8f0 in the cylin-
der wake. Interestingly, a similar difference has been made
in the near wake (Rinoshika and Zhou, 2005b). The similar-
ity between the near and far fields is remarkable, further
suggesting the memory effect of turbulent structures.
7. Conclusion

The effect of initial conditions on turbulence structures
of various scales has been investigated. A vector wavelet
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multi-resolution technique is applied to analyse the velocity
data obtained in the self-preserving wake behind screen
and a circular cylinder, respectively. The data is decom-
posed into thirteen components based on central frequen-
cies, which are linked with the scales of turbulent
structures. The components of the same central frequency,
i.e. the same multiple of f0, are compared between the two
flows, leading to the following conclusions.

(1) There is qualitatively little difference in sectional
streamlines and spanwise vorticity contours between
the turbulent structures of comparable scales in the
two flows, though the vorticity level is appreciably
larger in the cylinder wake than in the screen one.
This is similar to the near-wake observation (Rinosh-
ika and Zhou, 2005b).

(2) The energy of the wavelet component decreases rap-
idly from f0 to 2f0. The decrease in the screen wake
doubles that in the cylinder wake. The observation
resembles that in the near wake where the energy of
the wavelet component at 2f0 is almost identical to
that at f0 for the cylinder, but considerably smaller
for screen. In the cylinder near-wake, the large-scale
vortical structures are energetic; the intense strain
between consecutive vortices is likely to stretch the
three dimensional vorticity and generate the struc-
tures (Hussain and Hayakawa, 1987) whose strength
is comparable with large-scale structures. In contrast,
the large-scale vortical structures, probably originat-
ing from the mean shear layer instability, in the
screen near-wake are relatively weak and are further
characterized by large spacing. This may imply a
weak strain between consecutive structures. There-
fore, the structures at 2f0 are not so energetic. The
fact that the difference in the strength of turbulent
structures at 2f0, observed in the near wake, persists
in the self-preserving wake implies a memory of tur-
bulent structures.

(3) The wavelet component of f0 contributes more to
Reynolds stresses in the screen wake than in the cyl-
inder wake. The observation conforms to the previ-
ous report (Zhou and Antonia, 1995) based on the
detections of large-scale structures and compromises
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Fig. 15. Fourier band-pass filtered sectional streamlines in the circular cylin
140 Hz; (b) the central frequency = 2f0, the frequency bandwidth = 80–270 Hz
a more rapid decrease in the wavelet component
energy from f0 to 2f0 in the screen wake than in the
cylinder wake.

(4) As the central frequency increases between f0 and 8f0,
the vorticity variance of the wavelet component
decreases appreciably in the screen wake, but not
so evident in the cylinder wake. Furthermore,
x2

zi=ðx2
z Þmax corresponding to f0 is largest, about

30%, among the components of f0, 2f0, 4f0 and 8f0

in the screen wake, but is smallest, accounting for less
than 20% of the total vorticity, in the cylinder wake,
exhibiting a remarkable similarity to that in the near
wake.
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Appendix A.

Comparison of wavelet multi-resolution analysis with

Fourier band-pass filter

For the purpose of comparison, the Fourier band-pass
filtering technique is used to analyze the present experimen-
tal data. Fig. 15 shows streamlines calculated from the
Fourier band-pass-filtered velocity components at the cen-
tral frequencies f0 and 2f0. The frequency bandwidth
applied was the same as when wavelet multi-resolution
analysis was used. Some vortical structures at f0

(Fig. 15a) coincide approximately with those in Fig. 6a,
for example, at tU c=h � �47, �16, 5 and 37. However, oth-
ers such as those at tU c=h � �36, �4, 4, 14 and 24 cannot
be observed in Fig. 6a. This is because Fourier band-pass
filtering technique usually decomposes a signal into compo-
nents by remaining only a limited range of frequencies,
Flow
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θ

der wake: (a) the central frequency = f0, the frequency bandwidth = 40–
.
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covering the entire frequency range of 40–140 Hz. How-
ever, the wavelet multi-resolution technique exhibits local
characteristics (see its spectrum in Fig. 4a), and extracts
only large-scale vortical structures around the central fre-
quency of f0.

As the central frequency increases to 2f0 (Fig. 15b),
some structures correspond to those in Fig. 6b, for exam-
ple, at tU c=h � �41, �31, 2, 20 and 56. However, others
overlap with the structures at f0 (Fig. 15a), for example,
at tU c=h � 12 and 22. This is because the Fourier band-
pass-filtered components are not independent of each other
and contain redundant information. Furthermore, the
Fourier band-pass filtering analysis is also rather arbitrary
in terms of the filter shape and bandwidth (Meneveau,
1991).

In contrast, the wavelet components are independent of
each other and do not contain redundant information
because the wavelet functions are orthogonal, which
cannot be achieved by the Fourier band-pass filtering tech-
niques (Meneveau, 1991; Mouri et al., 1999). It may be
concluded that the wavelet multi-resolution analysis
provides makes more reliable interpretation of the data.
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