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In this paper experimentally studied characteristics of various frequency components 
of incoherent velocity fluctuations in the near wake behind a thin normal plate 
immersed in a uniform flow are described. Measurements were made a t  a position 8 
plate heights downstream of the plate where the wake had a marked periodicity, so 
that coherent vortices shed from the plate are expected to have a small dispersion in 
streamwise spacing, transverse location, strength and shape. Shearing stress 
associated with the incoherent fluctuations is mainly contributed by components 
with frequencies around half of the vortex-shedding frequency f ,  on one side of the 
wake. The i f ,  frequency component appears to be caused by the spanwise locations 
of ribs, which are connected to the coherent vortices, being different from vortex to 
vortex. A probable spanwise arrangement of the ribs is suggested. 

1. Introduction 
Turbulence structure in plane wakes of cylindrical bodies has recently been studied 

by phase-averaging techniques ; see, for exa,mple, the works of Cantwell and Coles 
(1983), Hayakawa & Hussain (1985, 1986), Kiya & Matsumura (1985), Perry & 
Steiner (1987), Steiner & Perry (1987), Antonia et al. (1987). In  these studies an 
instantaneous quantity S in the wake is decomposed into a time-mean or global 
component S, a phase-averaged or coherent component s", and a random or 
incoherent component s' : 

S = S+s"+s' 

in the triple decomposition scheme (Reynolds & Hussain 1972). Also, let 

s = B+s'. 

A coherent structure means a structure associated with the phase-averaged 
components while an incoherent structure is a structure corresponding to the random 
components. 

Those studies mentioned above have described the coherent structures in a 
streamwise plane normal to the spanwise direction, although their three-dimensional 
aspects are not clarified yet. Entrainment and mixing of outer irrotational fluid, 
production of the incoherent turbulence and its transport are interpreted in terms of 
the flow induced by the coherent structures. It is now believed that, in free turbulent 
shear flows, the incoherent turbulence is produced by the stretching of longitudinal 
vortices (or ribs) aligned along the diverging separatrix of a saddle between two 
consecutive coherent structures (Cantwell & Coles 1983 ; Hussain 1986). In the 
terminology of Hussain (1986), the ribs are a coherent substructure ; they produce 
random components because their spanwise positions are expected to be rather 
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randomly distributed (from rib to rib) between two consecutive coherent 
structures. 

On the other hand, the dynamical significance of the random components in the 
wakes can be demonstrated by the fact that  they contribute to most of the global 
Reynolds stresses (Hnssain 1981; Cantwell & Coles 1983; Perry & Steiner 1987; 
Steiner & Perry 1987). The incoherent components also play an essential role in 
small-scale mixing processes, which are of vital importance in combustion and in 
chemical reactions. However, many aspects of the incoherent components remain 
unknown. 

The purpose of this paper is to study experimentally characteristics of various 
frequency components of the random velocity fluctuations in the near wake behind 
a thin normal plate immersed in a uniform flow. We expect such a frequency analysis 
to yield further information on the incoherent turbulence. Measurements were made 
a t  a position 8 plate heights downstream of the front face of the plate where the wake 
had a marked periodicity, so that vortices shed from the plate are expected to have 
a small dispersion in streamwise spacing, transverse location, strength and shape. 
The normal plate was used in order to have a straight line of flow separation along 
the edges, so that the initial spanwise waviness of the shed vortices is expected to be 
smaller than that of the vortices behind a cylindrical body with a smooth change of 
surface curvature, e.g. a circular cylinder. 

The most important findings of this study are that the random shearing stress is 
mainly contributed by components with frequencies of around half of the vortex- 
shedding frequency on a side of the wake, and that this is caused by the spanwise 
locations of the ribs being different from saddle to saddle. A plausible spanwise 
arrangement of the ribs is presented. 

2. Experimental apparatus 
Experiments were performed in an open-return wind tunnel with a 0.30 m x 0.30 m 

square and 1.01 m long working section. The air was sucked through a filter into 
a calming chamber, then flowed into the working section through a 9 : 1 contraction 
after passing two-stage screens in the calming chamber. The sidewalls of the tunnel 
had narrow slits for traversing hot-wire probes; the slits were tightly sealed during 
measurements. 

The tunnel allows main-flow velocities up to 21 m/s. The longitudinal turbulence 
intensity was approximately 0.2 % a t  a main-flow velocity U ,  = 16.4 m/s, which is 
the velocity used in the present experiment. The main-flow velocity and the 
turbulence intensity were uniform to within +0.O05Um and -tO.OOlU,, respectively, 
in a normal plane 0.30 m downstream of the entrance of the working section ; the 
front face of a wake-generating normal plate was located in this plane. 

The plate, of height h = 2.0 em, was manufactured from smooth brass sheet 
0.43 cm in thickness. The edges of the plate were bevelled to an angle of 30" towards 
the rear side. The plate was set normal to the main flow, spanning the central part 
of the working section. No end plate was employed. Thus the aspect ratio of the plate 
was 15, the tunnel-wall blockage being 6.7 70. 

Velocity fluctuations in the wake were measured by X-wire probes operated by 
constant- temperature hot-wire anemometers ; the hot wires were inclined by 45" 
towards the streamwise direction. The diameter of the wires was 0.005 mm and their 
working length was about 1 mm. The overheat ratio was set a t  1.5. A square-wave 
test showed that the maximum frequency of response was greater than 10 kHz. 
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FIGVRE 1 .  Configuration of flow and definition of symbols. Measurements were made at a position 
8 plate heights downstream of a plate. 

Voltage signals from the anemometers were recorded on to four channels of an 
analogue tape recorder and later sampled via a 12-bit A/D converter with a sampling 
rate of 20 kHz. The digital data were analysed by a HITAC M-680H computer 
installed a t  the Hokkaido University Computing Centre. 

Measurements were made in a normal plane 8h downstream of the front face of the 
plate. The Reynolds number based on the plate height was 23000. The vortex- 
shedding frequency f, on one side of the wake was 120Hz, so that the Strouhal 
number f, h / U ,  is 0.146. The sampling rate of 20 kHz is approximately 170 times the 
vortex-shedding frequency. 

3. Eduction of structures and phase averaging 
As shown in figure 1, the Cartesian coordinates x, y, z are defined in such a way that 

the x-axis is in the streamwise direction, the y-axis is vertically upwards along the 
front face of the plate, and the z-axis is normal to the x- and y-axes so as to form a 
right-handed system; the origin is located a t  the centre of the front face in the 
midspan plane. The instantaneous velocity components in the x-, y- and z-directions 
are respectively denoted by U ,  V ,  W ; the instantaneous vorticity component in the 
z-direction is a. 

Coherent structures are vortical structures, so that it would be most appropriate 
to educe the former on the basis of an instantaneous vorticity distribution (Hussain 
1986). This is particularly true for fully developed turbulent shear flows, where 
coherent structures appear randomly in space and time. However, in an x-range of 
the wake up to several heights downstream of the plate, coherent structures are large 
vortices shed with a marked periodicity from the plate; these are 'rolls' in the 
terminology of Hussain (1986). The coherent structures produce large fluctuations in 
'u ( = v"+v'). especially at positions on the time-mean centre of the wake; an example 
is shown in figure 2 (a ) .  In  that x-range we expect a small dispersion in the coherent 
structures, i.e. a small dispersion in spanwise spacing, transverse location, strength 
and shape. Thus the coherent structures can be educed by a phase-averaging scheme 
in which a conditioning signal is a bandpass-filtered time history of v,  say vf ,  the 
central frequency of the (digital) bandpass filter being the average vortex-shedding 
frequency fs. Figure 2 ( b )  shows the bandpass-filtered signal of v in figure 2 ( a ) .  

In the present experiment phase-averaged signals were measured at various 
y-positions on a normal straight line (from now on denoted by the line of 
measurement), (x, y, z ) / h  = (8.0, y / h ,  0) while the conditioning signal vf was obtained 
at a nearby position (x, y, z ) / h  = (8.0, 0 ,  0.25). The phase-averaging was conducted 
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F I C l i R E  2. ( a )  An example of cross-stream velocity fluctuation ?! measured a t  a position 
(5,  y. z ) / h  = (8.0, 0, 0.25) on the time-mean centre of the wake; and ( h )  i t s  handpass-filtered wave- 
form uf ,  which is a conditioning signal for phase averaging. The origin of time is arbitrarj.. but 
the same for bot)h ( a )  and (h ) .  

for all periods of the conditioning signal. This is consistent with the foregoing 
assumption that the dispersion in the coherent structures is small. 

The phase averaging was initiated by detecting two consecutive instants t ,  and 
t ,  (> t ,),  when the conditioning signal vf respectively saeisfied the conditions vf = 0, 
dv,/dt > 0 and vf = 0, dv,/dt < 0. The interval t,-t, had an average value T,( = l/fs), 
which is the average vortex-shedding period, and a standard deviation 0.17Ts. Each 
interval t,-t, was aligned relative to T ,  (that is, t,--t, was made equal to Ts) ,  and 
then the phase averaging was done a t  times t ,  + (nTs/120), where n = 0, 1,. . ., 120. 
The number N of the phase-averaged realizations was 1200; this means that the 
signals over a period of 10 s were used since T ,  was equal to 1/120 s. This value of 
N was large enough to yield stable phase-averaged patterns to be presented in $4. 

4. Results 
In f~i4.1 and 4.2 we present a few typical results in order to show that they are 

consistent with the previous studies (Cantwell & Coles 1983 ; Hayakawa & Hussain 
1985, 1986; Perry & Steiner 1987; Steiner & Perry 1987). Fairly good two- 
dimensionality of the time-mean quantities in the wake was realized. This was 
demonstrated partly by the root-mean-square velocities (2); and (3); being uniform 

4.1 Time-mean velocities and Reynolds stresses 
The time-mean streamwise velocity 0 and the Reynolds stresses are shown in figure 
3. The time-mean crossflow velocity V (not shown here) was a t  most of the order of 
0.02Um. Figure 3 indicates that  the normal stresses u" ( = 6' + ur2),  w2( = G2 + wf2) and 
the shearing stress % ( = 6v"+ u'v') are produced mostly by the random components, 

_ _ _  _ _  
- -  
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tX/UZ, (A), u'v'/Uz (17) measured at  8h downstream of a normal plate. 

whereas the crossflow normal stress 2 (=  ?+?) is contributed equally to by the 
coherent component and the random component. This demonstrates the dynamical 
significance of the random components, being consistent with the results of Cantwell 
& Coles, Perry & Steiner and Steiner & Perry. 

4.2. Coherent vorticity, incoherent energy and shearing stress 
The coherent vorticity 3 = a(V+v")/ax-a(0+B)/ay is shown in figure 4. The 
differentiation with respect to the streamwise coordinate x was evaluated by 

12 FT,!d 190 
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FIGURE 5.  Contours for (a )  incoherent energy ( q’2 ) U s  (contour interval 0.02) and (b )  incoherent 
shearing stress (u’v’) /UZ, (contour interval 0.003). 
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FIGURE 6. Real part of cross-spectrum of incoherent fluctuations u‘, d measured at 8h downstream 
of a normal plate: (a )  y / h  = -0.7; ( b )  - 1.4. 

assuming Taylor’s hypothesis dx = - U,,dt, U ,  being the convection velocity of 
the centre of the coherent structure. A method of determining U ,  will be described 
in the next paragraph. The velocity-vcctor field (0 + 4- U,, B + P) (not shown here) 
had saddles and centres whose locations are indicated in figure 4. 

The convection velocity U ,  was obtained in terms of the space-time (y, t )  
distribution of the streamwise velocity component 0 + 4. Tentatively assuming a 
centre of the coherent structure a t  a position (y(l), P) in the space-time domain and 
then obtaining the first approximation UL1) to  the convection velocity, we constructed 
a vorticity distribution such as shown in figure 4. This distribution determined the 
second approximations of the centre position ( Y C z ) ,  t (2) )  and the convection velocity 
UiB), the latter being the value of 0 -t 4 a t  the centre. Convergence was obtained after 
a few iterations; the y-coordinate of the centre was at  y l h  = k0.74 and the 
convection velocity was equal to U,/U,  = 0.85. 

Space-time distributions of the random energy ( q ’ 2 )  (=  ( d 2 )  f ( d 2 )  + ( w ’ ~ ) )  and 
shearing stress (u’v‘) are presented in figure 5. We shall call the product (u’v’) a 
shearing stress; from now on the product u’w‘ will also be termed a shearing stress. 
Figure 5 shows the well-documented feature that the energy attains B maximum near 
the centre of the coherent struotures whereas the shearing stress (u’v’) attains a 
maximum near thc saddles (Hussain 1981 ; Cantwell & Coles 1983). 

4.3, Frequency analysis of random components 

In  order to  examine the dynamical role of various frequency components of the 
random fluctuations, the real part of the cross-spectrum of u’ and v‘, say E , , , ,  and 
the power spectra of all the velocity fluctuations E,., E,., Ew, are shown in figures 6 
and 7. The cross-spectrum demonstrates that most of the shearing stress is 
produced by low-frequency components with f < f,, f being the frequency; in 
particular, the most significant contribution appears to come from frequency 
components around f = if,. On the other hand, those low-frequency components 
contribute to only about a half of the energy d2, and to a much smaller fraction of 
the energy and p. 

More detailed information on the dynamical role of each frequency component can 
be obtained from the space-time distributions of the energy and shearing stress 

12 2 
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FIGURE 7. Power spectra of incoherent fluctuations u'. v', w' measured at y/h = 0.7 and at 8h 

downstream of a normal plate: ( a )  fE,; ( b )  f E i ;  (c) fEh. 
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FIGURE 8. The use of bandpass filters to extract frequency components of incoherent fluctuations. 
Inserted numbers show values of a (see text). The vertical axis is the ratio of output to input 
signal. 

associated with that component. Several typical frequency components were 
obtained by passing the random fluctuations through digital bandpass filters. This is 
shown in figure 8. Each frequency component of the random fluctuations will be 
denoted by a sufix a ,  which is the central frequency f ,  of the corresponding bandpass 
filter divided by the vortex-shedding frequency f s ,  i.e. a = f c / f s ;  the corresponding 
velocity components are represented by ub, vi, u);. Components were obtained for 
a = + ,  t ,  1 ,  2, 3, 4, 5 and 7. 

The energy (qi2)  and the shearing stress (u',&) are shown in figures 9 and 10 for 
a = f, 1 ,  2 and 3. Corresponding patterns for a = 4, 5 and 7 are not presented 
because they are similar to those for a = 3. The lowest-frequency components 
( q i 2 )  and (u i v j )  were found to be uncorrelated to the phases of the conditioning signal 
? i f .  The encriy for a 3 2 attains a maximum a t  thc centre of the cwherent structurt. 
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t l  T, 
FIGURE 11. Sketches of (a )  plasusible arrangement of ribs and rolls on one side of the wake, and ( b )  
corresponding waveform of u’v’ measured on a line AA (thin solid line) and its short-time-averaged 
waveform (thick solid line). Flow is from left to  right. The sketch of the waveform is shown to 
visualize the generation of the subharmonic component. It was difficult to  perceive the subharmonic 
component in the actual waveform. 

whereas (pi2) attains a maximum between a centre and a succeeding saddle; the 
energy (pii) ha a symmetrical double-peak distribution. Thus the total random 
energy (4”) with a peak only a t  the centre is mainly caused by the frequency 
components with f 2 2fs .  

It should be noted that the shearing-stress component ( u i v ~ )  attains a peak near 
the saddles and that this component makes the greatest contribution to the global 
random shearing stress m. The latter is consistent with figure 6. The next greatest 
contribution to a comes from the fundamental component with the frequency *f,. 
This can be seen in figure 10 by comparing peak magnitudes of ( u ~ v ~ )  and areas 
enclosed by linc corresponding to ( u k v b )  / U $  = 0.0015 for a = t and 1. The location 
of a peak value of (ubvb)  seems to become more and more remote from the nearby 
saddle as the value of a increases ; a high-frequency component (u; v;) attained no 
definite peak near the saddles. Accordingly among (ui  vh) values the component 
(ui d) makes thc greatest contribution to the random shearing stress (u‘v’) 
attaining a peak near the saddles. 

5. Discussion and conclusion 
in a turbulent vortex- 

street wake is contributed mainly by the component of the random velocity 
The present study has shown that the shearing stress 
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2 1 0 - 1  -2 

t l  T, 
FIGURE 12. Sketches of (a )  symmetrical arrangement of ribs and rolls on one side of the wake; and 
(b)  corresponding waveform of u’v’ measured along a line AA (thin solid line) and its short-time- 
averaged waveform (thick solid line). Flow is from left to  right. The sketch of the waveform is 
shown to  visualize the absence of the subharmonic component. 

fluctuations with a frequency less than the vortex-shedding frequency f, ; the largest 
contribution appears to come from the frequency components near $ f,. Moreover, the 
random components with the frequency $ f ,  produce the shearing stress (ui v6) that 
attains a maximum near the saddles in the flow field associated with the coherent 
structures. 

It seems difficult to  interpret a structure responsible for the components ui and 
vi in terms of a structure with a larger streamwise extent than that of the coherent 
structure, because such a large structure cannot be stretched by the smaller coherent 
structure in such a systematic way for the shearing stress (uivQ) to attain a 
maximum near the saddles. Rather, we prefer to interpret those components ui and 
vi in terms of different spanwise locations of the ribs between two consecutive rolls. 
If the ribs are assumed to be arranged as shown in figure 11 (a )  an X-wire probe fixed 
on a particular line AA would measure a time history of u’v’ depicted schematically 
in figure 11 ( b )  by a thin solid line. We borrowed the sketch of the ribs connected to 
a particular roll from Hussain’s (1986) ‘more realistic picture’ (figure 12d of his 
paper). A short-time-averaged signal, which is the thick solid line in figure 11 ( b ) ,  is 
amplitude-modulated owing to a difference in the magnitude of u’ and v’ during 
intervals A, A, and A, A,. The short-time-averaged signal has a fundamental 
frequency $f,. It should be emphasized that the pattern of figure 11 (a) is the basic 
one. I n  reality the spanwise location of the ribs and the corresponding deformation 
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of the rolls are expected to have random fluctuations around the basic pattern. Such 
fluctuations can give rise to randomness of the velocity fluctuations u’ and v’ which 
nevertheless yield a u’d-waveform with a subharmonic component. t 

One could imagine another typical arrangement of the ribs, i.e. the symmetrical 
one shown in figure 12 (a) .  This arrangement, however, yields a short-time-averaged 
signal of u’v’ whose frequency is equal to the vortex-shedding frequency f, (see figure 
12b).  Accordingly tjhe arrangement of the ribs in figure 11 ( a )  is more probable. 

Evidence of ribs has been shown for plane mixing layers by flow visualizations 
(Jimenez, Cogollos & Bernal 1985; Bernal & Roshko 1986; Lasheras, Cho & 
Maxworthy 1986) and by numerical solutions of the Navier-Stokes equations 
(Hussain 1986); in flow visualizations of the wake of a circular cylinder and a thin 
flat plate (Taneda 1986; Meiburg & Lasheras 1987); and in a separated shear layer 
behind a normal plate by visualization of cavitation bubbles (Katz & O’Hern 1986). 
As far as the authors are aware, however, no quantitative measurement by hot-wire 
probes has shown direct evidence of the ribs. Moreover, no experimental or numerical 
study has disclosed how the ribs are arranged in the spanwise direction from roll to 
roll. These are future problems to be tackled. 
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60420026 from the Ministry of Education, Science and Culture of Japan. We are 
grateful to Drs M. Hayakawa, 0. Mochizuki, Y. Suzuki and H. Tamura for their 
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