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ABSTRACT

Time-dependent characteristics of wall pres-
sure fluctuations in separated and reattaching
flows over a backward-facing step were inves-
tigated by means of continuous wavelet trans-
form. Emphasis was placed on the combination
of time-localized analyses of wavelet transform
and multi-point measurements of pressure fluc-
tuations. Synchronized wavelet maps revealed
the evolutionary behavior of pressure fluctua-
tions and gave further insight into the modu-
lated nature of large-scale vortical structures.
It was found that there exist two modes of
shed vortices: one is the global oscillation and
the other is the vortex convection. The two
alternating modes are synchronized with the
flapping frequency component of pressure fluc-
tuations. Toward the investigation of the di-
rect relationship between the flow field and the
relevant spatial mode of the pressure field, a
new kind of wavenumber filtering of pressure
distribution, termed as a spatial box filtering
(SBF), is introduced and examined. The con-
ditional averaged velocity time history reveals
that this SBF mode, tuned with the length
scale of large-scale vortical structure, suggests
its usefulness in capturing the large-scale co-
herent vortical structure.

INTRODUCTION

In a recent paper by the authors (Lee and
Sung 2001, hereinafter referred to as LS), the
spatial and spectral statistics of pressure fluc-
tuations in separated and reattaching flows
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over a backward-facing step were reported.
Multi-point measurements with an array of
microphones in the streamwise and spanwise
directions provided a comprehensive data file
pertaining to the spatial characteristics of pres-
sure fluctuations in the frequency domain. The
coherence and wavenumber spectra exempli-
fied the convective features which are closely
associated with the large-scale vortical struc-
tures in the separated shear layer. The stream-
wise wavenumber spectra in LS, together with
a preliminary calculation of the space-time
cross-correlation, indicated the existence of a
stationary mode and the scale variations of
shed vortices. These suggested a modulated,
intermittent spatio-temporal structure of shear
layer under the flapping motion. A literature
survey reveals that many studies have been
made to find the mechanism of flapping mo-
tion in separated and reattching shear layers
(Eaton and Johnston 1982, Kiya and Sasaki
1985, Le et al. 1997).

To scrutinize intermittent spatio-temporal
behavior, a time-dependent analysis of vorti-
cal structure is highly desirable. In the present
study, the unsteady behavior of pressure fluc-
tuations in separated and reattaching flows
over a backward-facing step is examined by
means of continuous wavelet transform. En-
dowed with the wavelet’s time-localized analy-
sis capability, the present simultaneous, multi-
point measurements of the pressure fluctua-
tions furnish a novel technique to delineate the
time-dependent nature of flow field. Empha-
sis is placed on the modulated spatio-temporal
behavior of large-scale shed vortices in low fre-
quencies. To further facilitate an in-depth in-



vestigation of the flow mechanisms pertaining
to the low-frequency flapping motion and the
large-scale vortex shedding process, an experi-
mental technique was performed by measuring
a joint correlation between the velocity field
and the pressure fluctuations. An adequate on-
line pressure data processing method, termed
here as the spatial box filtering, will be intro-
duced and discussed.

EXPERIMENTAL APPARATUS

A subsonic open-circuit wind tunnel, which
had been constructed in the earlier work of
Chun and Sung (1996), was slightly modified
for the present experiment. A detailed descrip-
tion about the wind tunnel can be found in LS.
The step height H of the backward-facing step
was 50mm and the aspect ratio AR = 12.5. In
the present study, an Acousticel array micro-
phone system (The Modal Shop Inc., Model
TMS130A) was utilized for sensing the pres-
sure fluctuations. This system consists of 32
electret condenser microphones, with a diam-
eter of 10.54 mm and a height of 25.4 mm,
connection cables and a 32-channel differential
amplifier (Model 514A). The calibration proce-
dure is described in detail in LS, and the cal-
ibration results indicated that the magnitude
error and the phase delay were below +1dB
and +3 degrees, respectively, in the frequency
range from 5 Hz to 10 kHz. This 'flat’ re-
sponse, together with the wide dynamic range
of 42-142 dB, guarantees high levels of mea-
surement accuracy without any further com-
pensation procedure of the Acousticel output.

In the present measurement setup shown in
Fig. 1, the array which consisted of 29 Acous-
ticel microphones was located along the cen-
treline of the test section. The array was set
up with nonuniform interval so that it spanned
a streamwise extent of 9H from z/H = 2.0 to
z/H = 11.0. The interval between each mi-
crophone was set at 0.25H for the reattaching
region 5.0 < z/H < 10.0, while it was 0.5H
for other regions. As seen in Fig. 1, veloc-
ity time history was measured on an (z,y)-
centreplane of the test section. The velocity
measurement grid of 37 x 21 extended over
20<z/H <11.0 and 0.01 < y/H < 1.6. For
the measurement of the velocity field and time-
mean reattachment length zg, the usual hot-
wire technique was used together with a con-
stant temperature anemometer (TSI-IFA300).
For every velocity time history measurement,
pressure time history from a total of 29 mi-
crophones were simultaneously acquired using
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Figure 1: Schematic diagram of test section.
the 32-channel A/D converter DT2839 (Data
Translation Inc.) with the effective sampling
frequency of 488.28125Hz.

EXPERIMENTAL RESULTS

In the present experiment, the Reynolds
number based on the step height Rey = 33,000
is selected, which is the same as in the ex-
periment of Chun and Sung (1996). When
rescaled by using the momentum thickness,
this corresponds to Rey = 1,300. Among the
various data representing the backward-facing
step flow, the reattachment length zp is fre-
quently used as a representative quantity in
a time-mean sense. The reattachment length
is found to be zp = 7.4H. Details regard-
ing the mean and fluctuating velocity profiles
and other quantities can be found in Chun and
Sung (1996).

Figure 2: Space-time contour plots of pressure fluctuations.

To begin with, it would be advantageous to
take a look at the global features of the space-
time characteristics of wall pressure fluctua-
tions. Figure 2 exhibit the space-time contour



plots of instantaneous wall pressure fluctua-
tions, normalized by the freestream dynamic
pressure ¢ = 1/2pUZ, measured for 2.0 <
z/H < 9.75. Note that this figure consists
of two ’time slides’ with the upper one preced-
ing the lower one. The downstream convective
feature, denoted by an inclined contour pat-
tern, is observed in both figures. There is no
evidence of the upstream convection, which is
consistent with the positive convection veloc-
ity estimation of 0.6Uj in LS. It is well known
that the instantaneous negative peaks in wall
pressure fluctuations are associated with the
passage of large-scale vortices (Cherry et al.
1984, Kiya and Sasaki 1985). Also, the posi-
tive peaks are induced by the downward inrush
of freestreamm between vortices. A closer in-
spection of Fig. 2 reveals that the pressure
fluctuations are globally in phase and oscil-
late as a whole at some time instances, i.e.,
tUy/H ~ 10 and 155. In addition, the pressure
fluctuations are more intensive at this ’global
oscillation’ phase. Between the global oscilla-
tion phases, the convection of vortices seems
to be prevailing. However, the strength and
the spatial extent of each vortex are not uni-
form. Namely, relatively small scale behaviors
are dominant at tUy/H ~ 40.

To scrutinize the above modulated spatio-
temporal behavior, a time-dependent analysis
based on the wavelet transform is employed in
this study. The wavelet transform has been ex-
tensively utilized as an analysis tool in turbu-
lence studies. This popularity stems from the
ability to elucidate both spectral and tempo-
ral information simultaneously. A comprehen-
sive account of the mathematical and histor-
ical background of wavelet transform is given
in Farge (1992). Endowed with the wavelet’s
time-localized analysis capability, the present
simultaneous, multi-point measurements of the
pressure fluctuations furnish a novel technique
to delineate the time-dependent nature of flow
field.

The wavelet transform W (a,b) of a contin-
uous real-valued time signal z(t) is defined as
the inner product between z(t) and the ana-
lyzing wavelet 1,,(t) = (1/y/@) 9 ((¢ - b)/a)
(Farge 1992). Here, a is the timescale dilation
parameter and b is the time translation param-
eter, respectively. Among the various wavelets
proposed so far, consideration is given to a real-
valued 'Mexican hat’ wavelet, which is defined
as, P(t) = (1 —t2) e */2. Figure 3 shows the
contour plots of wavelet transform, calculated
at eight locations from the array with Xy = 2.0
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Figure 3: Contour plots of wavelet transform. a) 2.0 <
z/H <5.0;b) 6.0<z/H <9.0.

(2.0 < z/H < 9.75) with the interval H. A
nondimensional frequency fH/Uj is employed
on the z axis. As mentioned earlier, it is note-
worthy that every plot of W (a, b) has been syn-
chronized because the pressure time histories
from all points in the array are simultaneously
acquired. Thus, the spatially-evolving charac-
teristics of various frequency components can
be displayed. The regular extrema along the
frequency fH/Uy ~ 0.063 correspond to the
frequency of large-scale vortices, which was
shown to be fH/Uy ~ 0.065 in Fig. 3. It can
be seen that this vortical component contains
most energy of pressure fluctuations. This sug-
gests that the shed vortices are largely respon-
sible for the pressure fluctuations. The increase
of rms pressure along the streamwise direc-
tion can be identified by simply comparing the
maxima and minima of wavelet transform at
various locations. A perusal of individual con-
tour plots discloses that the large-scale vortical
mode of pressure fluctuations undergoes ener-
getic and quiescent phases. This tendency is
evident in the forward part of the recirculation
region (Fig. 3 a)).

In the reattaching region (z/H = 8.0 in
Fig. 3 b)), the small-scale components are
discernible near bUy/H ~ 40. A closer in-
spection of both Fig. 2 and Fig. 3 b) in-
dicates that the appearance of small scales is
correlated with the initial stage of the vortex
convection phase. At this stage, the separate



extrema with low and high frequencies demon-
strate the breakdown of large-scale vortices.
On the other hand, the contour plot exhibits
simpler patterns in other stages. It seems that
the frequency composition of eddies is influ-
enced by the phase of flapping motion. Further
downstream at z/H = 9.0, the small scale dis-
turbances decay out and a new regular pattern
is re-established. Eaton and Johnston (1981)
reported the controversy between two mod-
els concerning the reattachment process; the
downstream-moving small eddies in contrast
to the eddies moving alternately upstream and
downstream. The upstream convection has not
been observed in the present wavelet transform
analysis, which is consistent with the result in
LS. Furthermore, the breakdown of eddies has
not been observed at every large-scale vortical
structure. Since the pressure fluctuations at a
given point are in principle influenced by ve-
locity fluctuations in the neighboring region of
the flow, it seems to be inadequate to inves-
tigate the behavior of small scale eddies from
the wavelet transform of pressure fluctuations.
Nevertheless, it is obvious that the reattach-
ment process gives rise to a multitude of events
with different frequency compositions, rather
than a unique predetermined one.

Since the wavelet transform is performed at
each pressure time history, it may be possible
to define the wavelet transform in a three-
dimensional space (z,b, f). Accordingly, the
isosurface of large magnitude of the wavelet
transform, whose planform view is given in
Fig. 4 a), represents a locus of high energy
in the pressure fluctuations in space and time.
The values of 0.6 and -0.6, approximately 40%
of the maximum magnitude, have been cho-
sen arbitrarily to define the isosurfaces. The
alternating occurrences of the global oscilla-
tion phase and the vortex convection pahse are
clearly seen in Fig. 4 a). Figure 4 b) is a cross-
sectional contour plot of the wavelet transform
at fH/Uy = 0.06458, where the space-time
variation of wavelet transform is most ener-
getic. Note that the frequency correspond-
ing to the most energetic scale coincides with
the frequency of large-scale vortices (fH/Uy ~
0.065). At the beginning of the vortex con-
vection phase near bUy/H ~ 50, the inclined
contours branch off from the vertical ones near
z/H = 4.0. In addition, the end of the vor-
tex convection phase is marked by a merging
of the inclined contours back into the station-
ary vertical ones at bUy/H ~ 150. These
sequential phenomena can be described by the
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Figure 4: Planform views of wavelet transform. a) Isosur-
faces; b) Contour plot at fH/Up = 0.06458; c) Contour plot
at fH/Up = 0.01358.

following scenario of the large-scale vortices;
firstly, a global intense oscillation appears with
the contraction of separation bubble. As the
bubble is enlarged, the separated shear layer
receives positive momentum in the streamwise
direction. After a quiescent period, a large-
scale vortical structure emerges and is then
accelerated to form orderly structure behind
it. Secondly, these periodic vortices convect
downstream. Finally, the vortices are deceler-
ated and the next global oscillation redevelops.

Figure 5: Streamwise distribution of the conditionally aver-
aged pressure fluctuations.

The advantage of mulit-point pressure in-
formation over single point measurement as a
conditioning signal is the immunity to irrele-
vant small scale mode contributions. In this
respect, a relevant pressure component associ-
ated with the coherent structures in the flow



field could be found on the basis of the mea-
sured spatio-temporal distribution of pressure
fluctuations. Toward this object, the appro-
priate length scale of the pressure field are to
be found. This is implied in Fig. 5, where
the streamwise distribution of conditionally
averaged pressure fluctuations, normalized by
the inflow dynamic pressure (1/2pU2), is pre-
sented. Time is synchronized with the the time
when the transverse velocity fluctuations v’ at
(z,y) = (7.6H,1.0H) exceeds —2.5v,ms. It is
seen that there exist a negative correlation be-
tween the pressure and v', and the pressure
peak associated with the excursion of trans-
verse velocity is of the order of 1.5pq,s. The
spatial distribution, the main peak surrounded
by the negative upstream and downstream val-
leys, is attributable to the large-scale vortical
structure. Kiya and Sasaki (1985) demon-
trated that the positive excursion of pressure
fluctuation was shown to coincide with the in-
rush of the outer irrotational fluid with high
total pressure towards the wall. The negative
excursion of the transverse velocity imposed as
the conditioning signal was indeed set toward
to this inrush, the similarity between the two
waveforms suggests that the conditional aver-
age of Fig. 5 results from the large-scale vor-
tical structure. In this figure, and the spacing
between the two valleys, which can be regarded
as the spacing between large-scale vortices, is
approximately 4H. This spacing corresponds
to 0.54z g, which is close to 0.6z g reported by
Kiya and Sasaki (1985).

From the above observation, it can be stated
that the spatial mode of pressure fluctuations
associated with the large-scale vortical struc-
ture attains a streamwise scale of 4H. Of
course, this is not to oversimplify the reat-
taching flow processes as a series of two-
dimenisonal spanwise rollers. It is certain
that the reattaching flow exhibits such inherent
three-dimensionality as hairpin vortices and
stremwise vortices in the shear layer, which
was demonstrated by many researchers (Kiya
and Sasaki 1985, Shih and Ho 1994, Le et al.
1997). However, it is no doubt that the most
dominant source of pressure fluctuations is the
spanwise large-scale vortical structure in the
shear layer.

In order to extract a specific spatial compo-
nent of the pressure field, a spatial box filtering
(denoted as SBF hereinafter) is introduced in
this study, whose schematic is given in Fig. 6.
As depicted in Fig. 6, 16 equally-spaced mi-
crophones, with uniform spacing Az/H = 0.5,
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Figure 6: Schematic diagram of Spatial Box Filtering

out of whole 29-element array are utilized. The
specific mode $% which corresponds to the
spatial wavelength ); is obtained by a weighted
sum of p;, pressure at kth sensor, with a spa-

tial filter function w,(:) as follows:

N-1 . . .
=T muld, uf = 0B
k=0

Here N is the number of sensor and [-] rep-
resents truncation to nearest smaller integer.

Thus, the waveform of w,(ci) is a square wave

whose wavelength ); is given as 257'Az =
24~*H. The spatial box filtering (SBF) based
on w,(;) defined in the above equation is a
wavenumber filtering tuned for a specific wave-

length X;. As depicted in Fig. 6, the wave-

length of w,(f) is 4H, the length scale of
large-scale vortical structure. Therefore, the
SBF 2nd mode of pressure p(?) represents the
wavenumber components which is associated
with the large-scale vortical structure.

The conditionally averaged velocity time
histories (u)/Up and (v)/Up measured at
(z,y) = (7.5H,1.0H) based on the SBF 2nd
mode of pressure $(?) is shown in Fig. 7 a) and
b), respectively. The conditional average based
on the pressure fluctuations at z/H = 7.5
(denoted as pg hereinafter) is also plotted as
dashed line for comparison. The time is syn-
chronized with the instants when the two con-
ditioning signal, 5(®) and pg attains a peak
over 2.5 times rms level of each signal. It
is notable that the conditional averages based
on $® show larger velocity excursions com-
pared to those associated with local pressure
peak. This implies that the randomness in
the conditional average, which stems from the
"improper’ conditioning peak in local pressure
signal, i.e., pressure peaks uncorrelated with
the coherent flow structures, has been reduced
by means of utilizing an organized conditioning
signal of SBF 2nd mode. The conditional aver-
ages in Fig. 7 show no appreciable information
far from the zero time, say, [tUy/H| > 15 due
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Figure 7: Comparison of the conditionally averaged velocity
time history. —, Conditional average based on 13(2); ---
based on the positive peak of p’ at z/H = 7.5. a) (u)/Uo;
b) (v)/Uo.

to the increasing uncertainties with respect to
the increase in the time difference. However,
the conditionally averaged velocity excursions
based on both signal become nearly coincident,
although not exactly. From this, the condition-
ing signal of $(?) can be regarded to be largely
in phase with the coherent component near the
time-mean reattachment point zg/H = 7.4.
In summary, it can be stated that 52 is more
closely associated with the pressure-generating
coherent flow structure than the pressure a sin-
gle location. Furthermore, this pressure mode
is readily applicable to the a non-intrusive
online investigation of the large-scale vortical
structures.

CONCLUDING REMARKS

Unsteady characteristics of wall pressure
fluctuations in the separated and reattaching
flows over a backward-facing step and their re-
lationship between relevant flow modes have
been described by means of a variety of sig-
nal processing methods. In the present study,
the wavelet analysis of pressure time histories
from an array of microphones elucidated vari-
ous evolutionary features of flow field. It was
found that the periodic maxima and minima of
the wavelet transform are mainly concentrated
at the frequency of large-scale vortical struc-
ture. The shed vortices play a major role in
generating the pressure fluctuations. There ex-
ist two modes of shed vortices; one is the global
oscillation and the other is the vortex convec-
tion. These are synchronized with the flapping
frequency component of pressure fluctuations
pr and a possible scenario of the vortical mo-
tion is then proposed. From the space-time
information of the pressure fluctuations, an ef-
fective means to extract relevant spatial mode
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due to the large-scale vortical structure has
been introduced and discussed. This is termed
as spatial box filtering (SBF) and the empha-
sis is given to the SBF 2nd mode of pressure
7@ with the wavelength corresponding to the
length scale of the large-scale vortical struc-
ture. The conditional average of velocity fluc-
tuations based on §(? reveals that this mode is
better correlated with the pressure-generating
eddies than the pressure at a single location.
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