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Abstract

Measurements of velocity and temperature in a thermal
boundary layer flow are shown and results are compared
with published data.

An eduction method of characteristic turbulent events,
intermittent production of fluctuating turbulent energy,
based on wavelet transform, is presented. The method is
applied to measurements in the near wall turbulent
boundary layer, y*=15, in order to evaluate the
distribution of the number of events per unit time among
time scales and in order to obtain the spectral contribution
of these events to the mean energy spectrum. Dominant
frequencies and scales for the turbulent events are
determined for the velocity and for the temperature signals.

The velocity and the temperature fields, even though if
measurements were taken independently, give very similar
results, at ieast for wall temperature slightly different from
the temperature of the external flow.

Introduction

It is well known that bursting processes, intermittent
motions of intense turbulence activity, play an important
role in maintaining the turbulence production mechanism
in the inner layer and are responsible of most of the
turbulent transport phenomena near the wall.

A detailed understanding of these motions (events) is
of great interest both for modelling the dynamics of the
flow and for developing methods to control skin friction,
wall heat transfer and aerodynamic noise.

A great amount of work has been produced on the
subject, since the pioneering papers of Kline et al (1) and
Corino et al. (). A comprehensive review is given in
papers of Hussain (3) and Robinson (4.

The studies on the subject rely heavily on flow
visualisation and hot wire measurements (Refs. 5-13) and
more recently on direct numerical simulation (DNS) of
boundary layer and fully developed channel flows (Refs.
14-18). It has become increasingly clear, especially after

Copyright © 1996 by the AIAA and ICAS. All rights reserved.

the DNS results, that bursting motions are linked to the
dynamics of organised coherent vortical structures in the
wall region. These structures appear in a variety of
repetitive forms and at different scales and levels of
activity.

In spite of the considerable amount of information
obtainable by the direct numerical simulation, the
experimental approach is still of great importance, being
the DNS restricted to simple flow configurations and to
very low Reynolds numbers, far from most of the
practical applications. Moreover, the three dimensional
nature of the motions of interest and the facts that events
are embedded inside the overall random behaviour of the
turbulence field, make their eduction a very complex task,
especially for single-point Eulerian measurements.

Several techniques for detecting bursting events have
been developed during the past twenty years. These
techniques are based on the local variance of the
streamwise u -velocity component (VITA®.7), on the
mean local gradient of the signal (WAG(9), on the local
value of the u-velocity (u-level®), or on its slope2®
and on the sign of the uv product (Quadrant method®).
All these detection algorithms rely on the assumption of a
threshold, whose value is empirically established, mostly
by correlation with flow visualisation results.

In this paper, a detection method, based on wavelet
spectral analysis, is applied to study bursting motions in a
thermal boundary layer flow in a nominally zero pressure
gradient. Results from VITA detection scheme are also
included in the paper as a reference to published work on
the same subject.

Kim and Moin®D, performing direct numerical
simulation of a turbulent channel flow with passive
scalars, found that the temperature field are highly
correlated with the streamwise velocity; the correlation
coefficient between the temperature and the velocity was
as high as 0.95. In Refs 22-25, the temperature has been
used as a passive contaminant to mark the flow in order to
provide plausible links between the bursting phenomenon
and the large wall structure.
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It is part of the present research to consider different
wall temperature conditions; only results for the case of
wall temperature slightly different from the external flow
temperature are shown in this paper.

Experimental apparatus

The experiments were conducted on a splitter plate,
mounted horizontally in the test section of the 0.70 m x
0.50 m, low speed, open circuit wind tunnel of the
"Modesto Panetti" laboratory of the "Politecnico di
Torino". The pressure gradient along the plate was nearly
zero. The plexiglas plate covered by a polyurethane foam,
spans the 0.70 m of the test section and extends from 0.2
m downstream of the test section entrance to a total length
of 3.5 m. The transition to turbulent flow is artificially
fixed at the plate leading edge. The plate is covered by a
very thin printed circuit board which is glued over the
polyurethane foam (20 mm thick); the circuit is used to
generate, by Joule effect, a uniform heat flux distribution
on the surface, allowing a temperature difference between
the flat plate surface and the air stream. The wall
temperature is measured by an infrared thermograph (spot
8 mm, error = x1%). Single normal hot wire probes have
been used for turbulence measurements. A Dantec type
55P11 probe, 1. mm long, with a diameter of 5 pm, was
used for the longitudinal velocity fluctuations, and a
Dantec type 55P31, of length 0.25 mm, diameter 1um,
was used for temperature fluctuation measurements. The
ac. part of the probe signals, amplified by 10, was
acquired by a 12 bit analog-to-digital converter at 18 Kz
sampling rate for velocity measurements and 6 KHz for
temperature. The accuracy may be evaluated within 2% for
both measurements. The hot wires were calibrated in
velocity and temperature. The distance of the probes from
the splitter plate was measured within 0.01 mm.

VITA detection scheme

The VITA technique(®), permits a local measure of the
turbulent activity and is based on the intermittent character
of the short-time variance of a turbulent velocity signal.
The short-time variance of a fluctuating velocity
component u(t) is defined as follows:

| T2 [ 772 ]2
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where T is the window in which the short-time variance
is calculated. An event is considered to occur when
var,(7,T) exceeds the quantity ku’., where k is a
chosen threshold level and u2, is the total variance of the
signal. Detected events are classified as accelerating
motions if Ju/Jdt>0 and decelerating motions if
dul gt <0 (see Ref. 26).

In this technique, a detection corresponds to a

continuous portion of the signal where the threshold
conditions are satisfied. The detection time, 7, is defined
as the mid point of the event duration. Once the reference
times are determined, a conditional average of signals(z)
can be calculated as follows:

s(r,+ t'), 2)
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where N is the number of events and 7' is a time relative
to the reference time ;.

The VITA scheme is strongly dependent on the value
of the threshold constant, &, and on the value of the
averaging time window, 7', which acts as a filter on the
signal. In Ref. 27 it is shown that the number of events
detected decrease exponentially with increasing threshold
level k and the band-pass filter character of the short-time
window T is demonstrated.

In this paper, accepted values for T and k are adopted
as they were selected in many investigations by
correlation with flow visualisations or multi-point
measurements.

Fundamentals on Wavelet Analysis

Wavelet transform has been widely used for analysing
different turbulent fields (see Farge's paper?® for
comments and references). Application of wavelet analysis
to boundary layer have been performed by Liandrat et al.
(29) and by Benaissa et al. (2%,

To establish notations, the basic formulas that will be
used in the analysis of the data are shown. Mathematical
details can be found in Refs. 28,30,31.

A wavelet is any square integrable, real or complex
valued function (t) that satisfies the admissibility
condition:

o
c, =fizp(w1 o] dw <=, 6))

where yA)(a)) is the Fourier transform of y (¢). Condition
(3) implies that ¥ (t) has a zero mean value. The wavelet
transform of a function s(¢) consists of all correlation of
s(¢) with an infinite family of functions obtained from
y(t) by continuous dilation and translation. More
precisely, the family of functions is defined as follows:

Yor = a"“’w(t—_i) , @

a

where a is the scale parameter, also known as wavelet
scale, and 7 is the translation parameter; the factor a ™
allows the L’ -norm of y,, to be independent of a. The
continuous wavelet transform of a function s(¢) is given

by:
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W(a.7)= [s()w.dr, ®)

Using the theorem of convolution, it can be shown that
the wavelet coefficients can also be calculated in the
following way:

W(a,7) = (1/22)a" [f(oo )Y (@o)] e dos ()

Thus, W(a, 1), at each scale a, can be interpreted as a
filtered version of s(¢), where the filters are given by the
Fourier transform of the wavelets at each scale.

For the continuous wavelet transform, the wavelets are
not orthogonal and the coefficients contains redundant
information; nevertheless, if the admissibility condition
(3) is satisfied, the corresponding inverse wavelet
transform can be written:

® &
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Just like in the Fourier transform, the Parseval's theorem
holds:

}‘s(t)r dr =(1/C,,,)}}|W(a,rx2d1:d réd.  ®

o)

Therefore, the wavelet transform preserves energy not only
globally but also locally; the integrand function at the
right hand side, which is an energy per unit of time and
frequency, may be used to detect instants of time and
scales that contribute mostly to the energy. In the past
literature, the spectral content of a signal has being given,
using the Fourier transform, in terms of an energy as a
function of frequency. In order to compare wavelet and
Fourier results, it is useful to define the wavelet
frequency, f =c!(2ma), that plays the same role as the
frequency in the Fourier analysis; ¢ is a constant and
depends on the family of wavelet used. For visualisation
purposes, f is usually sampled logarithmically, thus
equation (8) formally can be expressed as follows:

ﬂs(t)rdr =(v¢c, )@t c)}}lw( f,rf fdrdinf (9)

-0

Integration in 7 of IW( f r)r in the right hand side of
equation (9) gives the wavelet power spectrum,

10

P(f) =(1/C¢)}|W(f,r)rdr

which, as shown by Hudgins et al. 32), is a smoother and

clearer representation than the one obtained with the
classical Fourier analysis. Moreover, by integrating in
frequency IW( f r)r the wavelet local energy is
obtained:

E(r)= }IW( fooffamy. 1

As it will be shown, the function E(t) will be used to
detect instants of time at which events occur.

Basic flow resuits

The data here analysed are taken at a Reynolds number,
based on momentum thickness, ©, and on the external
velocity, of 1130. The temperature difference, A8,
between the wall and the external flow is 11.6° C. Other
flow parameters at the measurement station x are:
Re, =88 10°, H=6"10=134 and
Hy =0,/ 9,=147 .Independent measurements of
the longitudinal component of the velocity and of the
temperature were performed at different heights from the
wall, The distribution across the boundary layer of mean
velocity and temperature, U* and ©", in comparison with
the kinematic and the thermal law of the wall, are shown
in figure 1; y* represents the distance from the wall. All
quantities with superscript "+ are normalised respect to the
viscous wall length, v/u, and viscous time v/ uf,
where u, is the skin friction velocity. A much better
agreement between the temperature distribution and the
thermal law of the wall has been found at higher Reynolds
numbers, not shown here.
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FIGURE 1 - Velocity and temperature profiles in
comparison with the law of the wall

In figures 2 and 3, profiles of the root mean square
value of velocity and temperature fluctuations are
displayed. Skewness and flatness are shown in figures 4-7.

There is a reasonably good agreement between the
present results and the data from  other
investigations®3.20), also included in the figures for
comparison.
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FIGURE 2 - Velocity fluctuations across the boundary
layer
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FIGURE 3 - Temperature fluctuations across the boundary
layer
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FIGURE 4 - Skewness for velocity across the boundary
layer
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HGURE 5 - Flatness for velocity across the boundary
layer
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FIGURE 6 - Skewness for temperature across the
boundary layer
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FIGURE 7 - Flatness for temperature across the boundary
layer

Small differences may be attributed to peculiarities of
small Reynolds number boundary layer flow of the present
investigation. Reynolds number has been kept low in
order to increase the wall viscous characteristics length,
respect to probe dimension, /, and avoid spatial-averaging
effects and assure consistent results for event eduction
(u.l/ v =20 for the velocity probe).

Event eduction results

A further comparison with published results(” is
shown in figure 8, where the number of VITA (k=1.2,
T’ =10) accelerated events per umit of time, ngpy,, is
reported as a function of the wall distance, for the velocity
signal. It is confirmed that n,,, is nearly constant in the
wall region and it assumes a value not far from 0.005.
The hot and cold cases give nearly the same results.

As already noted, the number of events per unit of
time detected by VITA method varies strongly with the
threshold & and the integration time 7. It has been
shown in Ref. 27 that n;,, can be interpreted as a
frequency of occurrence of events with time scales about
30% larger than T .

In order to give a contribution to the studies on the
identification of characteristic turbulent events, the
continuous wavelet decomposition analysis has been
applied to the present data. Streamwise velocity
component and temperature signals at y' =15 are
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considered.
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FIGURE 8 - Number of VITA events per unit of time

across the boundary layer, for velocity signal

In figure 9, wavelet energy map, lW(f ,r)r f, is
shown as a contour plot in the time-frequency plane. It is
recalled that the frequency f is defined as f = c/ (27a),
where a is the wavelet scale parameter. For the present
analysis the second derivative of the Gaussian function,
also known as Mexican hat wavelet (see Ref. 35 for its
properties), is used. For this wavelet, constant ¢ is
assumed to be equal to 2> In figure 9, time ¢ is
normalized with the sampling interval At¢; ordering
numbers N, in the frequency-axis, correspond to decreasing
frequencies. The intermittent nature of the signal is
evident from the plot, where intense turbulent activities
(events, bursts) are shown to occur at different times. It is
also evident the variety of scales involved in these intense
turbulent activities. Peak values in the map are observed
from N=8 to N=16, showing dominant frequencies of the
velocity fluctuation intensity ranging from about 50Hz
(N=16) Hz to 600Hz (N=8).
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FIGURE 9 - Energy map for a portion of a velocity signal
at y" =15

Similar results are shown in figure 10 for the temperature,
where peak values range from 20Hz (N=16) to 400Hz
(IN=6).
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FIGURE 10 - Energy map for a portion of a temperature
signal at y* =15

The spectral-temporal resolution of the signal in the
wavelet energy map, as in figures 9 and 10, are used for
the eduction of individual events. Several algorithms of
scanning for local maxima in the energy map can be
performed (see, for instance, Higuchi et al.(39)). In our
application, a simple scanning procedure has been applied.
The function E(t), defined in equation (11), is
considered. A treshold is set in order to determine
reference times 7, at which the events ocurr. A function
D(t) is then constructed such that D(7)=0 always,
except for T =1;. A second function, DW(f,t), is then
defined as follows:

DWf,7)=1 if ’Uj—%TjS’L'S'Uj+%Tj, Yf

DW(f.7)=0 vf

where T, =2na; /2", is the period of time duration
corresponding to the frequency at which the maximum in
IW,, (f,7)[ f map at reference time 7, is found. D(7)
and DW(f,7) may then be used as a mask for
conditional, statistical and spectral analysis of the signal.

In figure 11, function D(t) (fig. 11a), in comparison
with events detected by VITA method (fig. 11b), is shown
for a portion of the velocity signal corresponding to the
map in figure 9. The correspondence is fairly good for the
events that could be detected by VITA, assuming 7" = 10.
The thresholding criterion adopted for the results in figure
11 and for the analysis that will be shown in the
following, consists simply on comparing the function
E(t) with k, times its mean value, where k, is a
constant. In figure 11a, ky, is set equal to 2.1.

The dependence of number of events per unit of time,
n; , from the threshold constant &y, , is shown in figure
12 for the temperature and the velocity signals. In the
figure, the events are classified in events with positive
signal slope and events with negative signal slope. It can
be seen that the velocity and temperature signals, that
have been taken independently, give comparable values of

ny, for nearly the same value of the threshold &, .

else,
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for a portion of a velocity signal at y* =15
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FIGURE 12 - Dependence of 7, from the threshold
constant

Two applications concerning with the distribution of
occurrence of events per unit time among duration (scales)
and with the conditional spectral analysis of the signals
will be shown.

In figure 13, the number of events per umit time, is
displayed as a function of the duration T for the velocity
(kw=2.1) and for the temperature (ky=1.9) signals.
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FIGURE 13 - Number of events per unit time in function
of duration

For both cases the total number of events per unit time,
in normalised form, is about 0.006. All events have been

taken into account independently of the slope of the signal
at the detection time. The duration value for which ny™
has its maximum corresponds to about 10-12 viscous
time units for the velocity signal. The ny* distribution
for the temperature signal reaches its peak valne at
Tt= 20-22 viscous time units, showing that the
probability for event occurrence at large duration is greater
for the temperature field than for the velocity field.
However, the results in figure 13 confirm that a large
variety of scales are involved in the bursting motions,
going from few viscous time units to more than 100
viscous time units.

A much larger range of scales are, involved in the
spectral distributions of the signal energies. In figures 14
and 15 the wavelet mean (total) and conditional spectra,
respectively for the velocity (kw=2.1) and the temperature
(kw=1.9) signals, are shown.
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The conditional spectra for the event instants and for the
non event instants are shown. All diagrams are normalised
with respect to the total energy of the signals. The spectra
for the non event part of the signal have been obtained
masking the wavelet energy map with the function
[1-DW(f.x)], before integrating respect to the time. The
conditional spectra for the events have been obtained by
difference between the total spectra and the non event
spectra. Apart from the energetic content of the diagrams,
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the spectral distributions appear to be not very dissimilar
for the mean spectrum and for the conditional one. A
tendency to a slight shift towards the small scales is
observed for the event energy distribution respect to the
mean distribution. This is in agreement with the results in
figure 13.

In figures 14 and 15 detected burst motions contains
about 30% of the total energy, both for the velocity and

temperature signals.
Conclusions

Analysis of hot wire measurements of the velocity and
temperature in a thermal boundary layer have been shown
in comparison with published data.

A contribution to the study on the identification of the
characteristic turbulent events have been given applying
continuous wavelet transform to data measured at a
distance of y* =15 from the wall, where high turbulent
activity is expected.

Results obtained, detecting events by tresholding the
wavelet energy map for the velocity and the temperature
signals, have been used to determine the distribution of
events between scales and to show conditional event
spectra in comparison to mean spectra, It has been shown
that, even if well defined peak values are present, a large
range of scales (frequencies) is involved in the considered
characteristic turbulent events.

 The velocity and temperature signals lead to very
similar results, showing that the temperature may be used,
as a passive scalar marker for event detection, at least
when the wall temperature is only slightly different from
the temperature of the external flow, as in the present
case.

The results here obtained are consistent with the
scenario supported by recent results coming from the
direct numerical simulation. From these studies %17, it
may be deduced that the turbulent intermittent activity
detected by hot wire is produced by the passage of quasi-
streamwise vortices at different distance from the
measurement points, with different orientation, strength
and convective velocity, rather than by localised temporary
intermittent eruptions of fluid from the wall or violent
inrush of external fluid into the wall region
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