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Recent investigations by Monty et al. [J. Fluid Mech. 632, 431 (2009)] showed that important
modal differences exist between channels/pipes and boundary layers, mainly in the largest energetic
scales. In addition, Mathis et al. [J. Fluid Mech. 628, 311 (2009)] recently reported and quantified
a nonlinear scale interaction in zero-pressure gradient turbulent boundary layers, whereby the
large-scale motion amplitude modulates the small-scale motions. In this study, a comparison of this
modulation effect of the streamwise velocity component is undertaken for all three flows for
matched Reynolds number and measurement conditions. Despite the different large-scale
phenomena in these internal and external wall-bounded flows, the results show that their amplitude
modulation influence remains invariant in the inner region with some differences appearing in the
outer region. © 2009 American Institute of Physics. [doi:10.1063/1.3267726]

The behavior of canonical wall-bounded shear flow in
pipes, channels, and boundary layers has been well docu-
mented over the past few decades.'™ A recent investigation
by Monty et al.b comparing turbulent boundary layers
(TBLs) with channel and pipe flows at matched Reynolds
number, has given new insight into internal (channel/pipe)
and external (boundary layer) flow structures. By analyzing
energy spectra maps of streamwise velocity fluctuation for
all three flows, Monty et al.® showed that a very good agree-
ment exists between channel and pipe flows, whereas signifi-
cant differences between channels/pipes and boundary layers
have been highlighted. These differences were found to re-
side in the largest scales, which present a bimodal character-
istic in the outer part of channel/pipe flows, contrary to
boundary layers where only one mode exists. Kim and
Adrian’ and Guala er al.® discussed previously the possible
mechanisms responsible for these significant changes be-
tween internal and external flows. Furthermore, Mathis
et al.’ showed for boundary layers that the large-scale events
are not merely superimposed onto the small-scale motions,
but also amplitude modulate them. Moreover, they have ob-
served an increase in the amplitude modulation (AM) as the
Reynolds number increases. Based on the observation that
the large-scale motions (LSMs) are structurally different be-
tween channels/pipes and boundary layer flows, it is then
logical to consider what this means in terms of the modula-
tion of the small-scale events by the LSMs.

We report the results from three different facilities lo-
cated at the University of Melbourne in which the Karman
number Re, was matched. The Kdrman number (or friction
Reynolds number) is defined as the ratio of the outer to the
viscous length scales, Re,=6U_,/v. The boundary layer tun-
nel has a working test section of dimensions 27 X2 X1 m?,
with a low free-stream turbulence intensity, nominally
0.05%. A fully description of the facility is available in Nick-
els et al.'’ The fully developed channel and pipe flow facili-
ties are detailed in Monty et al."' The channel has an aspect
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ratio of 11.7:1, minimizing the side-wall influence. Further
details of the experimental conditions are given in Table I
and in Monty et al.® The outer length-scale & corresponds
either to the boundary layer thickness (calculated from a
modified Coles law of the wake ﬁtlz), the half-height of the
channel, or the radius of the pipe. U, is the friction velocity
and v is the kinematic viscosity. Measurements were made
by traversing single-normal hot-wire probes (Wollaston wire
with Dantec 55P05 probe in the TBL and Dantec 55P15
probe in the channel/pipe). In all cases, the probe was oper-
ated in constant temperature mode with overheat ratio set to
1.8. To avoid spatial resolution issues when comparing the
different flows, a nondimensional hot-wire length of /*=30
was maintained for all three flows (I*=[U,/v, where [ is the
length of the etched part of the hot wire). It should be noted
that U, is accurately calculated from pressure drop in the
channel and pipe flows, whereas the Clauser chart is used
in the boundary layer (with log law constants k=0.41 and
A=5.0).

Figure 1 displays the premultiplied streamwise energy
spectra map plotted against the wall distance and wavelength
for all three flows, as shown by Monty et al.® Contour levels
are formed from two dimensional premultiplied energy spec-
tra k.¢,,/ Ui obtained at each wall normal location z*. The
qualitative overview of the spectra looks similar. An ener-
getic peak occurs in the near-wall region (called the “inner
peak”), which is the signature of the viscous-scaled near-wall
cycle of elongated high- and low-speed streaks.”> As we
move away from the wall, a secondary peak appears in the
logarithmic region (referred to as the “outer peak”)14 corre-
sponding to the superstructure-type events associated with
the log region.15 Hutchins and Marusic'>'® showed that this
large-scale structure imposes a strong “footprint” at the wall
with low-wavenumber events superimposed on the high fre-
quency streamwise fluctuations of the near-wall cycle.
Mathis ef al.’ conclusively showed that this footprint ampli-
tude modulates the small scales. Well into the outer flow
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TABLE I. Experimental parameters for TBL, channel, and pipe.

Flow conditions

Hot-wire details Acquisition details

x U s wu, 1 d f o TUIS
Facility ~Re, (m) (ms™) (m) (um) (mm) (um) [ At (kHz) (10%)  Symbol
TBL 3020 5.0 12.5 0.1003 332 1 5.0 30 0.57 24 2.25 A
Channel 3015 17.6 23.1 0.05 16.7 0.5 2.5 30 0.55 100 2.77 O
Pipe 3005 17.3 24.3 0.0494 164 0.5 2.5 30 0.56 100 2.95 O

(z/ 6>0.3) the energy signature of the large scales moves to
smaller wavelength (\,/8=3) in the boundary layer,
whereas two peaks can be distinguished in channel and pipe
maps [respectively highlighted in Fig. 1 by bold lines labeled

10°

FIG. 1. Isocontour representation of the premultiplied energy spectra of
streamwise velocity fluctuations k,,,/ U> for (i) TBL, (ii) channel, and (iii)
pipe at matched Re,. Levels are from 0.1 to 1.5 in steps of 0.1 (levels 0.1
and 1.5 are labeled). The + symbol marks the inner (z*= 15, \} =1000) and
outer peaks (z/8=3.9 Re;"?, \,/6=6) as identified by Ref. 9. The hori-
zontal dot-dashed line shows the location of the spectral filter (\,=96).
Adapted from Ref. 6.

\,/6=3 and VLSM (VLSM denotes very-large-scale mo-
tion)]. The shorter mode in channel/pipe corresponds to the
boundary layer mode at \,/ 8= 3 (identified as LSM in inter-
nal flows by Adrian et al.'’). The second peak occurs at
much longer wavelengths, 14 <\ ,/ <20, identified by Kim
and Adrian’ as the VLSMs. It should be noted, as clearly
pointed out in Ref. 6, that superstructures in a boundary layer
and VLSM in channel/pipe flows should not be confused.
Even if they present similar structural characteristics, VLSM
occurs at more distant wall-normal locations and longer
wavelengths than superstructures. Furthermore, by studying
differences in the energy map between channels/pipes and
boundary layers, Monty et al.® showed that differences reside
not only in the outer/core region but extend right down to the
wall. This is expected since it is now known that the largest
modes from the outer/core region impose their footprint in
the near-wall region.15 However, the fact that the turbulence
intensity remains identical in most of the flow (A,/8<0.5)
while different energetic distributions are observed suggests
that all three flows might have similar qualitative structure
with different energetic distributions between shorter and
longer scales. Hence, the question arises: Is the AM imparted
by the big structures onto the small events, shown by Ref. 9
in boundary layers, similar or different in the channel/pipe
flows?

A first approach to study the scale relationship is to de-
compose a fluctuating velocity signal into a large- and a
small-scale component by applying a wavelength pass filter
below and above a carefully chosen cutoff wavelength.16
Spectral energy maps are useful to choose the adequate cut-
off wavelength (Fig. 1); \,=§ appears to be a reasonable
location to separate large- and small-scale components (filter
parameters are given in Table II). An example of the result-
ing decomposition is given in Fig. 2 for all three flows at
wall-normal location z*=15. The raw signal u* is decom-
posed into a large-u; (N> ) and small-scale u§ (N, <)
component [Figs. 2(a) and 2(b)]. The overall observation in
Fig. 2 is that whatever the flow, internal or external, an AM
effect from the large scales onto the small-scale component
is visible. This is highlighted by the sections of signal
marked with dashed lines where lower fluctuations of the
small-scale component are observed under a large negative
excursion of the large-scale component. It should be noted
that the present decomposition does not differentiate LSM
and VLSM in internal flows.

By using the Hilbert transformation applied to the small-
scale component ug, it is possible to characterize this AM
effect.” The Hilbert transformation'®'? is well known to ex-
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TABLE II. Definition of filter parameters for scale decomposition.

Subscript Designation Spatial filter cutoff
Large scales N/ 6>1
S Small scales N/ 6<1

tract the envelope of any signal, which in AM processing
corresponds to the modulating signal20 (assumed here to be
the large-scale component). Hence, a direct evaluation of the
modulation is obtained by calculating the correlation coeffi-
cient between the envelope of the small-scale component and
the large-scale component. However, the envelope returned
by the Hilbert transformation will track not only the large-
scale modulation due to the log-region events, but also the
small-scale variation in the signal.9 This effect is removed by
filtering the envelope at the same cutoff wavelength as the
large-scale signal (\,> ). The filtered envelope E; (us), de-
scribing the modulation, can now be correlated with the
large-scale velocity fluctuation u;],

s AM =0.250
0 1000 2000 " + 3000 4000 5000

FIG. 2. Example of small-scale decomposition on fluctuating u* velocity
signal in the near-wall region (z*=15) for (i) TBL, (ii) channel, and (iii)
pipe flows: (a) raw fluctuating component u* and large-scale fluctuation
N/ 8>1; (b) small-scale fluctuation \,/6<1; and (c) filtered envelope
(solid line) against the large-scale component (dashed line). For comparison,
the mean of the filtered envelope has been adjusted to zero. Dashed vertical
lines show regions of negative large-scale fluctuations.
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FIG. 3. (a) Wall-normal distribution of the degree of AM, (b) skewness, and
(c) kurtosis profiles for (A) TBL, () channel, and (O) pipe.
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where \/7 denotes the rms value of the signal u. A complete
description of the procedure to characterize the degree of
AM of the large scales onto the small scales is available in
Ref. 9. For the samples shown in Fig. 2(c), a significant
degree of AM is found, AM=0.24-0.26, for all three flows.
A complete evaluation of the degree of AM across the
TBL, channel, and pipe is obtained by applying the proce-
dure for the streamwise fluctuating velocity component u* at
all wall-normal locations z*. The resulting AM(z") for the
three flows is presented in Fig. 3(a). A good agreement of
AM is observed up to the edge of the logarithmic region
(z/ 6<0.15). The fact that the LSMs, either superstructure or
VLSM, induce the same AM effect onto the near-wall region
agrees with the conclusion of Monty et al.® that all three
flows are of the same type of structure, with only different
energetic distribution between small and large scales (pro-
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ducing the difference observed in the premultiplied energy
spectra maps). Hence, in terms of flow control (for drag re-
duction purposes), the same strategy acting on the large-scale
events would probably give similar benefit for the three
flows. Well into the outer/core region (z/6>0.3), AM(z")
shows a different behavior for all three flows. This is ex-
pected as the flows have quite different outer regions due to
the opposite wall in internal flow or the intermittency of the
wake region in boundary layer. However, even channel and
pipe depict different degrees of AM, despite the fact that
statistics and energy maps present a very good agreement,
including the skewness and flatness profiles [Figs. 3(b) and
3(c)]. In any case, the geometry of channels and pipes is very
different, so it is perhaps not surprising than AM is also
different. Furthermore, a closer analysis of the spectral pro-
files by Monty et al.® at z+=2000 shows that the large scales
are weaker in pipes than in channels. This is consistent with
the present observations that AM is higher in channels,
AM(z*=2000)=-0.34, than in a pipe, AM(z*=2000)
=-0.26. In the boundary layer, AM has a very different
behavior than in channels/pipes in the outer region
(z/6>0.5). In Fig. 3(a) a high negative peak (AM =-0.6) is
observed at about z*=2500, which is caused by the intermit-
tency region. Indeed, above z/ 6>0.5 all small-scale fluctua-
tions appear only within a large negative excursion marking
the passage of superstructure-type events. This corresponds
to the strong anticorrelation observed at z*=2500 consistent
with high negative skewness and high positive kurtosis ob-
served at the same location [as seen in Figs. 3(b) and 3(c)],
and these are well known characteristics of the intermittency
region. Finally, further differences between boundary layers
and channel/pipe flows may be revealed by studying the
other velocity fluctuating components. Indeed, Hutchins and
Marusic'® showed that not only the streamwise velocity fluc-
tuations seem to be modulated, but all components, as well
as the Reynolds shear-stress fluctuations.
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