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Abstract

Hot-wire measurements of the streamwise velocity are conducted in the large-scale pipe-flow facility CICLoPE in the
friction Reynolds number range of 7800 < Re, < 40000. Measurements are performed both with a rake of five synchro-
nised probes arranged at different radial locations, and through a radial scan with a single wire traversing the whole
pipe radius. Correlation-based analysis is used to extract features of inter-scale modulation in turbulent pipe flows.
The Re,-independence of geometric features is shown with the outer scaling. Very-large-scale motions keep the vertical
coherence to the wall through the whole pipe radius, while for the large-scale motions, the local coherence gradually be-
come isotropic as the structure centre moves far away from the wall. From results obtained with the one-point amplitude
modulation (AM) correlation function map, the AM effect is characterised by positive correlations observed in the inner
region, while an opposite AM effect characterised by negative correlations is observed in the outer region. The strongest
AM effect (with the maximum correlations) and the zero net-modulation (with zero correlations) show that the phase
difference between large and small scales has a linear relation with the logarithm of the outer-scaled wall distance, but
the strongest opposite effect (with the negative maximum correlations) behaves with the phase difference independent of
the outer scaled wall-normal distance. Two-point AM coefficient maps, which give richer spatial information in the outer
region than the one-point map, present the Re.-independence for AM and opposite effects within the present Re, range.
In addition, the relative variation of the two effects in the coexisting wall-normal range is characterised by identifying
the maximum gradient of the one-point AM coefficient and the peak-to-peak value of the two-point AM coefficient map.
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1. Introduction

1.1. Background

Pipe flows at high friction Reynolds numbers have re-
ceived increasing attention over the past few decades in
order to answer outstanding fundamental questions con-
cerning scaling and modelling of wall-bounded turbulent
flows [I, 2]. The friction Reynolds number is defined as
Re, = 6U, /v, where § is the characteristic geometrical
length of the outer scale, U is the friction velocity and v is
the kinematic viscosity. An example of phenomena emerg-
ing only at high Reynolds number is the development of
an outer peak in the spectrogram of the streamwise fluctu-
ation u [3]. A similar scenario occurs in laboratory bound-
ary layers (BL) [4, [5] [6], near-neutral atmospheric surface
layers (NASL) [7, I8, [@, 10], channel (CH) flows [6, [11] and
pipe flows [12 [13]. This is believed to be connected to
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the so-called large-scale coherent structures, i.e. coherent
motions extending over scales larger than the outer length
scale of the flow (e.g. pipe radius, channel half-width, or
boundary layer thickness). Coherent structures have be-
come the object of multiple studies due to their key role
in mass, momentum and heat transfer [2] [14] [15], [16] [I7].
The coherent motions can be divided into small-scale tur-
bulence, large-scale-motions (LSM) [6] [18], [19], and very-
large-scale-motions (VLSM) [5 20] 2], 22] according to
their streamwise extent scaled with the outer length scale
0. The characteristic wavelength of VLSMs in internal
flows is ~ 100 [23], while it is ~ 66 in BLs [24].

At high Re,, the nonlinear inter-scale interaction be-
tween large and small scales adds complexity to the dy-
namics of coherent structures. Bandyopadhyay & Hussain
[25] explored the universality of large- and small-scale cou-
pling in turbulent shear flows and noted a phase reversal
at the edge of the log layer in boundary layers. Hutchins &
Marusic [24] studied the scale interaction through a scale
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decomposition of v obtained from hot-wire measurements,
and termed the nonlinear modulating influence of large
scales as amplitude modulation (AM). Mathis et al. [26]
further quantified the AM effect through the correlation
between the large-scale component and the envelope of
the small-scale component extracted by Hilbert transfor-
mation, and developed a predictive model of the near-wall
turbulence for wall-bounded turbulent flows given only the
large-scale outer-region information [27, 28, 29]. Although
the AM effect was captured by the one-point AM corre-
lation coefficient at zero time-delay between scales [26],
Schlatter & Orlii [30] raised that this coefficient is strongly
related to the local skewness factor even in artificial sig-
nals, thus questioning the genuine physical interpretation
of the results. To overcome this, Pirozzoli & Bernardini
[3I] constructed the two-point AM co-variance map as a
refined measure of the inner-outer interaction and applied
this analysis to direct numerical simulation (DNS) data
of a supersonic BL. Baars et al. [32] studied effects of
AM and frequency modulation by replacing the envelope
of small-scale fluctuations in two-point correlations, with
two time series of instantaneous amplitude and frequency
of small scales derived from wavelet power spectrum. Do-
gan et al. [33] recently reviewed various methodologies of
scale decomposition and AM quantification.

While these studies have clearly established that a cer-
tain degree of AM occurs in the wall-bounded flows, the
physics behind this inter-scale interaction is still an open
question. Hunt & Morrison [34] proposed the ‘top-down’
instability at high Re, opposed to the ‘bottom-up’ mech-
anism common in lower-Re, studies, based on both lab-
oratory and field BL data. Guala et al. [35] noted that
the scale separation achievable in NASL at high Re, is the
key for their observations of VLSMs coexisting and inter-
acting with structures from the hairpin paradigm. Baars
et al. [36] found the AM effect in a confined domain cen-
tred on the internal shear layers of the large-scale uniform
momentum zones, and revealed the transition from near-
wall modulation to intermittent-type scale arrangement in
the log-region of the BL. Agostini & Leschziner [37] con-
cluded that the modulation in the skin friction does not
reflect a direct interaction between small and large scales,
but arises from variations in shear-induced production due
to changes in the conditional velocity profile. The newly
developed quasi-steady-quasi-homogeneous theory stated
that the small-scale near-wall motions adapt to the large-
scale fluctuations of the wall shear stress, which was found
to perform better for Reynolds number Re, > 950 and
wall-normal distance y* < 70 on the basis of CH DNS
data by Chernyshenko [38]. Despite significant efforts, the
exact modulation mechanism and its dependence on the
Reynolds number and flow configurations (e.g. BL, CH
and pipe) are still largely unclear, and are the object of
recent investigations, e.g. the study via complex networks
by Tacobello et al. [39].

To this end, high-Re, data are extremely important
since increasingly high Re, allows adequate scale sepa-

ration, which facilitates an unambiguous identification of
large-scale structures in the outer region and their influ-
ence on near-wall small-scale fluctuations. However, accu-
rate measurements of the small scales become extremely
difficult at high Reynolds number because of spatial res-
olution issues [40], and there are only a few experimental
facilities that are designed to overcome this limit. One
of these facilities is the long pipe of the ‘Center for In-
ternational Cooperation in Long Pipe Experiments’ (CIC-
LoPE). The size of small-scale turbulence within this pipe
is enlarged by increasing the pipe radius R up to 0.45 m
[41) [42]. Thanks to its large size, this facility covers the
friction Reynolds number range of 4000 < Re, < 60000
while maintaining the viscous length scale (i.e. the in-
ner length scale v/U;) larger than 10 pum. This allows
to accurately resolve high-Re, flow features by using con-
ventional hot-wire probes and particle image velocimetry
[13] [43], [44], [45], [46].

1.2. Research objectives

Previous studies of the AM effect mainly focus on labo-
ratory BLs or NASLs, and related studies on pipe flows at
high Re, are still limited. Although Mathis et al. [47] pre-
sented a comparison of AM effects in BL, pipe flow and
CH at matched Reynolds number of Re, = 3000, more
experimental results for pipe flows at higher Re, are valu-
able. In addition, the distinct intermittency of BLs and
pipe flows may lead to different behaviours in the outer
region. Hence, it is worth investigating the inter-scale in-
teraction in the outer region of pipe flows, especially the
typical feature of the phase difference between large-scale
structures and small-scale fluctuations.

Taking advantages of the CICLoPE facility (high Re,
and large v/U;), two sets of hot-wire measurements are
performed to provide new insights on the features of co-
herent structures and of the inter-scale effect in turbulent
pipe flows at Re, up to 40000. In the first set, a rake of
five probes is used to obtain streamwise velocity measure-
ments at five wall-normal positions simultaneously. Simul-
taneous signals allow to investigate the influence of the
wall-normal location on two-point correlation maps. In
the second set, a single probe has been used to scan the
whole pipe radius. After validating the basic geometric
features of correlated coherent structures and discussing
the scale-dependence, one-point and two-point maps of the
AM correlation are presented and compared to study the
inter-scale interaction, including the phase relation and the
correlation intensity, as well as the Re, effect. The details
of the hot-wire experimental measurements in CICLoPE
are firstly presented in § 2. Then the results of correla-
tion maps, geometric features of coherent structures and
their scale-dependence are reported in § 3. The inter-scale
modulation is discussed in § 4 and, finally, the paper is
concluded in § 5.
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Figure 1: Experimental setup. Top-left: picture of the test section of CICLoPE; top-right: picture of the hot-wire rake mounted on the
traversing system; bottom: schematic diagram of the rake installed in the pipe.

2. Experimental set-up

2.1. CICLoPE facility and flow field

The long pipe wind tunnel of CICLoPE is a closed-
loop circuit operating with air at atmospheric pressure.
The test section is 111.5 m long with an inner radius R
of 0.45 m. The length-to-diameter ratio of approximately
124 ensures fully-developed turbulent flows at the down-
stream measuring location. For further details about the
CICLoPE facility, refer to [41], 42}, 43, 48].

Reynolds numbers in the range 7800 < Re, < 40000
are achieved by varying the incoming-stream velocity. The
friction Reynolds number can be interpreted as the ra-
tio of the outer length scale over the inner length scale,
Re, = R/(v/U;). With the large outer length scale of
R = 0.45 m, the viscous length scale v/U, remains larger
than 11 ym as Re, increases up to 40000 thus it is pos-
sible to perform accurate turbulence measurements with
standard hot-wire probes [49].

Specific values of characteristic quantities of the present
pipe flows are listed in table [ At the measuring sta-
tion, air flow density p and kinematic viscosity v are ob-
tained according to the ideal gas law and the Sutherland

law, by monitoring ambient pressure and air flow tempera-
ture. The centerline velocity U, is measured by a Prandtl
tube connected to a high-accuracy differential pressure
transducer, with a total uncertainty smaller than 0.16%.
Static pressures along the pipe length are acquired by a
digital multipoint pressure scanner Initium. The stream-
wise pressure gradient is calculated by fitting static pres-
sures within the last 40 m before the measuring station to
provide an estimate of wall shear stress 7, according to
Tw = —dP/dx - R/2. The friction velocity U, = \/7w/p
is obtained within an estimated uncertainty of 0.06% [50].
The bulk velocity in the test section Uy, is obtained within
an uncertainty of 0.05% by using the pressure drop along
the contraction section whose contraction ratio is 4.

2.2. Hot-wire measurements

By means of a hot-wire rake, we acquired synchro-
nised time series of streamwise velocity at five different ra-
dial locations for four different Reynolds numbers, namely
Re, = 7800, 9700, 20000, 39300. The rake consisting of five
single-wire probes was placed at about /D = 123 down-
stream the outlet of the contraction section, with probes
mounted at y/R = 0.01,0.10,0.19,0.36,0.70 as illustrated



Re;, Uy, (m/s) U, (m/s) v/U. (um) fs(kHz) T (s) It AtT TUq/R
7800 6.23 0.27 57.4 10 1200 17 0.46 20100
9700 8.16 0.33 46.4 10 1300 22 0.71 27700 probe rake
20000 18.3 0.68 22.5 20 700 44 1.51 32400
39300 37.7 1.34 11.4 20 700 87 5.85 65400
32000 28.9 1.07 14.1 60 100 71 1.27 7200 single probe

Table 1: Experimental conditions and HWA acquisition settings.

in figure[l} A wall-normal well-resolved streamwise veloc-
ity profile at Re, = 32000 was also measured by travers-
ing a single-wire probe along the pipe radial direction. To
measure the near-wall region with fine separation, a rela-
tive optical linear encoder was utilised.

The hot-wire probes were home-made with fully-etched
Platinum Wollaston wires (5 pm nominal diameter) soft-
soldered to conical steel prongs [5I]. The length of sensi-
tive wires [ was 1 mm and the wire aspect ratio [ /d was 200.
Carbon-fibre probe holders were used to reduce the effect
of mechanical vibrations on the measurements. Hot-wires
were operated through a constant-temperature anemome-
ter module at a resistance overheat ratio of 70%. Mea-
surements for different Re, were taken with properly set
sampling frequencies f; and recording times T (see details
in table . To avoid aliasing, low-pass filters were used
prior to data acquisitions and cut-off frequencies were set
according to the Nyquist theorem. Pre/post-calibrations
exhibited a mild drift, and a linear interpolation between
them was used to correct for the drift during the course of
the experiment [52].

The resultant spatial and temporal resolutions of the
hot-wire measurements (see the inner scaled sensitive wire
length It and sampling time interval At* in table [1)) are
acceptable to support the following correlation-based anal-
ysis, including the calculation of AM coefficients. With
increasing Re,, both viscous length- and time-scales de-
crease, which leads to a poorer spatial and temporal res-
olution for measurements at Re; > 20000 [53]. However,
energy attenuation due to the reduction of spatial and
temporal resolutions mainly occurs at the small-scale end,
while the large scales are almost unaffected. Moreover,
the attenuation is mainly in the inner region of the wall-
bounded flows, so the introduced errors are relatively small
at the present measuring points. By using the correction
formula for streamwise broadband Reynolds stress [54], the
relative errors are not larger than 3% at y/R = 0.01 and
gradually attenuate to less than 0.3% at y/R > 0.10 in the
highest- Re. case.

3. Correlations, coherent structures and scales

Streamwise velocities at five wall-normal locations are
temporally resolved by the hot-wire rake, and recorded
for four Re, cases. On this basis, two-point correlation

maps are presented with different reference probe loca-
tions, showing Re, independence with the outer scaling.
Furthermore, the scale dependence of the two-point cor-
relation is discussed by using orthogonal discrete wavelet
analysis of streamwise velocity fluctuations.

3.1. Two-point correlation maps

The spatial-temporal two-point correlations have re-
vealed geometric features of the dominant coherent struc-
ture in BLs at relatively low Re, as reviewed by Hutchins
& Marusic [B]. Accordingly, full-scale streamwise velocity
correlation maps in the streamwise and wall-normal plane
of the pipe flow at Re, up to 40000 are presented in this
subsection.

The correlation function of the streamwise velocity fluc-
tuation u at the wall-normal reference position y, with «
at y is defined as

(1)

where 7 is the time-delay and angle brackets indicate time
averages. Note that 7 > 0 (7 < 0) indicates that the cor-
related u is located downstream (upstream) with respect
to the reference u. Based on the correlation function, we
can define the correlation coefficient as

(w(ye, t)u(y, t — 7))
ou(Yr)ou(y)

Ruu(yr» Y, T) = <u(yr» t)u(ya t— T)>a

Puu(Yrs Y5 T) = ) (2)
where o, is the standard deviation of u. The correla-
tion function and coefficient describe the statistical inten-
sity and coherence, respectively, over a wall-normal range
for coherent structures with core located at y,. The nor-
malised correlation function ratio Ry (Yr, ¥, T)/ Ruw (Yr, Yr, 0)
and the coefficient py,(yr, y,7) are compared in figure
for different reference positions y,/R and for a range of
Reynolds numbers. These two quantities are scaled dif-
ferently, the former with the zero-delay auto-correlation,
i.e. the standard deviation of the reference u, while the
latter with the standard deviations of both the correlated
and the reference u signals. In these results, 7 is scaled
by using the pipe radius R and the convection velocity U,
which is set as the mean velocity at the reference point U,
or the bulk velocity Uy, as specified.

In the left column of figure |2 iso-value regions with
different Ry (yr, ¥y, 7)/ Ruw(Yr, Yr, 0) levels extend in both
wall-normal and streamwise directions, when the reference
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Figure 2: Contours of Ryu(Yr, ¥, 7)/Ruu(yr, yr, 0) (left column) and pyu(yr, y, 7) (middle and right columns) with contour-levels of 0.1:0.1:0.9.
Uc = Uy (left and middle columns) and Ue = Uy, (right column). yr/R = 0.01,0.10, 0.19, 0.36, 0.70 from top to bottom. Shadow filled contour,
solid, dashed and dotted lines respectively for Re, = 7800, 9700, 20000, 39300.

point moves away from the wall towards the upper bound
of the log layer. Beyond y,/R > 0.19, different trends
of the spatial extent with increasing y,/R are observed
for regions with strong (> 0.3) and weak (< 0.2) corre-
lation levels. On one hand, while the weak correlation
regions still extend slightly upstream, the strong correla-
tion regions begin to shrink progressively until y,/R =
0.7. On the other hand, the strong correlation regions
show a symmetric feature with increasing y, /R, while the
weak correlation regions keep the asymmetric feature of
the upstream tail at low y/R. In addition, the weak cor-
relation regions begin to detach from the wall only for
y:/R = 0.7, while the strong correlation regions start
to gradually detach for lower y,/R values. Contours of
Puu(Yr, y, 7) in the central column of figure [2| look simi-
lar to those of Ry (yr, ¥, 7)/ Ruu(Yr, yr, 0), but their local
sizes differ both in the streamwise and wall-normal direc-
tions. The reason behind this difference is the normali-
sation of pyq(yr, y, 7), where not only o, (y;) but also the
monotonically-decreasing o, (y) are used. The influence
of the convection velocity is also shown in figure [2 (U, in
the central column and U, in the right column), and it is
seen to affect the converted streamwise extent of the iso-
value regions. Given that Uy, is a global quantity and has
larger values than U, in the inner region, a larger extent

of TUp/R is observed.

Correlation maps in each plot have well overlapped
contours for pipe flows in the range of 7800 < Re, <
40000, implying the Re, independence of two-point coher-
ence and geometric features (e.g. inclination angles and
length scales) of the u-bearing coherent structures [22 [55].
These correlation maps are qualitatively similar to those of
BLs and CHs at matched reference locations [22] [56]. On
one hand, the typical correlated regions inclined towards
the downstream direction are observed in the different flow
configurations. The present inclination angle, which is de-
rived from the correlation coefficient peak with the refer-
ence point located at y,/R = 0.01, is of 15.2° £0.6° and is
very close to the invariant value found by Marusic & Heuer
[66]. On the other hand, when the reference point moves
away from the wall to y,/R < 0.25, the correlation maps
of these flows are found to cover larger areas according to
the DNS results of BL and CH by Sillero et al. [22]. By
integrating the correlation coefficient and converting the
time-delay to streamwise length, the integral scale Ll is
extracted and compared with the literature of CHs and
BLs in figure [3] The resulting streamwise integral length
scale of pipe flows increases with a logarithmic trend for
y:/R < 0.15 and decreases quickly for y,/R > 0.3. LL is
basically unaffected by Re., whereas differences are found



among the different flow configurations. In the log region,
the present integral length values are more comparable to
those measured for CHs by Monty [57], both larger than
those for BLs by Pirozzoli & Bernardini and Sillero et al.

22, 131].
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Figure 3: Profiles of LL/R versus y/R in CICLoPE at Re, =
7800, 9700, 20000, 39300, 32000 (+, %, , X, 0), compared with results
in CHs by Monty [57] at Re, = 1400, 2400, 4300 (V,A,>) and in BLs
by Pirozzoli & Bernardini [31I] (solid line) and Silliero et al. [22]
(dashed line).

3.2. Scale decomposition

Scale decomposition is a prerequisite to present the
scale dependence of coherent motions and to further study
the scale interaction. Compared to commonly used Fourier
transform with fine frequency resolution, the wavelet trans-
form allows the analysis of turbulent flows in terms of
both time and scale, up to the limits of the uncertainty
principle [58]. The translated and/or dilated wavelets fit
well with self-similar coherent structures in wall-bounded
turbulent flows. Orthogonal discrete wavelet transform
(ODWT) with a fast algorithm similar to the fast Fourier
transform, i.e. Mallat pyramidal algorithm [59], is applied
to decompose scales and to reconstruct large- and small-
scale velocity components for the AM correlation. Here,
we note the following features of this methodology. On one
hand, Butterworth filters are not used, because they are
typical IIR digital filters with nonlinear phase response
[60], which may introduce an uncertain phase difference
between decomposed large- and small-scale components.
By contrast, the ODWT-based filtering has a better phase
response. In comparison with original signals, decomposed
large-scale components by the ODWT-based filtering are
found to perform smaller phase differences than those by
Butterworth filters. This gives the confidence to the anal-
ysis on the phase shifts in the AM correlation map by
using ODWT. On the other hand, ODWT is different

from the continues wavelet transform used by Baars et
al. [32]. Baars et al. adopted the Morlet wavelet and the
Mexican-hat wavelet as the mother wavelet, which only
satisfies the admissibility condition of continuous wavelet
but not the orthogonality condition. The resulting wavelet
coeflicients would produce energy redundancy and the dis-
crete small- and large-scale velocity components would not
be available. In this paper, ODWT produces the scale-
decomposed velocity components with no energy redun-
dancy.

In the practical implementation, we choose the 5th or-
der Daubechies wavelet for its compact support, regularity
and relatively high vanishing moments. A raw time series
of streamwise velocity is decomposed into a total of 20
wavelet modes. The scale of each wavelet mode and its
characteristic frequency are linear-log related [61]. After
the decomposition, wavelet energy spectra £}, of all the
modes are calculated by integrating individual modes over
the time domain. Note that E), are equivalent to the
frequency-premultiplied Fourier spectra, and the sum of
EY, over all the modes is equal to the variance of u, with
a very small energy redundancy due to numerical errors. It
is also noted that £}, as well as other scale-decomposition-
related results are almost unaffected by choosing different
wavelet bases [32] [61]. The results of EYY, at Re, = 32000
are shown in figure [4
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1 27 100
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Figure 4: Top: contours of EY, (Az/R,yt) with contour-levels of
O(dark blue):0.1:0.9(dark red); wall-normal location of OSP (hori-
zontal dashed line), and wavelengths of A\z/R = 1/2,2n (vertical
dashed lines). Bottom: EY, versus \;/R for 6.9 < y* < 3.9v/Re,
(left) and 0.07 < y/R < 0.37 (right). Ue = Uy at Re, = 32000.

A closer look at the spectra in the top panel reveals
the presence of two well-separated peaks: the inner and
the outer spectral peaks (marked as OSP from here on).
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Figure 5: Contours of py ju,, (Yr, ¥, 7) (left, VLSMs) and pu,u, (yr, ¥, 7) (right, LSMs). y:/R = 0.01,0.10,0.19,0.36,0.70 from top to bottom.
Shadow filled contour, solid, dashed and dotted lines respectively for Re, = 7800, 9700,20000,39300. Contour-levels of 0.15:0.15:0.9 (left)
and -0.3:0.1:0.3 (right, no zero level for clarity, positive in red and negative in blue). Uc = Uy,

OSP is located at about y* = 3.9y/Re, [26]. According
to the wavelength analysis of the inner and outer spec-
tral peaks by Fiorini [50] and to the E}), curves in the
wall-normal range of 6.9 < y* < 3.9v/Re, shown in the
left-bottom panel of figure [ the cut-off wavelength of
Ae/R = 1/2is appropriate to separate the small- and large-
scale motions over the Reynolds number range available in
CICLoPE. The right-bottom panel of figure [i] shows E},
in terms of the outer scaled streamwise wavelength A\, /R
for 0.07 < y/R < 0.37. A bi-modal distribution is ob-
served with one peak located at A\, /R =~ 3 and the other
at A\z/R ~ 10. In the interval of 3 < A;/R < 10, we
achieve a boundary reference A, /R = 27 passing through
troughs between two peaks in the bi-modal distribution.
With this cut-off wavelength, the wavelet spectral contents
of VLSMs and LSMs are considerable. Considering the
results by Bailey & Smits [21], intensities of the scale-
decomposed correlations are affected by the choice of the
cut-off wavelength, but the characteristic spatial scales of
those correlations are largely unaffected. In addition, it is
noted that as y/R increases further into the wake region,
the two-peak structure of the spectra gradually disappears.
In the wake region, the spectral peak corresponding to
LSMs dominates again and the relative energy contained
by VLSMs decreases.

Time series of streamwise velocities for VLSMs and

LSMs, respectively referred to as u,; and wu;, are recon-
structed by superposing wavelet modes whose streamwise
wavelengths fulfil the requirements of A\, /R > 27 for VLSMs
and 1/2 < A;/R < 2 for LSMs. The correlation co-
efficient maps of py  u,, and py., in figure 5| show geo-
metric properties of the VLSMs and LSMs. Compared
with the full-scale correlation maps plotted in figure 2] the
correlation maps of the VLSMs show similar geometry,
but the correlation maps of the LSMs are largely differ-
ent. In the left column, the VLSMs maintain similarity
for y, /R < 0.36 and show Ay(= y —y,)-independence [21].
The weak coherence region with the contour-level of 0.15
shows quasi-linear variations of the streamwise scales with
y in both the upstream and downstream directions, which
manifests as the vertical coherence [22] [55]. The vertical
coherence makes the VLSMs (mainly populating the outer
region) extending into the near-wall region. The VLSMs
bear the mean shear over a wide wall-normal range, espe-
cially the strong shear near the wall, leading to the shown
inclination. The right column of figure [5| shows that the
LSMs do not present the long-tail feature as the VLSMs,
but show the local coherence feature, i.e. one positively
correlated region flanked by upstream and downstream
negatively correlated regions. The LSMs are practically
symmetrical in the wake region, but show inclined con-
tours of pu,, 7 0 in the inner region, due to the strong



wall shear. A closer check of these correlation maps over
the range of 7800 < Re, < 40000 reveals the Re, ef-
fect on the LSMs and VLSMs. Although a certain degree
of Re, similarity is observed, the correlation maps of the
LSMs and VLSMs, at different Re,, do not collapse as
well as those of the full-scale motions, meaning a worse
Re -invariance despite the same normalisation. It is wor-
thy of further study whether the Re, effects are physical
or caused by the choice of the cut-off wavelength used to
separate the LSMs and VLSMs.

4. Inter-scale interaction

The interaction between inner and outer regions of tur-
bulent wall-bounded flows possibly involves both linear
and nonlinear mechanisms [24, 27]. The linear mecha-
nism is the superimposition of large scales, populating the
log layer, onto near-wall small scales. One of the non-
linear mechanisms can be identified as amplitude mod-
ulation. The AM effect is quantified by the two-point
cross-correlation between the large-scale component of the
streamwise velocity at location 1 (i.e. the reference loca-
tion ¥,), u1r, and the low-pass filtered envelope of small-
scale streamwise fluctuations at location 2, usgy, [26]. AM
function is defined as

RiGu(1) = (wn(t)ugmL(t — 7)), (3)
and AM coefficient is defined as

piu(r) = Ll 7)) ()

GUlL UTQEL

where o4 is the standard deviation of A. The large- and
small-scale components are separated by the ODWT-based
filtering, and the envelope of small-scale fluctuations is ex-
tracted by means of the Hilbert transform. As discussed
in section resolution issues of hot wires mainly occur
as the small-scale attenuation. This attenuation is simu-
lated by discarding the small-scale energy with different
streamwise wavelengths. AM correlations in the case of
discarding with A} < 2400 are basically the same with AM
correlations in the case without discarding. The compar-
ison implies that AM correlations are nonsensitive to the
resolution issues. Two distinct regions respectively corre-
sponding to the AM effect and an opposite AM effect are
noted in both one- and two-point AM maps, which show
Re, independence in the range of 7800 < Re, < 40000.
Details of AM and opposite effects are discussed in regard
of the wall-normal location and time-delay.

4.1. One-point AM correlation

As argued by Mathis et al. [26], the one-point AM
coefficient pil; at zero time-delay (7 = 0) between large
and small scales can be treated as a reasonable estimate
of the AM effect. pil (7 = 0) is found analogous to uru%
which is the only Re,-dependent term among the scale-
decomposed skewness factors [62]. In order to study effects
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of the Reynolds number and flow configuration on AM,
we compare the wall-normal profile of pil;(7 = 0) in CIC-
LoPE at Re, = 32000 with that in the BL at Re, = 19000
by Mathis et al. [26] in the top panel of figure [ The
trends of pil;(7 = 0) with y™ are consistent in the in-
ner region, which agrees with the comparison between BL,
pipe and CH flows at Re, ~ 3000 by Mathis et al. [47].
The sign change of pil;(7 = 0) from positive to negative
in the two profiles occurs at approximately y™ = 3.9v/Re-
where the centre of the log layer and the OSP are located.
Moreover, two differences between these two profiles are
observed. One is the upward shift of pii(7 = 0) with
Re, for y™ > 30, because stronger large-scale structures,
with increasing Re,, modulate the small-scale fluctuations
more intensely. The other occurs in the wake region due
to the different outer boundary conditions. In particular,
the BL flows show strong intermittency in the wake re-
gion, which is manifested as a valley followed by a peak in
the pil;(7 = 0) profile. However, the gradual change of
pili(7 = 0) in the wake region of the pipe flow indicates
a weaker intermittency. For the same reason, the profile
of the time-averaged streamwise velocities in the pipe flow
does not depart from the log law too much in the wake
region as shown in the bottom panel of figure [6] In ad-
dition, the choice of the cut-off wavelength A. only makes
minor differences to pil;(7 = 0) at least in the range of
1/2< X /R 1.

To further explore the one-point AM effect and the
associated phase reversal, we extend the commonly used
quantification of the wall-normal pil;(7 = 0) [26} [63] pro-
file to the one-point AM correlation map on the plane
spanned by the wall-normal distance and the time delay.
Contours of the one-point AM function RY,; with levels
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between -0.2 and 0.4 are reported in the left panel of fig-
ure[7] The horizontal axis indicates the time-delay 7, while
the vertical axis represents the logarithmic distance from
the wall logy. Both are normalised with the outer-scale
units. 7 > 0 (7 < 0) indicates that the correlated small
scales are located downstream (upstream) with respect to
the large scales. Near-wall red contours of R\, > 0 rep-
resent the AM effect, i.e. large-scale high/low-momentum
structures enhance/suppress small-scale fluctuations. In
the near-wall region governed by the inner scaling, the
scaled velocity fluctuation ut = u/U, has a fixed value.
According to the quasi-steady description [29] [38], an in-
crease of the large-scale velocity implies a larger inner ve-
locity scale U,. To keep the fixed value of u™, small-scale
fluctuations are enhanced on the absolute scale. This leads
to positive correlations for the AM effect. Another mecha-
nism with R} < 0, referred to as the opposite AM effect
(or opposite effect for simplicity), is observed in the outer
region. The negative correlation region is attributed to
intermittently-existing two flow states close to the outer
edge of wall-bounded flows, i.e. the non-turbulent zones
with approximate incoming-stream velocity and very low
turbulence intensity, and the turbulent bulges with lower
mean velocity and high small-scale fluctuations.

Furthermore, in figure [7] the maximum and the mini-
mum of Ry} at different wall-normal locations y are iden-
tified for |R}Y,| > 0.1, and are marked with red and blue
triangles respectively. The high and low bounds respec-
tively correspond to the AM effect and the opposite effect,
and behave differently along with y.

The time-delay 7 of the maximum R}}; is found to be

linear with logy

7U,/R = 0.133log(y/R) + 0.480, (5)

from y* = 7 to y/R = 0.06. Note that the maximum
RiL; at y* = 7 is located at 7 = 0, implying a synchroni-
sation of the large-scale velocity and the small-scale am-
plitude in the very-near-wall region. When moving far
away from the wall, upstream large-scale structures in the
outer region penetrate the near-wall region and induce
downstream small-scale fluctuations by the AM mecha-
nism. This phase relation of the one-point AM effect is
consistent with the observation in the two-point AM map
in the BL at Re, = 14750 by Baars et al. [32] that the
small-scale amplitude signal leads before the large-scale
signature.

The anti-correlation occurs at an opposite time-delay
which corresponds to the phase reversal phenomenon [25]
[64] and the preferential scale arrangement [32] [65]. The
normalised time-delay of the minimum R}}; is indepen-
dent with y,

7U,/R = —0.202 £ 0.002, (6)

meaning an almost fixed time-delay of the high /low small-
scale fluctuation amplitude with respect to the low/high-
momentum large-scale structures in the outer region. This
fixed phase shift in the outer region in the pipe flow has
yet not been observed from other studies. Considering the
increase of U, with y and the fixed value of 7U, /R, the ab-
solute value of 7 and the inner-scaled value of 7+ gradually
vanish with y. This trend is consistent with the observa-
tion in the outer region of the BL by Baars et al. [32].



However, at the outer boundary, time-delay variations of
the strongest opposite effect in the BL and the pipe flow
are found to be different because of the distinguished in-
termittency in the wake region.

In the log layer, both the two mechanisms exist. The
AM and opposite effects respectively occupy the right and
left parts of the 7 — logy plane. The zero net-modulation
with R\, = 0 separates two distinct regions where the
inner AM effect and the outer opposite effect respectively
dominate. The contour-line of R}}; = 0 is also found to be
linear in the log layer of 200 < y* < 0.15R*. By fitting
the corresponding points marked with black circles, the
relation between 7 and y is obtained as

7U:/R = 0.307log(y/R) + 0.511. (7)
In the near-wall region and in the wake region, the relation
does not hold anymore. This contour-line is found to go
through the point of y* = 3.9v/Re,,7 = 0. It means
that large-scale structures almost do not modulate small-
scale fluctuations at the same phase at the wall-normal
location close to the centre of the log layer (the location
of OSP). The time-delay difference between the maximum
modulation and the non-modulation,

ATU,/R = —0.1741og(y/R) — 0.031, (8)
and the time-delay difference between the non-modulation
and the minimum modulation,

A7U,/R =0.307log(y/R) + 0.713, (9)
respectively characterise the periods of AM and opposite
effects in the log layer. Although Baars et al. [32] focused
on the effects in the BL while the present results are on
the pipe flow, the above-mentioned time shifts, subject to
the characteristic behaviours of AM and opposite effects,
are in the similar trend with logy. However, no such well-
fitted linear-log relations as in this study were observed
from their results. The wall-normal distributions of U,,
Ouyy» and 0y, could be the reason for this difference.
The maximum and the minimum in the whole R},
map are marked with black crosses in figure[7} The max-
imum is located at y™ = 200, which corresponds to the
lower bound of the log layer as well as the opposite effect
region. The minimum is at y/R = 0.054 and is close to
the upper bound of the AM effect region. They are prac-
tically symmetrical about the centre of the log layer with
zero time-delay, which is difficult to observe in the AM
coefficient map by Baars et al. [32]. R},;(7) curves at the
two extreme locations, i.e. Ylmax(ryt,) a0d Y|min(r11 ), are
plotted in the right panel of figure 7| with RiL;(7) curves at
Ylosp and y/R = 0.15. R}y at Ylmax(ryy,) 18 nearly always
positive over the time-delay domain. The curve at y|osp
crosses the point with 7 = 0 and RY,; = 0, and shows
symmetry about this point. The tails of Riy;(7U,/R > 3)
at varied y overlap well, but the tail with 7 < 0 is longer
at y/R = 0.15. The four curves show a similar trend: a
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trough at negative 7 followed by a peak at positive 7 with
RIL, increasing rapidly nearby 7 = 0. The troughs are
located at approximately the same time-delay, 7U,/R =
—0.2. The absolute value of the minimum RY, increases
with y until y\min(RilM), then decreases. The value of the
maximum, instead, decreases with y until the sharp single
peak disappears at y|min(R}%1M).

Given that the AM and opposite effects coexist in the
log layer, the compromise between two effects is further in-
vestigated based on the variation rate of the one-point AM
coefficient with the time-delay, dpi};/dr. This quantity
characterises the relative increase of the AM effect com-
pared with the opposite effect. The maximum variation
rate corresponding to the most rapid transition between
the two mechanisms, and its corresponding time-delay are
identified for varied y/R. The results are reported in fig-
ure |8 The value of dpkl;/d(7U,/R) decreases with y/R
and follows a linear-log relation, —0.73log(y/R) + 0.12,
in the range of —2.3 < log(y/R) < —0.6. This range
corresponds to 160 < y™ < 0.25R* covering the whole
log layer. Beyond log(y/R) = —0.5, dpkL,;/d(tU./R) be-
comes stable at 0.5. The right panel of figure [§ shows
the corresponding time-delay 7U,/R. By regression, it is
found that from the lower bound of the log layer to y|osp
where log(y/R) = —1.66,

U, /R = 0.132log(y/R) + 0.267, (10)
while beyond log(y/R) = —0.5, the time-delay follows an-
other law,

7U;/R = 0.133log(y/R) + 0.177, (11)
which keeps the same slope but with an intercept shift of
0.09. This transition occurs in the upper half part of the
log layer and the time-delay gradually increases with y/R
but does not obey the linear-log relation. When y increases
from y|osp, the most rapid shift between the two effects is
gradually moving from the AM-dominating region to the
opposite-effect-dominating region. When y increases to
log(y/R) = —0.5, the phase reversal and the preferential
scale arrangement gradually complete.

4.2. Two-point AM correlation

The global nonlinear effects of large-scale structures on
small-scale fluctuations are discussed in this section. In
order to remove the dependence from the local cross-term
skewness factor [62] and to provide simultaneous informa-
tion on the modulating and the modulated signals [31],
we focus on the two-point AM correlation after checking
the consistency with the one-point AM correlation. Com-
pared to the previous analysis based on two-point hot-
wire measurements [32], the present analysis considers the
asymmetry of large and small scales in the AM correla-
tion, and adopts large-scale structures at varied y,/R and
small-scale fluctuations at varied y/R based on the hot-
wire measurements by a five-probe rake. This hot-wire
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measurement setup also provides more details of nega-
tive two-point AM correlation in the outer region. Two-
point AM coefficient maps are found to be independent of
Re, but differ with increasing y,/R. However, the outer-
scaled time-delay of the strongest opposite effect stays un-
changed.
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Consistent with the two-point AM function (R}3;) maps
of BLs at Re, = 250,500, 1120 by Pirozzoli & Bernardini
[31], the R4, maps of pipe flows at 7800 < Re, < 39300
show increasing absolute intensity with Re.. However,
from the two-point AM coefficient (p3;) maps in figure |§|,
the Re, independence of p}3; is observed in the present
Re, range. The AM region and the opposite effect re-
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gion are respectively distributed in the right-bottom and
left-top parts of the 7 — y plane. The strongest opposite
effect, i.e. the negative peak of p3;(7,y) is found in the
vicinity of 7 =0, y = y,. These observations are also con-
sistent with the results by Pirozzoli & Bernardini [3I]. In
addition, Pirozzoli & Bernardini noted that the positive
peak at y,/R = 0.2 approximately leans in the positive 14
degree direction with respect to the reference point. We
roughly estimate the inclination angle at y,/R = 0.19 for
the pipe flows. A similar value of 13 degree is obtained.
Another interesting inclination angle is also observed here.
Contour-lines with pi4; = 0 at different Re, are found to
incline at about 4 degree with respect to the wall in the
outer region, marked with thick solid lines in figure[0] This
inclination angle is independent of y;.

The pi4;(7, y) maps in ﬁgure@ give richer spatial infor-
mation than the one-point AM map. Regarding the wall
normal range, the regions pertaining to the AM mecha-
nism and the opposite effect behave differently when the
reference point moves away from the wall. For the AM
mechanism, small-scale fluctuations modulated by large-
scale structures in the range of y,/R < 0.19, is limited
to y/R < 0.15. The modulation ability of large-scale
structures at larger y, gradually attenuates. When y,/R
reaches 0.7, regions of pi3; > 0 do not appear anymore,
meaning that the above wall-normal range is completely
dominated by the opposite effect. For the opposite effect,
large-scale high-momentum motions carry low turbulence
intensities, while low-momentum turbulent bulges carry
larger small-scale fluctuations. The opposite effect main-
tained by large-scale structures at y,/R = 0.01 extends
into the near-wall region for Re, < 20000, prescribed that
the upper bound of the near-wall region is at y+ = 200.
When y, /R increases to 0.36, the wall-normal region influ-
enced by the opposite effect goes away from the wall and



features larger wall-normal extents. At y,/R = 0.70, not
only the AM effect region disappears, but also the opposite
effect region shrinks. As far as the streamwise range influ-
enced by AM and opposite effects, the downstream ends do
not change much for large-scale structures located in the
range of y,/R < 0.19. When y, /R increases up to 0.36, the
upstream ends of the weak AM effect region (pi3; = 0.06)
extend to 7U,/R =~ —2, while in the opposite effect region,
large-scale structures even affect small scales at about 5R
upstream. It is noted that the upstream ends of the op-
posite effect region are very close to the upstream ends of
the velocity correlation maps (middle column of figure |2))
for the same y, < 0.36. It means that the weakest oppo-
site effect occurs at the upstream edge of the large-scale
structures.

Special attention is worth paying on the maximum and
the minimum of p}3, in the whole 7 — y plane. On one
hand, the time-delay of the minimum p}3,(7, y), marked
with a vertical dashed line in figure [0} shows a y, inde-
pendence, which is consistent with the fixed 7U,/R of the
opposite effect from the R} map. The strongest opposite
effect is upstream of the centre of the large-scale struc-
tures, and the phase shift of small scales is far smaller
than that with the weakest opposite effect. The small
phase shift of the strongest opposite effect is argued to
be maintained by intermittently-existing two flow states
in the whole outer region, i.e. the non-turbulent zones and
the turbulent bulges. In the non-turbulent zones (turbu-
lent bulges), the weak (strong) turbulence intensity closely
follows the high (low) large-scale mean momentum. The
intermittency increases with the distance from the wall in
the log layer, leading to the phase reversal. In the AM-
dominating inner region, the strongest AM effect on small
scales is aligned along the downstream edge of the large-
scale low-momentum structures [32], [66]. However, in the
opposite-effect-dominating outer region, the strongest op-
posite effect performs the preferential scale arrangement
with fixed 7U,/R between small scales and large scales.
On the other hand, the value of the difference between the
maximum and the minimum, i.e. the peak-to-peak value
Vip of the whole p}4;(7, y) map, is employed to measure
the synthesised nonlinear effects. The results of V;;, versus
Re, are presented in the top panel of figure [I0] At fixed
yr, the V,, value keeps stable in the present Re, range
with relative scatters lower than 1.7%. This demonstrates
again the Re, independence of p33;(7, y). Averaged values
of V,p over the Re, range at 5 wall-normal locations are
shown in the bottom panel. V,,, peaks at y,/R = 0.1, be-
cause both AM and opposite effects are considerable there.
At other 4 locations, although the minimum values of p}3;
are comparable, as shown in the top panel of figure
the maximum values corresponding to the AM effect are
smaller. The variation of V},, with y, reflects the severity
of the phase reversal in the present wall-normal range.

To further compare the opposite effect (as well as the
AM effect) by large scales at varied y,, variations of p}3;
with 7U,/R at different pairs of y, and y are presented
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in figure In the top panel, curves are of small scales
at y|min(f’}fM) with the strongest two-point opposite ef-
fect. In the bottom panel, curves are of small scales at
Ylmax( pi2,) With the strongest two-point AM effect. Differ-
ent line-styles correspond to large scales at varied y,/R.
The friction Reynolds number is Re, = 20000. For the
strongest opposite effect, curves of p}fM(T) show a simi-
lar trend for different y,. They decrease gradually from
zero to the minimum, slightly upstream of the zero time-
delay, then rapidly increase back to pi3; = 0. This sim-



ilarity of the opposite effect is maintained even by the
large scales at y,/R = 0.01. The troughs are found at
7U;/R = —0.195 £ 0.019 for 0.10 < y,/R < 0.36. This lo-
cation is close to the results from RYY; (see in figure . It
is argued that not only the time-delay of the minimum, but
also the variation in a wide time-delay domain are main-
tained by the opposite effect. The reason should be that
the large-scale mean momentum and the small-scale fluc-
tuation amplitude in the intermittent non-turbulent zones
and turbulent bulges follow a similar phase relation over
the outer region.

For the strongest AM effect, curves at varied y, dif-
fer greatly, although y\max(p}fM) is found to be fixed at
y/R = 0.01. Large-scale components at y,/R = 0.01
play a role in both the AM (see peak) and opposite (see
trough) effects. The symmetry about 7 = 0,pl3; = 0
suggests the comparable contribution of large scales by
means of two mechanisms: the AM effect on the down-
stream small scales, and the opposite effect on the up-
stream small scales. At y,/R = 0.10, large scales mainly
carry out the AM mechanism and maintain little opposite
effect. In the outer region of y,/R > 0.19, only the AM ef-
fect by large scales exists and it decays with increasing y;.
At y,/R = 0.70, the AM effect decays to a very low level
with pl3; = 0.04. Overall, the peak of p}3,(7) moves up-
stream, reaches the maximum at y,/R = 0.10 and vanishes
as y, increases. This evolution of the global strongest AM
effect with y, is not reflected by the one-point R}, map in
which the local strongest AM effect moves to downstream
end with increasing y.

5. Conclusions

Taking advantages of the long pipe facility in CIC-
LoPE, two sets of hot-wire measurements of the stream-
wise velocity with high-spatial resolution are performed,
extending the friction Reynolds number Re, up to ~ 40000
for the hydraulically-smooth pipe flow. One measurement
campaign is performed with a single-sensor probe scanning
the pipe radius and the other with a fixed five-probe rake.
Based on these data, one- and two-point correlation-based
analyses are performed to investigate the coherent mo-
tions and the inter-scale interaction in the pipe flow. The
high Re, facilitates the separation between different scales,
while the high-spatial resolution guarantees unbiased es-
timates for coherent motions and inter-scale interactions.
ODWT is utilised to reveal the scale dependence of cor-
related coherent motions, with the cut-off wavelengths of
Ac/R =1/2 and 27 to separate LSMs and VLSMs.

The effects of Re, and the wall-bounded flow configura-
tion are revealed by the present correlation-based analysis
and by comparison with other lower-Re, studies on differ-
ent flow configurations (e.g. BL, CH and pipe). Geometric
features of full-scale velocity correlation maps maintain
the Re, independence in the measured Re, range. The
resulting inclination angle and integral length scale also
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show the Re, invariance, but a difference in the integral
length scale is found between internal flows in pipe and CH
and the external flow in BL. The correlation maps of the
VLSMs show a certain degree of independence not only to
Re., but also to the relative location in the inner region
when normalised with outer scaling. The VLSMs keep the
vertical coherence to the wall in the inner region, while
for the LSMs, the local coherence gradually become less
inclined as the reference point moves away from the wall.
An upward shift of the one-point AM coeflicient at zero
time-delay phl,;(7 = 0) is observed for y™ > 30 with in-
creasing Re,. Since the outer intermittency in pipe flows
is weaker than that in BLs [45], pi;(7 = 0) in the wake
region of pipe flows does not change as drastically as in the
wake region of BLs. Although the two-point AM-function
(RX4) maps show increasing absolute intensity with Re.,
the Re, invariance is observed in the two-point AM coef-
ficient (pl3,) maps with the outer scaling in the extended
Reynolds number range up to 40000. The resulting peak-
peak value of the whole p4; map is also independent of
Re,, but depends on the large-scale reference locations.

Large-scale coherent structures modulate downstream
small-scale fluctuations by the AM mechanism in the inner
region, while negative correlated small-scale fluctuations
are found upstream large-scale motions due to the opposite
effect in the outer region, which is consistently observed in
the one- and two-point AM analyses. Moreover, a new con-
sistent finding about the strongest opposite effect is that
the phase difference between large and small scales is inde-
pendent with the outer-scaled wall-normal distance, which
is different from the observation with the inner scaling by
Baars et al. [32]. This implies that the outer opposite
effect is governed by the outer length scale and the local
mean velocity.

In addition to these consistent observations from one-
point and two-point AM maps, other features drawn re-
spectively from RL,; and pl%; are worth noting. One of
the most significant features from the R}}; map is the well-
fitted linear-log relation of the time shift with the outer-
scaled wall-normal distance for the maximum and zero AM
correlation and the maximum AM growth rate. The phase
difference of the strongest AM effect maintains the log scal-
ing as the profiles of mean velocity, wall-parallel turbulence
intensities and even higher order moments [67]. Similarly,
this might be interpreted from the perspective of inter-
scale dynamics of self-similar attached eddy hierarchy [G§].
Although these attached eddies grow from y ~ 80, their
ability of amplitude modulation can penetrate down to
y* < 10. The AM-effect region is excluded by the wake
region, which is consistent with the wall-attached VLSMs
as shown in the wavelet spectra. For the opposite effect in
the outer region, both one-point and two-point AM maps
show a fixed phase of 7U,/R ~ —0.2. The opposite effect
is proposed to be related to detached large-scale eddies
which exist in the outer region (including the wake region).
Although the self-similar attached/detached eddy model
facilitates the understanding of linear-log behaviours by



the strongest AM and opposite effects, more direct ver-
ification is worthwhile. In particular, the structural dif-
ference between internal and external wall-bounded tur-
bulence should be accounted to clarify the discrepancy in
the phase behaviour by opposite effects in pipe flows and
in BLs [32].

Another interesting point from the p3; maps is that
the zero net-modulation keeps an inclination angle of 4
degrees in the outer region. The zero net-modulation be-
haves differently in the log layer as shown by R}, and in
the whole outer region as shown by p}3;. The zero mod-
ulation implies that no net amplitude modulation exists,
and it is neither subject to frequency modulation which is
restricted in the near-wall region [32] [69]. The linear-log
phase difference of the zero modulation in the log layer
should be the nature of the superposition effect accord-
ing to the predictive inner-outer model by Mathis et al.
[28], while the inclination angle of about 4° in the whole
outer region seems linked to the angle of the global-scale
correlated motions.
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