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ABSTRACT

The amplitude and frequency modulation of near-wall flow structures by the large-scale motions in outer
regions is studied in turbulent channel flows. The proper orthogonal decomposition (POD) method is ap-
plied to investigate the interactions between the near-wall motions and the large-scale flow modes of
the outer regions based on two datasets from direct numerical simulation of turbulent channel flows
at Reynolds numbers of 550-1000. The fluctuations in the fields u™, v*, w* and Reynolds shear stress
—(uv)* are studied to understand the mechanism of amplitude and frequency modulation of the near-
wall structures by the outer large-scale motions. The amplitude modulation coefficient of the Reynolds
shear stress is larger than that of the velocity components. The frequency modulation effect has an op-
posite influence in the spanwise direction compared to the streamwise direction. The streamwise char-
acteristic frequency increases with increasing large-scale velocity. However, the spanwise characteristic

Amplitude modulation
Frequency modulation

frequency exhibits a decreasing trend with increasing large-scale velocity in the near-wall region.
© 2021 Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and Applied Mechanics.

This is an open access article under the CC BY-NC-ND license
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1. Introduction

Over the past few decades, studies on coherent structures of
wall-bounded turbulence became an important topic beginning
with the observation of near-wall streaks by Kline et al. [1]. Ac-
cording to the review by Smits et al. [2], these coherent struc-
tures contain near-wall streaks, hairpin vortices, large-scale mo-
tions (LSMs) with a streamwise scale of ©O(§) (8 is the thickness
of the boundary layer) and very-large-scale motions (VLSMs, or
superstructures) with a streamwise length scale of (108) . They
hierarchically distribute over different wall-normal locations and
present different spatial or temporal scales. Recent studies have
found that the large scales primarily associated with the outer
(V)LSMs exert superposition and modulation effects on the near-
wall smaller scales [3-5].

Low- and high-speed streaks exist in the near-wall region of
wall turbulence. Kline et al. [1] first observed the existence of
streaks with hydrogen bubbles in flow visualization. The span-
wise spacing of streaks has a log-normal distribution and increases
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as the distance from the wall increases [6]. In the premultiplied
streamwise and spanwise energy spectra of streamwise velocity
fluctuations, there is a clear energy peak in the near-wall region.
This peak is located at wall-normal location y* =15 (the super-
script + denotes a normalization with inner scales), and the dom-
inant streamwise and spanwise wavelengths, which are scaled to
viscous wall units, are approximately 1000 and 100, respectively
[7]. These values are nearly invariant under different high Reynolds
numbers. Recent studies have pointed out that the small scales
cannot be scaled by the viscous units and the vortical structures
are progressively strengthened as Reynolds number increases at
lower Reynolds numbers [8,9]. The numerical simulations [10-
12] indicated the existence of a self-sustaining near-wall cycle that
is a local phenomenon in the near-wall region and is not influ-
enced by the outer flow. The entire process of hairpin vortex gener-
ation from near-wall streamwise vortices was studied based on the
streak transient growth from a direct numerical simulation (DNS)
of a minimal channel at Re; =400 [13].

The hairpin vortices predominantly reside in the logarithmic
layer of the boundary. The vortex populations regarding the core
size, orientation, circulation and propagation velocity of eddies in
the buffer and logarithmic regions of the turbulent boundary layer
were investigated based on DNS datasets at Re; =590 and 934 and
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PIV data at Re; =1160 by Gao et al. [14]. The orientation distri-
butions indicate that the most probable wall-normal inclination
of eddies increases with increasing wall-normal distance. Tomkins
and Adrain [15] and Ganapathisubramani et al. [16] used PIV mea-
surements in the logarithmic region, showing that the elongated
low-speed regions induced by the motion of the hairpin vortices
are flanked by vortical motions, which are the necks of hairpin
structures.

When a group of hairpin vortices aligns along the streamwise
direction at a mean growth angle of 10 ~ 20°, it is considered
a vortex packet, which is normally referred to as an LSM [15-
17]. LSMs and VLSMs are distinguished by the streamwise length
scales, which can be determined by many approaches. These ap-
proaches include linear stochastic estimation (LSE) [15,18], proper
orthogonal decomposition (POD) [19,20], and premultiplied energy
spectrum analysis [21]. Balakumar and Adrain [22] investigated the
streamwise length scale of LSMs and VLSMs in turbulent chan-
nel flow, a zero-pressure-gradient (ZPG) turbulent boundary layer
(TBL) and pipe flow. The streamwise length scale of LSMs was
found to be approximately 2 — 3§, while that of VLSMs reached
approximately 108 and increased with increasing wall-normal lo-
cation y*. They concluded that substantial portions of the kinetic
energy (40 —65%) and the Reynolds shear stress (30 —50%) are
carried by VLSMs in pipe, channel and ZPG boundary layer flows.
Wang et al. [23] recently used linear stochastic estimation (LSE)
and conditional averaging methods to analyze the properties of
hairpin vortices and eddy packets. They found that the population
density of the packets in a TBL is large enough to leave footprints
in conditionally averaged flow fields. In terms of the generation
of VLSMs, Kim and Adrain [21] proposed that VLSMs are caused
by streamwise alignment of LSMs, whereas del Alamo and Jiménez
[24] suggested that they could be formed by some linear or non-
linear processes, which can be described by the Orr-Sommerfeld-
Squire equations for the mean turbulent profile. However, the ori-
gin of VLSMs remains unclear.

Interaction among structures with different scales is a ma-
jor issue when studying turbulence. Under the framework of
Townsend’s attached eddy hypothesis [25,26], the outer large-scale
structures may affect the inner small-scale structures over a cer-
tain range of wall-normal locations [4]. Hunchins and Marusic
[3] applied the premultiplied energy spectrum methods to study
the TBL and found a secondary energy peak in the outer region,
which became comparable to that of the near-wall cycle when
the Reynolds number increased. Marusic et al. [27] investigated
the correlation of the inner and outer signals, mostly with hot-
wire techniques, and claimed that the outer structures affect the
near-wall turbulent fluctuations via superposition and modulation.
A concise algebraic outer-inner model was proposed to predict the
near-wall turbulence with only large-scale information from the
outer boundary layer region [27]. All three velocity components
were investigated using cross-wire probes by Talluru et al. [28],
and the results indicated that the small-scale spanwise fluctuations
wT, wall-normal fluctuations v™ and Reynolds shear stress —(uv)*
are modulated in a very similar manner to the streamwise fluctua-
tions u*. Furthermore, Ganapathisubramani et al. [4]| used the hot-
wire data of the turbulent boundary layer to examine the impact
of the strength of the large-scale motions on the amplitude and
frequency of the small-scale motions at high Reynolds numbers.
Wavelet analysis was employed to examine the amplitude and fre-
quency modulation in broadband signals by Baars et al. [29]. It was
found that the time shift in the frequency modulation is smaller
than that in the amplitude modulation.

For multiscale analysis, a critical step is to extract the flow
structures of different length scales. The velocity fluctuations are
usually separated into large (outer) and small (inner) scales using
a spectral filter of wavelength A} = 8+ (A; denotes the streamwise
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wavelength). This criterion is determined according to the stream-
wise premultiplied energy spectra. Unfortunately, this method,
which will be introduced in Sect. 2.1, is hard to be applied to low-
Reynolds-number turbulent flows due to the insufficient scale sep-
aration [2,3]. Agostini and Leschziner [30] used Huang-Hilbert em-
pirical mode decomposition (EMD) to separate the velocity scales
with no predetermined bases needed. The large scales were chosen
from the intrinsic mode functions (IMFs) based on the local tem-
poral/spatial scales in EMD. Another method to extract the large-
scale structures is POD [20,31-34], which can reconstruct the most
energetic structures in turbulence. While data-driven models gen-
erated from EMD or POD usually reflect the local characteristics,
it still is hard to extract and identify the large scales related to
outer flow structures. Recently, linear coherence spectra have been
used to analyze velocity signals at two different wall-normal lo-
cations for triple decomposition of the streamwise velocity en-
ergy spectra [9,35-37]. This means that the velocity fields along
the wall-normal direction are highly correlated. Moreover, as ex-
plained by Talluru et al. [28], most of studies on modulations in
turbulence have been restricted to analyzing the modulation of the
streamwise velocity component along the streamwise direction. It
is very important to check the modulation effect for all three ve-
locity components along different directions.

In the present work, we developed a POD-based method,
named interactive POD, to explore the relationship between large
and small scales for all three velocity components at low-Reynolds-
number turbulent flows. The rest of the article is organized as fol-
lows. First, scale separation approaches based on the Fourier trans-
form and interactive POD are introduced and compared. Second,
the superposition, amplitude and frequency modulations between
large and small scales of u*, v*, wt and Reynolds shear stress
—(uv)™* are investigated using cross-correlation and conditional av-
eraging. It has been discovered that the streamwise frequency and
spanwise frequency display opposite trends when the large-scale
velocity is increased at the same wall-normal locations. Finally, a
conclusion is made regarding perspectives on the interactive POD
and the modulation effects.

2. Descriptions of the DNS data

In the subsequent descriptions, the streamwise, spanwise and
wall-normal directions are denoted x*, z* and y*, and the velocity
fluctuations are represented by u*, w* and v, respectively. All the
velocity components are normalized using the skin friction velocity
ur, and the length scale is normalized by the inner length scale
v/ur, where v is the kinematic viscosity. Two DNS datasets of fully
developed turbulent channel flows are employed in this study. The
dataset of the lower friction Reynolds number Re; =550 is denoted
“DNS1”, while the other dataset of Re; =1000 is called “DNS2”.

The bulk Reynolds number Rej, = Uyh/v of DNS1 is 10,000. Here,
U, is the bulk mean velocity, and h is the half-channel height
(h=1 in dimensionless units). The simulation followed the numer-
ical procedure developed by Kim et al. [38]. Periodic boundary con-
ditions were employed in both the streamwise and spanwise direc-
tions, and the no-slip boundary condition was applied at the wall.
A pseudospectral method was employed to numerically solve the
Navier-Stokes equations, where Fourier series were used in both
the streamwise and spanwise directions. Meanwhile, a sixth-order
compact finite difference scheme was utilized in the wall-normal
direction. The aliasing errors were removed using the 3/2 rule.
Time was advanced with a third-order, stiffly stable scheme. The
computation domain size was 8th x 2h x 37h with a mesh of
1536 x 256 x 1152 in the streamwise, wall-normal and spanwise
directions. The grid was uniform in the homogeneous directions,
while the points were closely concentrated in the wall-normal
direction near both walls using cosine mapping. Therefore, the
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Fig. 1. Statistical profiles of the two DNS datasets: a the mean streamwise velocity;
b the streamwise turbulence intensity and the Reynolds shear stress.

grid spacing normalized by the inner length scale in the stream-
wise and spanwise directions was approximately 9.0 and 4.5, re-
spectively. The minimum and maximum wall-normal grid spac-
ings were 0.0414 and 6.75, respectively. The time step was fixed
at At =1.25 x 1073h/U, (At* ~ 0.037). The data were stored ev-
ery eight time steps during a period of 20.48h/U, after the flow
had fully developed and reached a statistically stationary state.
DNS2 of a higher Reynolds number was downloaded from the
Johns Hopkins Turbulence Databases (JHTDB) [39-41]. This tur-
bulent channel flow was simulated from a DNS of wall-bounded
flow with periodic boundary conditions in the streamwise and
spanwise directions and no-slip conditions at the top and bot-
tom walls. The Navier-Stokes equation was also solved using
the wall-normal, velocity-vorticity formulation proposed by Kim
et al. [38]. Details about the simulation can be found on the
website (http://turbulence.pha.jhu.edu/cutout.aspx). The simulation
was performed in a domain with a size of 8wh x 2h x 3mh dis-
cretized on a grid of 2048 x 512 x 1536. The grid spacing in the
viscous unit was approximately 12.2 and 6.1 in the streamwise and
spanwise directions, respectively. The grid close to the wall was
also refined to achieve a grid spacing from 0.0165 to 6.15 from the
wall to the center of the channel along the wall-normal direction.
Figure 1 shows the statistical profiles of these two DNS datasets.
The curves of different Reynolds numbers agree well in the near-
wall region and show a great deviation in the outer region. The
two original DNS datasets are difficult to analyze because of the
large data size. In this study, both DNS datasets were cropped to
a size of 5§ x 3§ at fixed wall-normal locations. All the velocity
components were spline interpolated to a regular square mesh in
the streamwise and spanwise planes. The interpolated grid spac-
ing was 6 and 9 for DNS1 and DNS2, respectively. Table 1 provides
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Table 1
Parameters of the cropped datasets.

Re; Ly L, AF AF AfF Ny N, N

X z

DNS1 550 55 38 6 6 0592 459 276 1024
DNS2 1000 55 36 9 9 1.23 556 334 1000

the parameters of the datasets. Ly and L, are the lengths in the
streamwise and spanwise directions, respectively. A} and A} are
the grid spacings after interpolating the original DNS data to a reg-
ular square mesh in the x — z plane. A} represents the time spac-
ing, and N is the total number. Ny and N; denote the grid numbers
in the streamwise and spanwise directions, respectively. The wall-
normal locations used in this paper are shown in the sections of
the results.

3. The scale separation approaches
3.1. Scale separation based on the spectrum

The streamwise premultiplied energy spectra of the streamwise
velocity fluctuations are commonly used to explore the interac-
tions of the large-scale structures with near-wall small-scale mo-
tions. Hutchins and Marusic [3] stated that Re; > 1700 is the min-
imum requirement to observe two energy peaks in the streamwise
spectral map for wall-bounded turbulence. McKeon and Morrison
[42] and Smits et al. [2] found that Re; > 4000 was required to
achieve a sufficient scale separation. The inner peak is located at
yt=15 and A} =1000, while the outer peak resides in the cen-
ter of the logarithmic region [7,43]. The magnitude of the outer
peak increases with Reynolds number, and the dominant stream-
wise wavelength is much larger than the boundary thickness [3].
At low Reynolds numbers, the two energy sites are too close, and
the outer peak is very ambiguous due to the insufficient separa-
tion [3]. Therefore, the spectral filter method is difficult to apply
to separate the outer large scales from the near-wall fields.

In the present work, the outer peak of the streamwise spectra is
not clearly visible for the friction Reynolds numbers Re; =550 and
1000. However, two spectral peaks can be observed in the premul-
tiplied spanwise energy spectra of streamwise velocity fluctuations,
as shown in Fig. 2 and described in detail by Wang et al. [44].
The first peak emerges at approximately A =125 and y*=15.
The wall-normal position of the outer peak is associated with the
Reynolds numbers, and the spanwise wavelength of the outer peak
is normally equal to the thickness of the boundary layer [43-48].
The existence of inner and outer spectral peaks implies that the
scales can be sufficiently separated in the spanwise direction us-
ing the spectral filter method. For the streamwise-spanwise field,
two cutoff wavelengths need to be defined. The spanwise cutoff
wavelength is chosen as A}/ =0.5 (the dashed-dotted lines in
Fig. 2) following the method of Bernardini and Pirozzoli [47]. The
streamwise cutoff wavelength Ayx/d is 1, similar to the strategy in
Mathis et al. [49], Marusic et al. [27], and Mathis et al. [50]. Note
that the 2D spectral filter method is only used in the outer re-
gion to extract the large scales of the streamwise fluctuations u*
in this work. Two issues need to be considered for scale separa-
tion based on the Fourier transform. First, the data are discontin-
uous at the edge because of the non-integer-period sampling. In
this work, a larger flow field of the DNS was used to separate
the scales using the fast Fourier transform (FFT). Then, the field
was cropped as shown in Table 1 to perform the following analy-
sis. Second, there is no ideal low-pass filter because the signal can
be distorted by the Gibbs phenomenon due to the sharp cutoff in
the frequency domain [51]. Thus, a fourth-order elliptical Butter-
worth filter was adopted in this work to perform low-pass filtering
in the frequency domain [51]. Figure 3 shows one instantaneous
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Fig. 2. Premultiplied spanwise spectra of the u* fluctuations as a function of y*
for DNS1 a and DNS2 b. The horizontal and vertical axes represent the spanwise
wavelength and wall-normal location, respectively. The black dashed lines indicate
AF=0.56%.

field (a) and the corresponding large-scale field obtained by FFT
(b) at y* =92 (3.9Re;!/2) for DNS1. The color contour represents
the streamwise fluctuating velocity u*. The high- and low-speed
zones are well captured by the large-scale field. The large-scale
field obtained at the outer region will be used as a reference for
the interactive POD.

3.2. Scale separation based on interactive POD

Proper orthogonal decomposition (POD) provides a set of low-
rank bases for a high/infinite-dimensional dynamical system. These
bases are optimal for the turbulent kinetic energy contributions in
the sense of L2 (2-norm). The POD technique has been widely uti-
lized in different fields of research. It was first applied to study
turbulent flows by Lumley [52] and reviewed by Berkooz [53]. The
idea of POD is to extract prominent modes associated with high
energy and containing large-scale coherent structures in turbulent
flows, thereby achieving a mode reduction from full dimensional
turbulence to a low-dimensional model. The decomposition gen-
erates a group of orthogonal flow modes, which are ordered with
respect to their contributions to the turbulent kinetic energy. This
method was applied to examine the possible self-similarity of the
large-scale motions in turbulent pipe flow [33]. Compared with the
scale separation based on FFT, POD can obtain coherent structures
by coupling all three velocity components.

In this work, an interactive POD method is proposed to exam-
ine the outer-inner interaction. Different from the extended POD
used to analyze the local energy contribution to the whole veloc-
ity field [54,55], interactive POD reconstructs the near-wall large
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Fig. 3. Comparison between the original u* field a and the FFT-based large-scale
ut field b at y* =92 for the DNS1 dataset.

scales using the large-scale modes extracted from the outer region.
The wall-normal location in the outer region is estimated from the
formula yt = 3.9Re; /2, which is deduced from the outer peak of
the streamwise premultiplied energy spectra according to Mathis
et al. [49,50]. The location is consistent with the nominal midpoint
of the logarithmic region under high-Reynolds-number turbulence.
However, Wang et al. [9] used y+ =100 instead of 3.9Re;'/2 as
the reference location for evaluating outer footprints, and they pro-
vided plenty of evidences to demonstrate the small scales are uni-
versal under the condition of y* = 100. This value is also con-
sistent with the smallest attached eddy size given by Perry and
Chong [56]. In the present work, our objective is to investigate the
influences of the outer large scales on the inner small scales, we
still use the location deduced from y* = 3.9Re;!/2 when analyz-
ing the outer-inner interactions. Therefore, the outer reference lo-
cation is approximately equal to 92 and 123 for DNS1 and DNS2,
respectively. Snapshot POD [57] was adopted in the present work,
and the correlation matrix between individual snapshots was cal-
culated [58]. All three velocity components were used, and each
component was normalized by its root-mean-square (RMS) value
to eliminate the magnitude difference for the correlation matrix.
The reconstructed field was multiplied by its RMS to recover the
full information. The step-by-step procedure of interactive POD is
given as follows.

(i) Select the velocity field at y;;f=3.9Rer1/2 as the outer refer-
ence field u;’e . The vector field u™ contains all three compo-
nents: ut = [ut, v, wt].

(ii) Separate the reference streamwise velocity fluctuations (u;’ef)
into large-scale and small-scale fluctuations using the spectral
filter introduced in Sec. 2.1. The FFT-based large-scale field will
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Fig. 4. a Correlation coefficient R between the FFT-based large-scale streamwise velocity field and the POD reconstructed streamwise velocity field as a function of the
accumulative energy for Re; =550 at y*=92. The maximum R is achieved at 46% relative energy. b Large-scale structure reconstructed by POD for DNS1. The contour

represents the streamwise velocity u*.

be used as a benchmark for comparison with the POD-based

large-scale field.
(iii) Normalize the reference field using its RMS value to eliminate
the energy difference among velocity components; the resul-
tant velocity field is denoted @i} £
Decompose the normalized reference field ﬁ:fef using snap-
shot POD [57], and obtain the entire coupled modes. Estimate
the correlation coefficient R of the streamwise velocity (u*)
between the FFT-based large-scale field and the field recon-
structed with the first n POD modes. The large-scale modes of
outer layers @/, are truncated at the maximum of R.
Normalize the inner velocity at y* by its RMS, and project it
onto the outer large-scale modes ®/; then, reconstruct the
inner large-scale field u;f (y*). Compute the small-scale field
us+ +) by subtracting this large-scale field from the raw fluc-
tuation velocity field as uf =u* —u}.

(iv)

—

(v

It is worth noting that the interactive POD is only applied in the
region y* < y:é £ The scale information of the reconstructed field is
determined from the R in step (iv) because POD cannot provide the
scale information of modes. Figure 4a shows the correlation coeffi-
cient R as a function of the accumulative energy for Ret =550 and
¥yt =92. R exhibits a linear increase with increasing mode num-
ber (accumulative energy) and achieves a maximum at 46% en-
ergy. Therefore, the large-scale modes @/, are selected as the first
46% energetic POD modes. For DNS2, this value is 37%. Note that
the POD modes may contain mixed frequencies when the energies
of different frequencies are comparable to each other. To examine
the POD-based scale separation, the premultiplied energy spectra
of the streamwise velocity of all the POD modes at y+ = 123 for
Re: = 1000 are presented in Fig. 5. Figure 5a shows the streamwise
spectra, and Fig. 5b shows the spanwise spectra. It is clear from
this figure that the scales A} and A} of the POD modes decrease
as the mode number increases, although there is an obvious fre-
quency mixing phenomenon. The dominant scales of the first 37%
energetic modes (to the left of the vertical dashed lines) present
good agreement with A] > 8+ and A} > 0.58+. These results indi-
cate that the modes @, selected in step (iv) can be used to recon-
struct the large-scale motions. However, there are still small scales
in the energetic modes, which is why the instantaneous large-scale
streamwise velocity fluctuations reconstructed by POD (Fig. 4b) are
not as smooth as those from FFT (Fig. 3b).

The outer large-scale modes ®}, are used to construct the in-
ner large-scale field. Then, the small-scale fluctuations are obtained
by subtracting this large-scale field from the raw fluctuation veloc-
ity field. This is the core idea of interactive POD. Similar to the
scale separation based on FFT, the large-scale component makes
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Fig. 5. Premultiplied energy spectra of the streamwise velocity as a function of the
mode number at y*+ = 123 for Re; = 1000. a Streamwise spectra, the blue contours
represent ky¢. b Spanwise spectra, and the blue contours represent k,¢. The top
horizontal axis denotes the cumulative POD energy, and the bottom horizontal axis
denotes the mode number. (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)
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a significant energy contribution in the outer region. In contrast,
the small-scale fluctuations account for the majority of the near-
wall peak, and their energy diminishes to zero at the edge of the
boundary.

4. Reynolds shear stress statistics

Figure 6 shows the large-scale and small-scale contributions
to streamwise turbulent kinetic energy (u2t) (a) and to Reynolds
stress (—(uv)™) (b). The black, red and blue curves represent the
contributions of the original data, large scales and small scales,
respectively. The result of Fig. 6a is very similar to the result of
Marusic et al. [7], where the small-scale contribution to (u2t)
is primarily located in the near-wall region and the outer layer
is dominated by the outer large scales. For the Reynolds shear
stress (—(uv)*), in the near-wall region, the Reynolds stress of
small scales (blue curve) is much larger than that of large scales
(red curve). As yT increases, the contribution of the large scales
gradually surpasses that of the small scales in the outer region.
The results for DNS1 have similar trends. The contributions to the
Reynolds stress of large and small scales share the same properties
as those to (u?t).

To further investigate the Reynolds shear stress contributions of
large and small scales, Fig. 7 shows the weighted joint probability
density function (PDF) of u* and vt at different wall-normal loca-
tions for DNS1 and DNS2. The contour lines represent the contri-
bution to (—(uv)*), and u* and v* are scaled by uj,; and v},
respectively. Regardless of the scale, the PDFs show strong Q2
(ut <0, vt > 0, ejection) and Q4 (u™ > 0, v* < 0, sweep) events,
demonstrating that the positive streamwise velocities are associ-
ated with the negative wall-normal velocities or vice versa. The
Q2 and Q4 events are responsible for transporting high momen-
tum fluid towards the wall and low momentum fluid away from
it [32]. Thus, these events correspond to a positive contribution to
the Reynolds shear stress (—(uv)*). However, there are some dif-
ferences between the large scales and small scales. For the large
scales, the PDFs are almost symmetrically distributed about the
diagonal line in quadrants 2 and 4, and the shapes are simi-
lar across the different wall-normal locations for the present two
Reynolds numbers. This implies that the large-scale contribution
to the Reynolds shear stress presents a self-similar distribution.
For the small-scale Reynolds shear stress, more interesting distri-
butions are presented. In the near-wall region (y* = 12), the PDFs
also show strong Q2 and Q4 events, but the shape of the contours
is completely different from that of the large scales because the
range of the normalized wall-normal component vt is much larger

than that of streamwise u*. This may be caused by the counter-
rotating streamwise vortices identified as dominant vortical struc-
tures in the near-wall region [59]. When increasing y* to 3.9Re; /2,
the PDF of small scales becomes symmetric about the diagonal line
of the second and fourth quadrants. Moreover, the large scales have
little contributions to the Q1 (u™ > 0, v+ > 0, outward interaction)
and Q3 (u* <0, v™ < 0, wallward interaction) events compared to
the small scales [32].

5. Inner-outer interactions

In the paper by Talluru et al. [28], a combination of cross-wire
probes with an array of flush-mounted skin-friction sensors was
used to study all three velocity component modulation effects, and
they found that the small-scale spanwise and wall-normal fluctu-
ations and the instantaneous Reynolds shear stress are modulated
in a very similar manner as the streamwise fluctuations at high
Reynolds numbers. Using interactive POD in the present work, both
the superposition and modulation effects are investigated for all
three velocity components and Reynolds stress (—(uv)™).

5.1. Superposition effect

The large-scale field uj" reconstructed by the interactive POD
represents the 'footprint’ of the outer large-scale structures on
the near-wall turbulence. The superposition effect is examined
by correlating the inner large scales with the outer larger scales.
Figure 8 shows the normalized streamwise correlation of large-
scale streamwise fluctuations u; at different wall-normal locations
with those of the reference location for different Re;, where the
reference location is 92 for DNS1 (a) and 123 for DNS2 (b). The
horizontal axis represents the streamwise distance ry for correla-
tion. From this figure, the peak correlation level (indicated by filled
circles) increases with increasing y*, and the separation distance
r§ of the maximum increases with decreasing y*. These results
reflect the inclined large-scale coherent structures. In Fig. 8a, the
peak (indicated by filled circles) correlation level is greater than
0.6 even though y* is down to the viscous sublayer, as y* = 5. In
Fig. 8b, the peak value at y* =5 is approximately close to 0.8.

To describe the superposition effect of all three velocity com-
ponents, we define the superposition coefficient @« and mean in-
clination angle 6; of large scales as proposed by Mathis et al.
[50]. The parameter « is chosen as the maximum of the cross-
correlation, as indicated by the filled circles in Fig. 8, that is,
ot = max{R[u (). uf 577, )1} @ = max{Rlvf (7). v 7)1} and

oy = max{R[w (y*), w; (yj‘ef)]}. The parameter 9; is calculated by
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Fig. 7. Reynolds shear stress weighted joint PDF of u* and v* at different wall-normal locations for DNS1 a, b and DNS2 c, d. Left panels a, ¢ show the large-scale field, and
right panels b, d show the small-scale field. All values are normalized by u;},; or v, and weighted by the Reynolds shear stress —(uv)*. The positive contour levels (solid
lines) are from 0.01 to 0.1 in a step of 0.03. The negative contour levels (dashed lines) are from -0.04 to -0.01 in a step of 0.03.
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Fig. 8. Streamwise correlation of large-scale streamwise fluctuations u;” at y* =5 (blue), 12 (green), and 44 (purple) with those at the reference wall-normal location (y* =92
for DNS1 and y* =123 for DNS2); a and b present the results for DNS1 and DNS2, respectively. rj represents the streamwise distance from the correlation center. The red
curve represents the streamwise autocorrelation at the reference location. The filled circles indicate the position of the maximum correlation coefficient R. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

arctan(Ay/Ax), where Ay is the wall-normal distance and Ax is
the streamwise shift at the maximum of the correlation. The su-
perposition coefficient « and inclination angle 6; of all three ve-
locity components for DNS2 are shown in Fig. 9. The large-scale
velocity uj displays the strongest superposition effect in the near-
wall region, and all the « values are greater than 0.6, even very
close to the wall. The inclination angle is almost constant, with
6, ~ 13°, in the region of y* < 30 and then rapidly increases with
increasing wall-normal location. The rapid increase may be caused
by the large-scale hairpin vortex whose inclination angle from the
x-direction increases with distance from the wall [17]. Another rea-
son may be the increasing correlated localized small-scale struc-
tures [50]. Another behavior shown in Fig. 9 is that the superposi-

tion coefficients of vj and w; are smaller than that of u;, and the
inclination angles are slightly larger than that of u;". To determine
the reasons, we also plotted the premultiplied energy spectra of v+
and w* as a function of mode number (not shown in this paper)
and found that the scales of v+ and w* are smaller than that of
ut.

5.2. Amplitude modulation

The amplitude modulation of the near-wall structures by the
large scales is investigated in this part. First, we explore the spatial
distribution of the small-scale u* events on the condition of large-
scale positive and negative u* events. Second, the small-scale am-
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Fig. 9. Superposition coefficient o a and inclination angle 6, b of the large scales as a function of the wall-normal location for DNS2. The velocity components u*, vt and

wt are plotted by square, circle and diamond symbols.
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Fig. 10. Example at y+ =5 of large-scale u* fluctuation and small-scale ut events
with as=1.5. The contour represents the large-scale u/, and the red and blue
curves are the isocontour lines of o =+0.5. The black curves represent the iso-
contour lines of the small-scale u™ events. The illustrations in a and b are for DNS1
and DNS2, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

plitudes of all three velocity components and Reynolds shear stress
are conditionally computed on the value of the large-scale inten-
sity.

The high and low momentum regions in the small-scale field
are defined as ugry+ > o - RMS(usy+) and ”5y+ < —os- RMS(u5y+)
respectively. Additionally, the threshold used to identify the posi-
tive and negative u* events in the large-scale field is denoted «;
(ut Lyt > ap - RMS(uf y+) and uLy+ < - - RMS(quy+)). In this work,
o is fixed to 0.5, and «s is set to 1.5. Figure 10a and 10b gives an
example of an instantaneous large-scale field at y+ =5 for DNS1
and DNS2. The contour represents the large-scale u;, and the red
and blue curves are the isocontour lines of aL_iO 5. The black

curves represent the isocontour lines of small-scale u* events with
os=1.5. It is obvious that the small scales in the large-scale posi-
tive u™ field are more visible than those in the large-scale negative
ut field.

The coupled large scales of all three components are obtained
using the interactive POD method. This means that the relation-
ship between large and small scales can be explored not only for
the u™ fluctuation but also for the v+, w* and even Reynolds stress
—(uv)* fields. These relationships are estimated by computing the
small-scale amplitude conditioned on the value of the large-scale
intensity, which is the same as the method proposed by Ganap-
athisubramani et al. [4]. The simple procedure is given as follows.

(i) The original velocity field is separated into a large-scale field
(uf,vf,wf) and a small-scale field (uf, v, w) using interac-
tive POD.

(ii) The large-scale u™ fluctuation is divided into many equally
spaced bins with a spacing of d=0.2 from u} = —6 to u =6.
The parameters in this step are the same as those in Ganap-
athisubramani et al. [4].

(iii) The spatial points P are marked if the value of uf is in the
range from u —d to u; + d. The wide bin size can smooth the
statistical results.

(iv) The sum of the square of the small-scale signals is computed
over the spatial points P, which represents the amplitude con-
ditioned on the strength of the large-scale u* fluctuations. All

the variances in uf, v{, wf and Reynolds stress (uv){ are esti-

mated based on the same formula as follows:
28 (y )|u+ +
(e”(uL y )) S T (%% ) (1)

Here, the parameter Np is the total number of points in set
P, and &g represents the small-scale variables. The small-scale
Reynolds shear stress —(uv)s+ is approximated by the product

ot
—UgVg.

(i) Step (iv) is repeated for all the bins of u;" and crosses all the
wall-normal locations.

To compare the amplitude modulation among different velocity
components, the amplitude of small scales £§+ is redefined as the
relative difference between (¢2*(uf.y*)) and (et (uf =0,y)),
which was proposed by Ganapathisubramani et al. [4]. The defi-

nition is given as
(g5 (v y*)) = (g5 (up =

(5™ (ui = 0.57))

If A£2+ is larger than zero, then the amplitude of the small
scales is ampllﬁed by the large scales compared to u =0. Oth-

0y, @)

AgZt (u{,y*) =
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Fig. 11. Plots of Au§+ (red), Avﬁ+ (blue), Awﬁ* (green) and A(uv)g+ (purple) as a function of the large-scale u* fluctuation for DNS1 a, b and DNS2 ¢, d. The wall-normal
location of the left panel is 5, and that of the right panel is y* =12. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

erwise, the amplitude of the small scales is attenuated. Be-
cause the superposition components have been removed from
the near-wall small scales, the small scales & (y*) can be read
as e*(y") {1+ Beuf;} according to the MMH model [50], where
e*(y*) represents the universal signals without superposition and
modulation, and S, is the amplitude modulation coefficient cor-
responding to &. Thus, Ae?* (uf.y™) is approximately equal to
[(1+ Beudy)” — 11.

Figure 11 shows the amplitude modulation of the small-scale
structures by the large scales at near-wall locations (y*=5 and
12) for DNS1 and DNS2. The red, blue, green and purple curves
represent the relative variance of small scales AuZ*, AvZt, AwZt
and A(uv)?r , respectively. The sample number in each bin is rela-
tive to the bin size and the value of u;". A larger absolute value of
uL+ will result in a reduction of the sample number. Therefore, the
curves at the two ends are distorted by inadequate samples. In the
near-wall region, Aé* increases as uj increases, and the increase
in the variance of Reynolds stress —(uv)* is much faster than that
of the other velocity components. The increasing rate (slope of the
curves) of velocity u* seems to be the lowest among all four curves
for both DNS1 and DNS2. These phenomena indicate that the outer
large-scale structures have a significant influence on the near-wall
Reynolds stress rather than on the other velocity components. Even
among the velocity components, the amplitude modulation effect
on the small-scale wall-normal velocity v+ is more obvious than
that on the streamwise velocity u™. A possible reason is that the
near-wall region is dominated by paired streamwise vortices. Fur-
ther exploration of the link between coherent structures and mod-

ulations is of great significance. By increasing y* to 12, it is ex-
pected that the slopes of all the curves will become smaller than
those at y™ =5 because of the modulation reduction. The asym-
metric and nonlinear trends are, however, more obvious [4].

5.3. Frequency modulation

Frequency modulation also exists in wall turbulence [4,29]. Sim-
ply, in the near-wall region, the frequency of the small-scale fluc-
tuations is attenuated by the negative large-scale fluctuations and
amplified by the positive large-scale fluctuations. One method to
estimate the frequency of the signals is to calculate the derivative
of the phase, which can be deduced from the Hilbert transform.
However, similar to the definition for the envelope of the small
scales, the skewness of the small-scale fluctuations seems to in-
fluence the results [60]. In this work, we adopt the peak-valley
counting (PVC) procedure proposed by Ganapathisubramani et al.
[4] to determine the frequency of signals. To investigate the differ-
ences between the streamwise and spanwise directions, the num-
ber count is performed along these two directions. The procedure
is the same as that for amplitude modulation except for step iv:

(i) The local maximum or minimum along the streamwise or span-
wise direction is targeted as one, and the other points are set
to zero in the small-scale fields. A representative frequency fs,
which represents the frequency modulation on the condition of
the strength of the large-scale u* fluctuations, is counted using
the number of peaks over the spatial points P. The frequencies

of uf, v{, w{ and Reynolds stress (uv){ are estimated based on
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Fig. 12. Plots of Af,s (red), Af,s (blue), Af,s (green) and A f,,s (purple) as a function of the large-scale u™ fluctuation for DNS1 a, b and DNS2 ¢, d. The left panels show
the characteristic frequency in the streamwise direction, while the right panels show the characteristic frequency in the spanwise direction. The dashed line with red symbols
represents the frequency modulation obtained from the FFT along the spanwise direction. All the wall-normal locations are y* = 12. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

the same formula as follows:

Ms( ) |ur v+

+ yt)\ — L

(5 y)) = e ®
Here, the parameter Np is the total number of points in set P,

and Mg represents the number of peaks in the small-scale fields.

Similar to the relative amplitude Aé* , the characteristic frequency

is redefined as

U 7) (sl =0.7))
(s =0.17)]

In the spanwise direction, the scale of the streamwise fluctu-
ations u™ can be separated using the spectral filter method due
to the existence of sufficient scale separation, as introduced in Sec
2.1. The characteristic frequency based on the fields from spectral
decomposition can also be estimated from Egs. (3) and (4). The re-
sults will be compared with those of POD.

Figure 12 shows the frequency modulation effect along the
streamwise (left panels) and spanwise (right panels) directions for
DNS1 (a, b) and DNS2 (c, d). The x-axis represents the outer large-
scale streamwise fluctuation, and the curves with different colors
represent the characteristic frequency of different velocity compo-
nents. Note that the dashed lines with red symbols represent the
frequency modulation of small-scale u* obtained from FFT along
the spanwise direction. All the results are estimated at y™=12.
In the streamwise direction, the characteristic frequency increases
with increasing large-scale fluctuation, although the curves at
Re; =550 display an unexpected local minimum in the region of

Afs(uf.yt) = (4)

10

uf > 1. This phenomenon may be caused by insufficient scale sep-
aration at low Reynolds numbers and disappears in Fig. 12c and
12d for Re; =1000. Compared with the amplitude modulations, the
frequency modulations present a more similar behavior among all
three velocity components and the Reynolds shear stress. The fre-
quency modulation along the streamwise direction is consistent
with the result of Ganapathisubramani et al. [4]. However, it is in-
teresting to note that the characteristic frequency in the spanwise
direction displays a weak trend across the entire range of uj for
the interactive POD result, which implies that outer large scales
have limited influence on the spanwise frequency of small scales in
the near-wall region. In particular, the dashed red lines calculated
from the spectral filter method present a decreasing trend with in-
creasing large-scale fluctuations. There are obvious differences in
the streamwise and spanwise directions for frequency modulation.

In the work of Ganapathisubramani et al. [4], the stream-
wise velocity acquired in the high-Reynolds-number boundary-
layer wind tunnel by hot-wire probes is used to examine the
interaction between the large and small scales of the boundary
layer. The temporal frequency modulation effect is highest in the
near-wall region, and this effect decreases with increasing wall-
normal distance. The authors explained that the increase in small-
scale frequency is caused by a combination of augmented small-
scale activity and convection at these small scales induced by the
large-scale motions. The present results prove that the number of
small-scale structures indeed increases in the streamwise direc-
tion with increasing large-scale streamwise velocity fluctuations. In
wall-bounded turbulence, the convection velocity at large scales is
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much higher than that at small scales in the near-wall region del
Alamo and Jiménez [61]. The local high Reynolds number increases
the local mean shear stress and then generates more small-scale
structures in the streamwise direction. However, an opposite fre-
quency modulation appears in the spanwise direction in which the
number of small scales is suppressed by the large-scale velocity.
More research is needed to further explain this result.

6. Conclusions

In this study, we use interactive POD to investigate the inner-
outer interactions of turbulent channel flows at low Reynolds num-
bers Re; =550 and Re;=1000. The spectral filter operation is
unsuitable for velocity decomposition at relatively low Reynolds
numbers due to the insufficient scale separation. Instead, the in-
teractive POD method could be used to extract the footprint of the
outer large-scale motion in the near-wall region. The outer veloc-
ity field at y* = 3.9Re; /2 is decomposed to obtain the large-scale
modes @/, . The premultiplied energy spectra of these modes in-
dicate that the selected large-scale modes ®}, are indeed associ-
ated with outer large-scale or very large-scale motions. The veloc-
ity field in the inner layer is projected onto these modes to recon-
struct the near-wall large-scale structures. It is worth noting that
‘I’& is related to the wall-normal position y*. The interaction of
outer large scales at any wall-normal location with the near-wall
cycle can be studied using this method.

The weighted joint PDFs of fluctuations u™ and v* for large-
scale motion and small-scale motion are given as a function of the
wall-normal distance. The large-scale contribution is symmetrically
distributed in quadrants 2 and 4 and has a similar contour shape.
The large-scale contribution to —(uv)* presents a self-similar be-
havior. The contour of the small-scale contribution shows a varia-
tion when increasing the wall-normal location.

The superposition effect is explored by correlating the large-
scale fluctuations in the near-wall region with those in the outer
region. The large superposition coefficient o indicates a high cor-
relation of the large-scale motions along the wall-normal direction.
The « values of v and wt are smaller than that of u*, and the in-
clination angle 6; is larger than that of u*. 6; is nearly constant at
0, ~ 13° in the near-wall region and then rapidly increases with
increasing wall-normal distance. Furthermore, the correlation of
small-scale u* fluctuations at outer locations with those at y* =5
is almost zero. These results indicate that the outer large-scale
structures can extend to the wall and that the influence of near-
wall structures diminishes rapidly as y* increases.

The modulation of the small scales by the large scales is also
investigated. The occurrence probability of small-scale structures
conditioned on a large-scale positive u™ event is much higher than
that conditioned on a large-scale negative u* event. The ampli-
tudes of small-scale u™, v*, w* and Reynolds stress —(uv)* are
computed conditioned on the value of the large-scale u* intensity.
Although all the small scales are modulated in a similar fashion,
the amplitude modulation of the small-scale —(uv)™* is the greatest
among all the components. The Reynolds shear stress in the near-
wall region is more easily controlled by the outer large-scale struc-
tures. Furthermore, the representative frequency is approximated
by counting the number of peaks in the streamwise and spanwise
directions. In the streamwise direction, the small-scale frequency
is attenuated by the negative large-scale u* fluctuations and am-
plified by the positive large-scale u* fluctuations. The results of
vt, wt and —(uv)* are fully consistent with that of u*. However,
an interesting finding is that the spanwise frequency modulation
exhibits an opposite trend to the streamwise frequency modula-
tion. The small-scale frequency in the spanwise direction is atten-
uated by the positive large-scale u* fluctuations at the present low

1
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Reynolds numbers. Further research is required to explore the rea-
sons behind this phenomenon.
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