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Abstract The pre-multiplied spanwise energy spectra of
streamwise velocity fluctuations are investigated in this
paper. Two distinct spectral peaks in the spanwise spectra are
observed in low-Reynolds-number wall-bounded turbulence.
The spectra are calculated from direct numerical simulation
(DNS) of turbulent channel flows and zero-pressure-gradient
boundary layer flows. These two peaks locate in the near-
wall and outer regions and are referred to as the inner peak
and the outer peak, respectively. This result implies that the
streamwise velocity fluctuations can be separated into large
and small scales in the spanwise direction even though the
friction Reynolds number Re; can be as low as 1000. The
properties of the inner and outer peaks in the spanwise spec-
tra are analyzed. The locations of the inner peak are invariant
over a range of Reynolds numbers. However, the locations
of the outer peak are associated with the Reynolds number,
which are much higher than those of the outer peak of the
pre-multiplied streamwise energy spectra of the streamwise
velocity.
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1 Introduction

Wall-bounded turbulent flows at high Reynolds number have
attracted considerable attention over many years. One impor-
tant feature of such flows is the growth in scale separations
between the largest scales and the smallest scales with
increasing Reynolds numbers. This feature facilitates the
study of the interactions between the large-scale motions pri-
marily associated with the outer region and the small-scale
motions in the inner near-wall region. In this context, the
scale separation and interaction are investigated in the span-
wise direction, and our interest lies in finding the differences
between the spectra of the streamwise velocity fluctua-
tions in the streamwise and spanwise directions. Herein, the
pre-multiplied streamwise energy spectra of the streamwise
velocity fluctuations will be referred to as the streamwise
spectra, and the spanwise energy spectra of the streamwise
velocity fluctuations will be referred to as the spanwise
spectra.

According to the paper by Marusic et al. [1], the domi-
nant coherent structures in wall-bounded turbulence can be
classified into streaks, large-scale motions (LSMs), and very-
large-scale motions (VLSMs). Low- and high-speed streaks
exist in the near-wall region of turbulent flows. Kline et al.
[2] used hydrogen bubbles for flow visualization to inves-
tigate streak characteristics. The mean spanwise spacing of
the streaks, which is scaled to viscous wall units, is approxi-
mately 100 in the near-wall region, and the spanwise spacing
has a log-normal distribution, therein also increasing with
the distance from the wall [3]. Marusic et al. [4] presented a
series of streamwise spectra obtained using a hot wire across
the full height of a turbulent boundary layer for a range of
Reynolds numbers. The inner peak caused by the near-wall
cycle of the streaks is located at y*© = 15 and A} = 1000
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(here, x, y, and z denote the streamwise, wall-normal, and
spanwise directions; A represents the wavelength; and the
superscript “+” indicates that this value is scaled to the vis-
cous wall units). These values are essentially invariant with
increasing Reynolds numbers. The numerical simulations by
Jiménez and Pinelli [5] and Schoppa and Hussain [6] indi-
cated the existence of a self-sustaining near-wall cycle that is
local to the near-wall region and that does not depend on the
outer flow. The complete process generating a hairpin vortex
from near-wall streamwise vortices is studied via the direct
numerical simulation (DNS) of the streak transient growth
in a minimal channel at Re; =400 [7].

With increasing Reynolds number, one important prop-
erty of wall-bounded turbulence at high Reynolds number is
the separation scales between the inner and outer turbulence
[1,8-10]. From the pre-multiplied streamwise energy spec-
tra for a range of Reynolds numbers [4], a distinct outer peak
associated with large-scale structures appears at the center
of the logarithmic region of the spectrogram, approximately
locating at y* = 3.9 Rey 2 (Re is the friction Reynolds
number, where Re; = u.6/v, and u,, 8, and v denote the
friction velocity, boundary layer thickness, and kinematic
viscosity, respectively). The outer peak is most likely the
energetic signature of the outer VLSMs [11], and the magni-
tude of the peak increases with the Reynolds numbers. Bal-
akumar and Adrian [12] investigated the streamwise length
scales of LSMs and VLSMs in turbulent channel flows,
zero-pressure-gradient (ZPG) boundary layer flows and pipe
flows. The streamwise length scales of the LSMs are approxi-
mately (2-3) 8, while those of VLSMs are approximately 10§
and increase with increasing wall-normal location yT. They
also 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. The origin of VLSMs is not fully understood. Kim and
Adrian [13] proposed that the VLSMs are caused by stream-
wise alignment of the LSMs, whereas del Alamo and Jiménez
[14] and McKeon and Sharma [15] suggested that they could
be formed by linear or nonlinear processes.

According to Townsend’s attached eddy hypothesis [16,
17], the outer large-scale structures will impose an influence
on the near-wall region [8,18]. Hutchins and Marusic [§]
observed that the influence of large-scale structures is not
only the superposition but also a modulation effect on the
near-wall small-scale structures. In their paper, the hot-wire
data acquired at a high Reynolds number facility were sepa-
rated into large scales and small scales; it was found that the
small-scale amplitude is amplified by the positive large-scale
fluctuations and that the small-scale amplitude is attenuated
by the negative large-scale fluctuations. More recently, the
extent of the frequency modulation was examined by count-
ing the number of occurrences of local maxima and minima

in the small-scale signal [19]; the results indicated the pres-
ence of frequency modulation.

Most previous studies used the pre-multiplied streamwise
energy spectra of the streamwise velocity fluctuations to
explore the role of the large-scale motions in high-Reynolds-
number turbulent flows. However, there are relatively few
studies on the pre-multiplied spanwise energy spectra.
Tomkins and Adrian [20] used Particle Image Velocimetry
(PIV) measurements to explore the spanwise length scales
in the logarithmic layer of a turbulent boundary layer at
Rey = 1015 and 7705 (the Reynolds number is based on
momentum thickness). Abe et al. [21] investigated the very-
large-scale structures and their effects on the wall shear-stress
fluctuations based on the DNS of turbulent channel flows at
Re, =180, 395, 640. The results show the existence of very-
large-scale structures with a spanwise spacing of (1.3-1.6)§
in the outer layer and that they certainly contribute to the
inner layer structures at high Reynolds numbers. From the
one-dimensional (1D) spanwise pre-multiplied power spec-
tra of u at Re; = 1160 given by Iwamoto et al. [22], the
outer peak can be identified at y* = 300 and A,/§ = 1.2.
Hoyas and Jiménez [18] showed the two-dimensional (2D)
pre-multiplied spectral energy over the streamwise-spanwise
plane. EI Khoury et al. [23] compared the 1D spanwise pre-
multiplied spectra of fully developed turbulent pipe flow,
turbulent channel flow and ZPG boundary layer flow for Re,
up to 1000. In the near-wall region, a high degree of similar-
ity is observed in three cases, and a pronounced secondary
peak, caused by large-scale structures, is observed at an
azimuthal/spanwise spacing of approximately one boundary-
layer thickness or one pipe radius. In the paper by Lee and
Moser [10], two distinct peaks were observed in the stream-
wise pre-multiplied energy spectra of the DNS turbulent
channel flow up to Re; = 5200; the spectra also indicated
that the more noticeable double peaks are visible in the span-
wise spectrum of u.

We will study the spanwise spectra for different Re; to
investigate the differences between streamwise spectra and
spanwise spectra in terms of scale separation and interaction.
This paper will explore the statistical characteristics of the
spanwise spectra for streamwise u fluctuations, especially
the Re-dependence of the inner and outer peaks and a com-
parison with the streamwise spectra. This paper is organized
as follows. First, the data used in this paper are described in
Sect. 2. The results of the pre-mulitiplied spanwise energy
spectra of streamwise velocity fluctuations are presented in
Sect. 3, where the inner and outer spectral peaks are analyzed
in detail and compared with those of the streamwise spectra.
Finally, conclusions are offered in Sect. 4.
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Fig. 1 The mean streamwise velocity (a) and the Reynolds stress (b) profiles in viscous wall units. The parameters « and B in the logarithmic law

are 0.41 and 5.0, respectively

2 The data sets of wall-bounded turbulence

All the data sets used in this paper are from the DNS of
fully developed wall-bounded turbulence. The data sets for
turbulent channel flows have friction Reynolds numbers of
180, 550, 1000, 2000, 5200, and the simulation details can be
found in Ref. [10]. The data sets for the ZPG turbulent bound-
ary layer have a range of Re; ~ 1300-2000, and the details
of the numerical simulations are described in Ref. [24]. The
spanwise energy spectra and other statistical properties uti-
lized in this work were downloaded from the websites (http://
turbulence.ices.utexas.edu/) and (http://torroja.dmt.upm.es/
turbdata/blayers/high_re/). For the sake of simplicity, the
channel flow is denoted by the letter “C”, and the turbu-
lent boundary layer flow is denoted by “B”. “C2000” and
“B2000” represent the turbulent channel flow and ZPG tur-
bulent boundary layer for Re; = 2000, respectively. In the
following discussion, the streamwise (x), wall-normal (y),
and spanwise (z) velocity fluctuations will be denoted as
ut, v¥, and w™, respectively. The superscript “+” denotes
normalization with the friction velocity u, and kinematic
viscosity v. The streamwise mean velocity is indicated by a
capital letter U™,

The mean streamwise velocity and the Reynolds shear
stress profiles for the inner scale are presented in Fig. 1a, b,
respectively. The profiles of the turbulent channel flows at
Re; = 550 (C550), Rer = 2000 (C2000), and Re; = 5200
(C5200) and the boundary layer flows at Re; =2000 (B2000)
are plotted with different colors in this figure. In Fig. 1a, all
the mean curves are in agreement with each other in the near-
wall region and present a log layer 30 < y™ < 0.158™).
The upper bound of the log-law region seems to increase with
Re; . The classical log-law withk = 0.41 and B = 5.0 (black
dashed line) shows a slight discrepancy with those mean pro-
files. Lee and Moser [10] reported that the parameters « and
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B are found to be 0.384 and 4.27 from fitting the mean veloc-
ity data from C5200. The essential difference observed from
the mean profiles is that the wake intensity of the bound-
ary layer (green curve) is much stronger than that of the
channel flows (purple curve). More details about the proper-
ties of the mean streamwise velocity profiles were discussed
in Refs. [10] and [24]. The root mean square of u™ (solid
curves) and the Reynolds shear stress —(uv™) (dash-dotted
curves) are displayed in Fig. 1b. The peak of u  is located
at y* = 15, and the peak intensity increases with increasing
Re;. The u; ¢ of the boundary layer flow is slightly higher
than that of the turbulent channel flow at the same Reynolds
number. In addition, both u . and —(uv™) exhibit visible
Re-dependence effects at the outer region, which will be ana-
lyzed using the spanwise pre-multiplied energy spectra in the

next section.

3 Spanwise pre-multiplied energy spectra of the
streamwise velocity fluctuations

As discussed in the introduction section, the pre-multiplied
streamwise energy spectra of the streamwise velocity u™ are
widely utilized to explore the interaction of the outer large-
scale structures with the near-wall turbulence. In this paper,
we will focus on the pre-multiplied spanwise energy spec-
tra of the streamwise velocity fluctuations. Figure 2 shows
the spanwise spectra of u™ as a function of y™ at different
Reynolds numbers Re; in fully developed turbulent chan-
nel flows. From the plot of a to the plot of d, the Reynolds
number Re; increases from 550 to 5200. It can be observed
that two energy peaks, indicated by the white crosses, exist
in the contour maps. According to the definitions proposed
by Marusic et al. [4], the first peak resides in the near-wall
region (y* < 30), is associated with the near-wall cycle of
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Fig. 2 The pre-multiplied spanwise spectra of u™ as a function of y* at different Reynolds numbers Re; in fully developed turbulent channel
flows. Plots a—d are the colored contours of the spanwise spectra at Re; = 550, 1000, 2000, 5200, and the white crosses indicate the positions of
the inner and outer peaks. The expressions of the dashed white lines connecting these two peaks are also presented in these plots. Plots e, f show
the contour lines, with low levels of 0.3 and 0.7 and high levels of 1.5 and 2.5, respectively

elongated high- and low-speed streaks, and is referred to as
the inner peak. The second peak is located in the outer region
(30 < yT < &™), is associated with the outer large scales,
and is referred to as the outer peak. With increasing Re., the
positions of the inner energy peaks are almost invariant, and
a second energy peak clearly appears in the outer region. The
intensity of the latter also increases with Re;. As shown in

the paper by Lee and Moser [10], the double peaks of the
spanwise spectra are substantially more visible than those of
the streamwise spectra. All the inner peaks emerge at approx-
imately A = 125 and y™ = 15, and the contours of the inner
spanwise spectra share highly similar shapes across different
Reynolds numbers. The position of the outer peak is asso-
ciated with the Reynolds numbers. The dominant spanwise
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Fig. 3 The pre-multiplied spanwise spectra of channel and boundary
layer flows at the Reynolds number Re; = 2000. The two dashed blue
lines indicate the spanwise wavelength of A = 125 and 2000

wavelength of the outer large scales is approximately equal
to the thickness of the boundary layer.

In Fig. 2, the dominant spanwise length scale increases
with increasing wall-normal locations. If we draw a line join-
ing the inner and outer peaks using dashed white lines, the
spanwise spectra are aligned along the white line through-
out the region. This implies that the spanwise length scale
presents a linear growth with the distance from the wall in
log-log coordinates. The slopes of the white lines decrease
from 1.32 to 1.06 with increasing Re, from 550 to 5200. In
the paper by Hwang [25], the linear ridge y* = 0.1o1 is
used to connect the two local spectral peaks at Re; = 2003.

We also plot the contour lines of different Reynolds num-
bers in Fig. 2. The left panel, e, represents the low levels of
0.3 and 0.7, and the right panel, f, shows the high levels of
1.5 and 2.5. The lowest Re; = 180 is not given in this figure
because there is no vivid second peak in the outer region.
It is apparent from the figures that the short wavelength in
the near-wall region is invariant with respect to Re., and the
magnitude of the long wavelength in the whole wall-normal
region is associated with Re;. In Fig. 2e, the contour line of
the higher Re; is the asymptotic line for that of the lower
Re, which means that the low-level contour lines of differ-
ent Reynolds numbers are highly similar to each other and
that an increase in the Reynolds numbers only leads to an
increased spanwise length range in viscous units. In Fig. 2f,
the intensity of the second peak in the outer region increases
with increasing Re,, and the distance between the inner peak
and the outer peak is also enlarged with increasing Reynolds
numbers.

A comparison of the spanwise spectra for channel and
boundary layer flows is also shown in Fig. 3, where the
Reynolds number Re; is 2000. The spanwise spectra of the
boundary layer are not especially smooth because those spec-
tra were post-processed from approximately 200 snapshots.
This figure indicates that the spectra show a good agreement
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for y™ less than 100 and for a spanwise wavelength less than
300 in viscous units. This result is the same as that of EI
Khoury et al. [23], where the spanwise spectra for the pipe,
channel and boundary layer were compared at Re; = 1000.
The position of the first peak in the near-wall region is iden-
tical for different wall-bounded turbulent flows. The second
peak caused by large scales in the outer region is observed
in both channel and boundary layer flows, and the spanwise
wavelength of the peak in the boundary layer seems to be
less than that in turbulent channel flows. It is also indicated
that the intensity of the second peak for the boundary layer
is seemingly stronger than that of channel flows. According
to this figure and the results in Ref. [23], the wall-bounded
turbulent flow seems to share certain common features: (1)
the small scales in the near-wall region have the same sta-
tistical characteristics, and (2) the spanwise wavelength of
the outer large scales is approximately equal to the boundary
layer thickness 8.

3.1 The inner peak of spanwise spectra

As shown in Fig. 1b, the peak in (1?) is fixed at the loca-
tion yT = 15, and the (-) represents the averaging operation.
The peak value increases with the Reynolds numbers fol-
lowing the relationship (#?)max = 3.63 + 0.65log(Re;)
suggested by Lozano-Duran and Jiménez [26]. In the paper
by Lee and Moser [10], this relationship is fitted to obtain
(uz)max = 3.66 + 0.6421og(Re.). Marusic et al. [4] used
the corresponding streamwise spectra at y* = 15 to study
why the peak in (u?) varies with the Reynolds numbers.
In this work, we give the pre-multiplied spanwise spectra
at y© = 15 of the channel and boundary layer flows. The
results are shown in Fig. 4, where the different colors repre-
sent different Reynolds numbers. According to the definition
of pre-multiplied spectra, the integration of k; E,,;, / u% over
the logarithmic wavenumber scale k, corresponds to the
kinetic energy (). The maxima are located at AF =125
for both turbulent channel flows and ZPG boundary layer
flows, which is very close to the measured streak spacing
and invariant in the investigated Reynolds number range. It
is very interesting that the spectral peak value of the turbu-
lent channel flows shows a decreasing trend with increasing
Re;. This trend is ambiguous in Fig. 4c due to the limited
Reynolds numbers and non-convergent spectral data. The
pre-multiplied spanwise energy spectrum at Re; = 180 (black
curve in Fig. 4a) presents a Gaussian-like distribution. With
increasing Reynolds numbers, there is an obvious increase
in the energy of k. E,,;, / u% in the large spanwise wavelength.
Moreover, there seems to be a plateau in the high wavelength
region, where the value is 0.85 and 1.1 for the turbulent
channel flows and boundary layer flows, respectively. The
spanwise range of the plateau seems to be proportional to
the Reynolds numbers. The results in Fig. 4 indicate that the
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Fig. 5 The spectral value of the inner peak as a function of Reynolds
numbers Re;. The parameter @ is equivalenttok, E,,;, / u% for simplicity.
The red and blue curves are the results for the channel and boundary
layer flows, respectively

increase in (uz)max at yT =15 can be ascribed to the energy
increase in the large scales.

The plateau as shown in Fig. 4 was also mentioned in the
paper by Lee and Moser [10]. According to the scaling anal-
ysis proposed by Perry et al. [27], the power spectral density
of the streamwise fluctuating velocity displays a k- ! behav-

ior in the overlap region where both inner scaling and outer
scaling are simultaneously valid (k, presents the streamwise
wave number). For the pre-multiplied energy spectra, there
should be a plateau in this region. This conclusion can also
be applied to the spanwise spectra [10]. Note that in Fig. 4a,
c, the plateau exists at y* = 15 in the region of the viscous
sublayer. We also plot the spanwise spectrum at y* = 100
in Fig. 4b, d for turbulent channel flows and boundary lay-
ers, which is much higher than y* = 15. A broader plateau
indeed appears in the region of large spanwise scales, and
the spanwise range is found to increase with increasing Re.
Therefore, the energy plateau at y* = 15 may be caused by
the large scales from the outer region. The characteristics
of the energy plateau must be checked in the case of higher
Reynolds numbers.

The peak values in Fig. 4 were determined by fitting the
spanwise spectra in the region between A =70 and A} =180
with a log-Gaussian function. Figure 5 plots the peak value
as a function of Re;; the red points are the results for the
turbulent channel flows, and the blue points are the results
for the boundary layers. The figure clearly indicates that the
values of the spanwise spectral peaks at y* = 15 decrease
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Fig. 6 Example streamwise u™ fluctuations as a function of spanwise z* from the DNS of the Re; = 1000 channel flow at y™ =

15 (a) and

= 237 (b). The data were downloaded from the Johns Hopkins Turbulence Databases (JHTDB) [28-30]. The thicker lines represent the large-
scale signals obtained using A7 > 700. The red dashed lines indicate the modulation effects. Note that the signals in a, b were sampled at different
streamwise locations. The streamwise position of the u™ signal at y* = 237 is shifted according to the mean inclination angle (12°) [31,32]

with Re; and converge to a constant of approximately 3.6.
The result for the boundary layer is very close to that for
the turbulent channel flow in the narrow region of Re; =
1300-2000.

Both the streamwise and spanwise pre-multiplied energy
spectra can be used to separate the small- and large-scale
motions in wall-bounded turbulence. A successful separa-
tion is achieved using the streamwise spectrum only for
turbulence at sufficiently high Reynolds numbers [4,8]. From
Fig. 2, two visible energy peaks can be found in the span-
wise spectrum of the turbulent channel flow at Re; = 1000.
This means that the streamwise velocity fluctuations in the
spanwise direction can also be decomposed into small scales
(5 < al) and large scales (A7 > A%) using a spectral
filter. An example of a streamwise u 31gnal as a function of
the spanwise z1 from the DNS channel flow at Re; = 1000
is shown in Fig. 6; a is at y* =237, and b is at yT™ = 15.
In this figure, the horizontal axis is the spanwise z*, not the
streamwise x %, and the threshold )\j;l is set to 700 based on
the spanwise spectral map given in Fig. 2b. The thicker lines
represent the large-scale signals. The wall-normal location
y* =237 in a is determined according to the outer peak,
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which will be introduced in the next section. The spanwise
large-scale u™ at y™ = 15 is highly correlated with that at
y+ =237, the correlation coefficient is up to 0.61. At y* =
15, the amplitude and frequency of the u™ signal between
the two red dashed lines are significantly reduced because of
the negative large-scale u™ fluctuations. The superposition
and modulation effects of the outer large-scale motions on
the near-wall small-scale motions can also be explored using
the spanwise signals, although the Reynold number Re; is
only approximately 1000.

3.2 The outer peak of spanwise spectra

The outer energy peak in the spanwise spectra is artificially
distorted by the limited computational domain and grid num-
bers. The shape of the outer peak is not as perfect as that of
the inner peak. In this paper, two steps are adopted to iden-
tify the position of the outer peak. First, the position of the
outer peak is approximated by finding the maximum energy
value @ max in the outer region (the parameter @ denotes
the energy k. E,, /u , and the subscript O represents the

“outer”). Second, the position of the outer peak is refined by
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weighting the energy in the outer region of @ > 0.8P ¢ max.
The variation in the threshold (0.8) may slightly change the
value of the results, and the trend of the results is almost the
same. The identified outer peaks are also shown in Fig. 2 as
a white cross in the outer region; only the case of Re; = 180
has no outer peak due to the low Reynolds number.

Figure 7 gives the peak position as a function of the
Reynolds numbers Re;; the left panel is for inner viscous

units, and the right panel is normalized by outer units. The
results for the channel and boundary layer are illustrated in
a, b and ¢, d, respectively. The red lines represent the wall-
normal locations, and the blue lines represent the spanwise
wavelength. In turbulent channel flows, both y* and A show
a linear-like growth trend with increasing Re.. If we use the
outer length scale 8T to normalize the parameters y* and
)»j, the results in Fig. 7b indicate that the wall-normal loca-
tions and spanwise wavelengths of the second peak decrease
with increasing Reynolds numbers. The outer peak typically
resides in the region yT /8% = 0.1-0.3, and the spanwise
wavelength distributes in the region A} /8% = 0.9-1.2 for tur-
bulent channel flows at the Reynolds numbers shown in this
figure. These results are also confirmed by the boundary layer
in Fig. 7c, d, where the outer peaks typically reside in y* /5T
=0.15and A} /87 = 0.9, although the range of the Reynolds
numbers is only from 1300 to 2000. For the current turbulent
channel flow study, we also plot the locations of the outer
spectral peaks in [A], y*] log-log coordinates, as shown in
Fig. 8. The size of the points represents the Reynolds num-
ber, and only four Reynolds numbers are available in this
study. It was found that these locations can be fitted by a lin-
ear function log(y™) = 0.821log(17) — 0.47, as the dashed
line shows in Fig. 8. This equation can be used to predict the
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Fig. 9 The spanwise spectra of the channel flows at the outer peak, where the different colors represent different Reynolds numbers. In the plot of
a, the spanwise wavelength is scaled to the viscous wall units, whereas the spanwise wavelength is normalized using the outer length scale 8 in

the plot of b

location of the outer spectral peak for spanwise spectra at dif-
ferent Reynolds numbers. Limited by the coarse resolution
of the long-wavelength spectra, the accurate outer peak posi-
tion must be more carefully examined through experiments
and DNS under higher Reynolds numbers.

In the paper by Mathis et al. [31], the wall-normal location
of the outer peak of the pre-multiplied streamwise spectra
is in good agreement with the nominal mid-point of the log
region. The location is given by the formula y* = 3.9 Rel 2,
which is shown as the dashed red line in Fig. 7. Clearly, the
location of the outer peak of the spanwise spectra is much
higher than that of the streamwise spectra. It seems that the
outer peak of the spanwise spectra is located at the upper
boundary, not at the middle of the log layer. The spanwise
wavelength of the outer peak represents the mixing length
scale of both LSMs and VLSMs [25], while the streamwise
wavelength of the outer spectral maximum mainly reflects the
length scale of VLSMs in the streamwise direction. Accord-
ing to the paper by Vallikivi et al. [33], for streamwise spectra,
the VLSM peak gradually disappears, and the LSM peak
remains in the region of y* /86T > 0.15 for boundary lay-
ers. If this result is also suitable for turbulent channel flows,
one possible reason for the wall-normal location difference
between streamwise and spanwise spectra is the hierarchical
distribution of coherent structures.

From Fig. 2, another obvious phenomenon is that the
intensity of the outer peak seems to increase with increasing
Re;. The energy distributions as a function of the spanwise
wavelength at the wall-normal locations of the outer peaks
are plotted in Fig. 9. In the plot of a, the spanwise wavelength
is scaled to viscous wall units, whereas the spanwise wave-
length is normalized using the outer length scale 8T in the
plot of b. The figure shows that the values of the outer peaks
(the maximum of the curves) are indeed dependent on the
Reynolds numbers. The outer-normalized spanwise spectra
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display a good consistency for the large scales. In contrast,
the near-wall spanwise spectra normalized by the wall units
show a good agreement for the small scales (Fig. 4).

4 Conclusions

The pre-multiplied spanwise energy spectra of the stream-
wise velocity from turbulent channel flows at Re; = 180,
550, 1000, 2000, 5200 and ZPG boundary layer flows at
Re; =1300-2000 are studied in this paper. At low Reynolds
numbers, both for turbulent channel flows and boundary
layer flows, the spanwise spectra clearly display two distinct
energy peaks: one locates at the outer region, and the other
is found in the inner region. The comparison between turbu-
lent channel flow and boundary layer flow at Re; = 2000
indicates that the location of the outer peak may be slightly
different between these two cases of wall-bounded turbu-
lence. These two spectral peaks indicate that the coherent
structures have different scales in the outer and inner regions.
From the streamwise velocity fluctuations along the spanwise
direction at Re; = 1000, it is observed that the outer large
scales maintain a “footprint” in the near-wall region. This
implies that scale separation can be applied to the velocity
signals in the spanwise direction to explore the superposition
and modulation effect even at low Reynolds numbers.

The properties of the inner and outer peaks in the spanwise
spectra are analyzed. For the spanwise spectra at y™ = 15,
the values of the peaks decrease with increasing Re, for
turbulent channel flows, and an energetic plateau appears
in the region of larger scales. The plateau in boundary layer
flows is not as clear as in channel flows due to the limitation of
the Reynolds numbers. The energy magnitudes of the plateau
in turbulent channel flows and boundary flows are 0.85 and
1.1, respectively. The outer peak typically resides in y© =
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0.16% ~ 0.38" and A7 = 0.95% ~ 1.28" for both channel
flows and boundary layer flows, and a strong Re-dependence
effect is observed for the intensity of the outer peaks.

There are differences between the pre-multiplied stream-
wise velocity spectra in the spanwise direction and those
in streamwise direction. The review article by Smits et al.
[9] states that the spectral peak separation of the stream-
wise spectra starts to appear for Re; approximately greater
than 1700, but Hutchins and Marusic [8] proposed that
Re; > 4000 is required to ensure a sufficient scale separa-
tion for high-Reynolds-number turbulence. However, there
is an obvious scale separation in the spanwise direction at
lower Reynolds numbers due to the appearance of two spec-
tral peaks in the spanwise spectra. The influence of the outer
large-scale motions on the near-wall structures may exist
at low Reynolds numbers and may gradually increase with
increasing Re.. The wall-normal locations of the outer peaks
in the spanwise spectra are substantially larger than those in
the streamwise spectra. The outer peaks of the streamwise
spectra appear in the middle of the log layer, and the outer
peaks of the spanwise spectra seem to appear in the upper
boundary of the log layer. The causes of these differences
are not yet understood and will be an interesting topic in the
future.
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