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ABSTRACT
Studies on the structure of turbulent boundary layer have

attracted a significant amount of attention in the last few
decades, it has been recognized that wall turbulence is com-
posed of certain recurring and quantifiable features collec-
tively referred to as ‘coherent structures’. Kline et al. (1967)
observed the presence of streak structures in the viscous sub-
layer by flow field visualization. And recently, with the devel-
opment of fluid measurement technology and fluid simulation
technology, there are many studies on the large-scale structure
in boundary layer (Kim & Adrian (1999); Ganapathisubramani
et al. (2003)). And there has been an increasing interest in the
statistical analysis of small-scale close to the wall and study of
large-scale features, especially in boundary layers, Hutchins &
Marusic (2007b) reported the presence of very long meander-
ing structures in turbulent boundary layers, which they called
‘super-structures’, whose length can reach to 20δ . Although a
great deal of research has been conducted on large scale struc-
tures, there are still many unknown points, However, there are
relatively few studies on the characteristics of span-wise direc-
tion of the turbulent structure. In this paper, the flow field is
decomposed using specific thresholds (along the span-wise di-
rection, the thresholds used are described later), and the large
scale components defined in this paper are analytically dis-
cussed to have a significant contribution to the formation of
the outer peaks of the velocity pre-multiplied spectrum by cal-
culating the flow field pre-multiplied spectrum.

THE NUMERICAL AND EXPERIMENTAL DATA
The experiment was conducted in a channel wind tun-

nel and the results of the numerical simulations were obtained
from Yamamoto & Tsuji (2018), Most of the detailed discus-
sions are based on the turbulence channel simulations of Ya-
mamoto & Tsuji (2018).

And the experimental facility consist of wind tunnel and
hot-wire anemometer. The channel wind tunnel is blowout
type wind tunnel, which consisting of a blower, a rectifier, and
a test section. A dust collection filter is attached to the suc-
tion part of the blower, which removes the dust from the air.

The velocity fluctuation is measured by the hot-wire operated
by constant temperature anemometer. It is attached to the tra-
verse devise and the velocity distribution is obtained across the
test section. In the channel flow, the distance from the wall was
measured by 84 points from 0mm to 25mm. The hot-wire rake
made of 16 single I-probe was used in the measurement. I-type
probe is made of tungsten wire with the sensor length, and its
diameter is φ = 5µm. The probes are arranged in the span-
wise direction, and the spacing between each probe is 4mm.
The total span-wise extent of the probes is l = 60mm, and
it is approximately 2.4δ (δ is the channel half wall-height).
The hot-wire origin was placed slightly away from the wall
not to damage the wire due to the interaction with the wall.
The sampling frequency is 20 kHz, and the data are recorded
for 60 seconds at each measurement position. In this paper,
we compare the results of experimental and numerical simu-
lations. The experimental data were obtained from measure-
ments with a hot-wire anemometer, the details of which are
summarized in Table 1.

In this paper, the coordinates x, y, and z present the
stream-wise, span-wise, and wall-normal direction, respec-
tively. In channel, we defined that the boundary layer thick-
ness is regarded as channel’s half height (that is, δ = h). The
upper superscript + indicates a non-dimensional values such
as wavelength λ+ = λxuτ/ν and velocities u+ = u/uτ , where
ν is the kinematic viscosity.

MEAN VELOCITY AND TURBULENT INTENSITY
PROFILE

Mean velocity and turbulent intensity profiles are plotted
in Fig. 1 and Fig .2. In this study, the hot-wire array consisting
of 16 I-probes arranged in the span-wise direction was used.
The distance between adjacent probes is 4mm. The velocity
profiles and turbulence intensity profiles of the random one
probe and numerical simulations are shown in Fig. 1 and Fig
.2. The distance between probes is 4mm and the spatial reso-
lution is not sufficient, which results in a discrepancy between
the experimental and numerical simulation values in the tur-
bulence intensity profile. In comparison with DNS, the mea-
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Table 1: Parameter of data setup. Lx and Lz are the periodic stream-wise and span-wise dimensions of the numerical box,
and h is the channel half height. Nx , Ny and Nz are the grid points, where x indicates the stream-wise, y indicates the
wall-normal, and z indicates the span-wise direction.

Name line Source Reτ Lx/h Lz/h ∆x+ ∆z+ Nx Ny Nz

case1 — Experimental 930 – – – – – – –

case2 – – Simulation 1000 12.8 6.4 13.33 8.33 960 512 768

case3 – - – Simulation 2000 12.8 6.4 16 8.33 2000 1024 1536
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Figure 1: Mean velocity profiles. case1 — experimental
Reτ = 930; case2 – – simulation Reτ = 1000; case3 – -
– simulation Reτ = 2000.
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Figure 2: Turbulent intensity profiles. case1 — exper-
imental Reτ = 930; case2 – – simulation Reτ = 1000;
case3 – - – simulation Reτ = 2000.

surement underestimates the turbulent intensity (or RMS, root
mean square) near the wall region. This is not due to the probe
interaction among 16 ch probes, but attributes to the space res-
olution of sensor length of hot-wire. Since this paper focus
on the turbulent large-scale structure, the discrepancy can be
neglected and does not influence the results of this study.

SPAN-WISE WIDTH SCALE
From previous studies, we know that in the contour fig-

ures of velocity fluctuations at different wall heights, there ex-
ist low and high velocity regions (Monty et al. (2007)), which

are usually represented as meandering elongated structures on
the contour maps. The low velocity region is flanked by the
high velocity region, which is characteristic of the very large
scale motion (VLSM) from Hutchins & Marusic (2007b). But
only qualitative conclusions can be drawn from these figures.
Therefore a statistical analysis is required to determine the av-
erage structural characteristics. Eq .1 gives the definition of the
two-point correlation along the span direction for quantifying
the span-wise scales of turbulent large-scale structures.

Ruu(∆z′) =
< u′(z, t)u′(z+∆z′, t)>

< u′(z, t)2 >
(1)

Here, u′ is the velocity fluctuating component and the an-
gle brackets indicate time average, while z is the coordinate
along the probe or span-wise direction, ∆z′ indicates the dis-
tance along span-wise direction, and Ruu indicates the two-
point correlation along the span direction.

Figure 3 shows the result of two-point correlation of
stream-wise velocities at eight different wall heights. The data
are from case2 ,Reτ = 1000. And Fig .4 shows the result of
case3, simulation data, Reτ = 2000. The span-wise typical
scale ls is defined by the two-point correlation function. It is
the distance between the points where Ruu has a small positive
value (but not zero). According to Monty et al. (2007), we
adopt a threshold of Ruu = 0.05, and this correlation threshold
is marked on Fig .3 and Fig .4 with a dashed line. The value
of ls is indicated by the double arrow in the figure. We can see
that in the channel flow (both experimental and simulations re-
sult) the value of ls becomes larger with the increase of the wall
height, and it is worth noting that the increase of the width of
the turbulent structure is also manifested in the boundary layer
flow (Hutchins et al. (2005); Adrian et al. (2000)). Fig .5 rep-
resents the variation of ls relative to the wall height at differ-
ent Reynolds numbers, and the variation of ls at three cases is
given on the way, corresponding to the results of experimental
and numerical simulations at different Reynolds numbers. The
horizontal coordinate in Fig .5 indicates the wall distance and
the vertical coordinate indicates the value of ls, which is norm-
lized by the boundary layer thickness δ . We can observed that
the variation of ls at different Reynolds numbers is consistent.
And it shows different growth rates near the wall and away
from the wall, and the wall height is about y/δ ∼ 0.12 when
the growth rate changes.

It is assumed that ls grows linearly, although it presents
different growth rates near and away from the wall (in agree-
ment with Monty et al. (2007) results, although the wall height
where the growth raete changes does not agree with each
other). Outside of logarithmic region, the width of turbulent

2



12th International Symposium on Turbulence and Shear Flow Phenomena (TSFP12)
Osaka, Japan, July 19–22, 2022

Table 2: Definition of filter parameters for velocity de-
composition in span-wise direction. Notation u′ denotes
the original component; u′L denotes the large scale; and
u′s denotes the small scale component of velocity fluctu-
ation.

Notation Designation Cutoff

u′ original component −−

u′L large-scale component λz/l∗s > 1

u′s small-scale component λz/l∗s < 1

span-wise structures grows at a different rate up to the center
of the channel. In this paper, the velocity field is is decom-
posed into large and small scale components by the filtering of
span-wise wave length 2ls. This length scale is two times of ls
where the growth rate changes.

VELOCITY DECOMPOSITION
In this paper the threshold is represented by l∗s = 2× ls (it

is equal to the value of 2ls at y/δ = 0.12). The stream-wise ve-
locity fluctuations whose span-wise wave length is larger than
l∗s are denoted as large scale components u′L. The stream-wise
velocity fluctuations whose span-wise length scale is smaller
than l∗s are denoted as small scale components u′s. Scaled de-
composition are summarized in Table 2. They are expressed
by Eq .2.

u′ = u′L +u′s (2)

Figure 6, 7 and 8 are examples of the decomposition of
velocity fluctuations in the channel of experimental data and
DNS data, respectively. Each figure represents an contour sur-
face map of velocity fluctuations for different velocity compo-
nents, (a) original velocity component, (b) large-scale velocity
component, and (c) small-scale velocity component. In this
contour plot, the blue color indicates the low velocity region
and the red color indicates the high velocity region. We can see
that the blue low velocity zone and the red high velocity zone
in the different velocity components meander alternately with
each other along the flow direction. In the following, we an-
alyze the one-dimensional velocity pre-multiplied spectra for
the stream-wise direction of u′, u′L and u′s.

PRE-MULTIPLIED SPECTRUM
By comparing the large-scale and the small-scale compo-

nent, we defined the presence of a large-scale structure fluctu-
ating in the span-wise direction in the large-scale component
and the absence of such a structure in the small-scale com-
ponent. In this section, we will consider the pre-multiplied
energy spectra (PMS) of stream-wise velocity fluctuation of
different velocity components of case1, case2 and case3. The
spectral density function of the stream-wise velocity fluctua-
tion φuu is used and the stream-wise wavelength and wave-
number are denoted by λx and kx(kx = 2π/λx), and kxφuu rep-
resent the pre-multiplied energy spectra of stream-wise veloc-
ity fluctuation. In this study all of the data are presented in
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Figure 3: Two-point correlations for eight different wall
heights. Data from case2, simulatiuon Reτ = 1000; Dif-
ferent symbols indicate different wall heights.
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Figure 4: Two-point correlations for eight different wall
heights. Data from case3, simulatiuon Reτ = 2000; Dif-
ferent symbols indicate different wall heights.
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Figure 5: Variation of span-wise width scale, ls, with wall
distance. ⃝, data of channel from Monty et al. (2007),
Reτ = 3100 ; + denotes case1; □ denotes case2; ▽ de-
notes case3.

terms of stream-wise length-scale λ+
x . Figure 9 shows the Pre-

multiplied energy spectrum results of case1, case2 and case3.
In Fig. 9, the different cases are represented horizontally as
case1, case2 and case3. and the different velocity components
u′, u′L and u′s are represented vertically.

In previous study (Hutchins & Marusic (2007a,b)). The
‘inner site’ and ’outer site’ are defined, where ’inner site’ is

3



12th International Symposium on Turbulence and Shear Flow Phenomena (TSFP12)
Osaka, Japan, July 19–22, 2022

0

2

0

2

0 2 4 6 8 10

0

2

-1

0

1

u
'/

u

Figure 6: Example of the contour map of velocity fluc-
tuations in channel of case1, Reτ = 930, normalized by
friction velocity uτ , and the wall-height is y/δ = 0.08.
(a)original velocity component; (b)large-scale velocity
component u′L; (c)small-scale velocity component u′s.
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Figure 7: Example of the contour map of velocity fluctu-
ations in channel of case2, Reτ = 1000, normalized by
friction velocity uτ , and the wall-height is y/δ = 0.08.
(Same as Fig. 6).
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Figure 8: Example of the contour map of velocity fluctu-
ations in channel of case3, Reτ = 2000, normalized by
friction velocity uτ , and the wall-height is y/δ = 0.08.
(Same as Fig. 6).

a near-wall energy peak, and that this peak is approximately
fixed in viscous coordinates at y+ = 15 and λ+ = 1000, and
’outer site’ has a clear peak in the pre-multiplied spectra at
length-scales that are many times larger than the boundary-
layer thickness (λx ≈ 6δ ). And the wall height is z+ =
3.9

√
Reτ (consistent with the nominal area of log region, and

expressed in the coordinates of this study as y+ = 3.9
√

Reτ )
(Mathis et al. (2009)). The position of the inner site (or inner
peak) and its corresponding wavelength are fixed, while the
outer site (or outer peak) is related to the Reynolds number.
It is at high Reynolds number (Reτ ≥ 1700) that the near-wall
and logarithmic region can be clearly distinguished, seeing at
least a decade separation (one order of magnitude) between the
two energy points.

In cases 1 and 2, where the Reynolds number is around
1000, it is difficult to see a clear separation between the in-
ner and outer peaks, and even in case 3, the outer peaks are

difficult to observe. Based on the decomposition method in
this study, in the large-scale velocity component, (u′L in Fig
.9), for the experimental case the outer peak becomes obvi-
ous, but the inner layer peak still exists. For the numerical
simulation results, the large-scale velocity component has no
inner layer peak and only shows the characteristics of the outer
layer peak. Regarding the small-scale components, (u′s in Fig
.9), for different cases (case1, case2 and case3), the velocity
pre-multiplied spectra corresponding to the small-scale com-
ponents all have only the inner peaks. Taking into account
the definition of the large-scale and the small-scale velocity
decomposition, we can draw an interesting conclusion: The
large-scale velocity components defined in this paper have an
important role in the generation of the outer peaks of the PMS,
and the velocity decomposition threshold, l∗s , defined in this
paper, can be considered as the characteristic length for the
separation of the inner and outer peaks of the stream-wise ve-
locity.

In previous studies, meandering structures exist in the tur-
bulent boundary layer up to 20δ in length, called Very large
scale motion (VLSM) (Balakumar & Adrian (2007); Kim &
Adrian (1999)), and are associated with the generation of the
outer peaks of PMS, which are similar to the u′L defined in this
paper, and it can be considered that the threshold (l∗s ) defined
in this paper separates out the VLSM turbulent structures.

CONCLUSION
In this paper, the width scale ls in the span-wise direction

is defined by the data from experiments and numerical sim-
ulations in the channel flow, through the calculation of cross
correlation coefficients, based on previous studies by Monty
et al. (2007). ls increases with the distance from the wall and
grows linearly, but shows different growth rates near the wall
and away from the wall. In this paper, two times of ls chosen
as the threshold to decompose the flow field. Through a simple
Fourier filter and extraction of velocity components, velocity
components with different wavelengths in the span-wise direc-
tion are obtained. By comparing the relationship of large-scale
components and the small-scale components. The PMS of dif-
ferent scale is compared through statistical methods, and the
following conclusions are obtained:

• The outer peaks of the PMS contour appear even at low
Reynolds number, and they are due to the structure of
the long wavelength velocity component that fluctuates
or meanders in the span-wise direction.

• The threshold l∗s for the velocity field decomposition de-
fined in this paper can be considered to decompose the
velocity components containing span wavelengths larger
than l∗s and span wavelengths smaller than l∗s , where u′L,
which can be considered as the VLSM defined in previ-
ous studies (as a conjecture), has a distinct outer peak in
its velocity pre-multiplied spectrum.

• It was clarified that the fluctuation of the large-scale struc-
ture in the span-wise direction and the effective usefulness
of the energy are deeply related.

• Regarding the distance from the wall when the growth
rate of ls varies, the results of this paper differ from those
of previous studies Monty et al. (2007), the results of this
paper are closer to the wall with y/δ = 0.1. However
this location indicates the position where the growth rate
changes.
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Figure 9: Pre-multiplied one-dimensional spectra kxφuu/max(φuu) as function of wavelength and wall distance, case1,
experimental; case2, simulatiuon Reτ = 1000; case3, simulatiuon Reτ = 2000. The vertical figure represents the different
velocity components u′, u′L and u′s.
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