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ABSTRACT
Direct numerical simulation was carried out to in-

vestigate the spatial features of very large-scale motions
(VLSMs) in a turbulent channel flow with Reτ ≈ 930. Us-
ing the streak detection algorithm and the population trend,
statistics of the spatial extents for both large-scale motions
(LSMs) and VLSMs were obtained. This result showed
that, at least one VLSM, on average, can be found in the
wall-parallel 10δ × δ plane (here δ is the channel half
height), which provides a statistical evidence of the pres-
ence of VLSMs. Moreover, to clarify one of previous hy-
potheses regarding the formation of VLSMs, the upstream
tracking of individual streaks was utilized for temporal anal-
ysis. The present study statistically supported that the con-
nection of the upstream LSMs is mainly contributed to the
formation of VLSMs; that is, the concatenation of the small
structures to form VLSMs. The downstream tracking of
VLSMs indicated that over than 30% of VLSMs survive for
9 wall-unit time. Finally, the spatial organization of LSMs
and VLSMs was examined by the conditional averaging.

INTRODUCTION
Since Kim and Adrian (1999) first introduced the pres-

ence of very large-scale motions (VLSMs) in turbulent pipe
flow, significance and influence of VLSMs on turbulent flow
have been recognized by many researchers in various as-
pects so far. The presence of VLSMs in other flow types
has been also observed; for instance, Monty et al. (2007) for
channel flow and Lee and Sung (2011) for turbulent bound-
ary layer (TBL). Although the role and existence of VLSMs
are widely known, the formation mechanism of VLSMs
is still in debate. One is explained by the concatenation
of large-scale structures (Kim and Adrian, 1999; Guala et
al., 2006) and the other is by the linear stability (McKeon
and Sharma, 2010; Hellström et al., 2011). In particular,
the instantaneous snapshots of multiple large-scale motions
(LSMs) in a VLSM has been visualized by several studies.
However, the visualization of the formation mechanism by
instantaneous flow fields is limited to small number of snap-
shots, which conditionally sampled for the situation. A sta-

tistical approach is required to examine the formation mech-
anism with an appropriate criterion without loss of general-
ity.

Recently, Kim (2012) summarised the existing ques-
tion about VLSMs. Notwithstanding current interest on
VLSMs, he addressed that there is still uncertainty whether
the structures are originated from possible numerical or ex-
perimental artifact. For further investigation on VLSMs,
there remains a need for clear solution for the generality
of the presence. Opposite to the investigation on averaged
flow field, that on the instantaneous flow field via statisti-
cal approach is necessary to provide clues for the general-
ity and the creation of VLSMs. Dennis and Nickels (2011)
(one of T. Nickelss posthumous work) used statistical inves-
tigation on VLSMs, and showed that the low-speed streaks
were generally observed up to 7δ in the streamwise direc-
tion. Unfortunately, they used Taylors hypothesis which
may make overestimation of the streamwise extent via dis-
regarding diffusion. To give undisputed evidence, statistical
investigation using pure 3D DNS dataset with large stream-
wise domain is required.

The objective of the present study is, therefore, to find
out the evidence for the existence and formation mechanism
of VLSMs. By tracking LSMs and VLSMs, the spatial and
temporal relationships between LSMs and VLSMs are in-
vestigated using the DNS dataset of turbulent channel flow.
From the results, statistical evidence of the streamwise-
aligned connection of LSMs inside VLSMs is scrutinized.

NUMERICAL DETAILS
To obtain 3D flow fields for very-long streamwise do-

main, we simulated a turbulent channel flow by direct nu-
merical simulation (DNS). The Navier-Stokes equation and
the continuity are used as the governing equations:
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∂ ũi
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= 0 (ũi =Ui +ui). (2)

Here all terms are normalized by the channel half height (δ )
and the laminar centerline velocity (UCL). The Reynolds
number (Re ≡UCLδ/ν) is 28,000 (or Reτ ≈ 930, normal-
ized by the friction velocity uτ and δ ). In the present study,
x, y and z denote the streamwise, wall-normal and span-
wise directions, respectively. The governing equations are
solved using the fully implicit decoupling method by Kim
et al. (2002). All terms are discretized with the Crank-
Nicolson method in time and the 2nd-order central differ-
ence scheme in space. Both temporal and spatial accuracy
are preserved in 2nd-order after the discretization. Periodic
boundary condition is applied in the x and z directions. No-
slip boundary condition is used on the bottom and top walls.

For inspection of the very-long structures, sufficiently
large streamwise domain is required to prevent artificial pe-
riodicity from combined effect of the domain size and the
periodic boundary condition (Simens et al., 2009). Thus,
in the present study, the domain size is set to 10πδ (x)×
2δ (y)× 3πδ (z), which is similar to that of Hoyas and
Jiménez (2006) except for the streamwise extent. Based
on the staggered grid system, the flow fields were simu-
lated in 4,993(x)× 401(y)× 2,497(z) (almost 5 billions)
grid points. Uniform grid spacing was used in the wall-
parallel (x and z) direction, while non-uniform grid was
used in the wall-normal (y) direction. The spatial resolution
is ∆x+=5.86, ∆y+min=0.0287, ∆y+max=7.31 and ∆z+=3.51.

For the present massive computation, message pass-
ing interface (MPI) combined with OpenMP, namely hybrid
parallelization was adopted for parallel computing. The
simulation was carried out using 1,536 cores on Tachyon
II (SUN X6275) in KISTI. The time step is 0.002δ/UCL,
which corresponds to ∆t+=0.0618. Total averaging time
is 220δ/UCL, which corresponds to 7 times to sweep the
whole domain of the bulk flow. Total 2,010 snapshots
for the 3D flow fields have been saved with the time step
0.1δ/UCL. As shown in figure 1, the profiles of mean
streamwise velocity and Reynolds stresses are in good
agreement with those of the dataset Reτ = 934 of Hoyas
and Jiménez (2006).

DETECTION ALGORITHM
For the detection of elongated structures in the present

study, we used a similar method with that of Nolan and Zaki
(2012). Unlike their original algorithm, the following steps
have been performed for the present turbulent channel flow.
Figure 2 shows an extraction procedure in the present study.
From the instantaneous flow field of the streamwise veloc-
ity fluctuations u in Fig. 2(a), small-scale structure becomes
eliminated by a Gaussian filter. Note that the filter was not
applied in the streamwise direction to preserve the stream-
wise extent of the long structure. A long-wavelength-pass
filter in the streamwise direction was utilized thereafter. The
filter was used to extract the structures longer than 1δ as
LSMs and above. This is the same criterion as the cutoff
value of Mathis et al. (2009) for computation of the ampli-
tude modulation. From these two steps, figure 2(b) finally
represents the filtered u-field, u≥LSM , with a sample of an
iso-surface for 9δ -long structure.

From the filtered image, characteristic lines have been
extracted to reduce the volume before computation of statis-
tics. While the previous study of Dennis and Nickels (2011)
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Figure 1. Turbulence statistics. (a) The mean streamwise
velocity and (b) root-mean-square (rms) of turbulence in-
tensities and the Reynolds shear stress normalized by the
friction velocity.

determined the position of the characteristic line by center
of an iso-surface (they called a ‘spine’), the present study
determines the position of the line by the local maximum of
|u|. The spines obtained from the local maximum (hereafter
Cyz, namely the core identified in the yz-plane)) is shown in
figure 2(c). By comparison between 2(b) and (c), we found
that Cyz represents the characteristic line of the packet. The
Cyz streak longer than 1δ is regarded as LSMs hereafter.
In the meantime, the same structures are also detected in
the wall-parallel plane. For each wall-parallel plane of the
filtered field in Fig. 2(b), the location of the local maxi-
mum of |u| in the spanwise direction (hereafter Cxz, the core
identified in the xz-plane) has been identified in Fig. 2(d).
Earlier, the bound of the streamwise extent of VLSMs had
been considered as 3δ -long by other researches (Guala et
al. (2006), Dennis and Nickels (2011) and so forth). In the
present study, the Cxz streak longer than 3δ is regarded as
VLSMs similarly.

STATISTICS OF THE SPATIAL EXTENT
Figure 3 shows the population density, i.e., the number

of structures in unit volume, of spatial extent of Cyz (Fig.
2(c). Since our focus is placed on LSMs, the yz-cores longer
than 1δ have been conditionally sampled. As shown in Fig.
3(a), the population density decreases with increasing the
streamwise length (Lyz

x ). The density of the low-speed struc-
ture (Cyz

neg) is larger than that of the high-speed one (Cyz
pos)

in all ranges. Most of the streamwise lengths are distributed
less than 3δ ; for example, the contribution of the density
for the low-speed structure within 2δ and 3δ correspond to
77.3% and 94.8% of the total range, respectively. Since we
supposed (Cyz

neg as the characteristic line of LSMs, this sta-
tistically supports that the streamwise length of LSMs can
be considered as 3δ or shorter. This is in agreement with
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Figure 2. Iso-surfaces of (a) the streamwise velocity fluctuations, u, and (b) Gaussian and long-wavelength-pass filtered in
the streamwise direction (> 1δ ) flow field, u≥LSM . Both are visualized by u = −0.05Uc,lam. Position of the local minimun in
(c) the yz (cross-stream) plane and (d) the xz (wall-parallel) plane from the filtered image (b). Color indicates the wall-normal
position normalized by the channel half-height δ . Red boxes in (c) indicate the minimal boxes including the cores. Note that
only small domain is displyed for clarity.

the previous finding related to the extent of LSMs (Adrian
et al., 2000).

Opposite to the distribution of the streamwise length,
that of the wall-normal height shows a bell shape (Fig.
3(b)). In particular, the wall-normal extent of the core
is mostly distributed near Lyz

y =0.16δ . From these re-
sults, the averaged inclination angle of Cyz

neg results in

tan−1
(

0.16δ
1.0δ

)
=9.09◦. The most probable angle in the

present study is qualitatively consistent with the angle in
the boundary layer flow of Adrian et al. (2000). There-
fore, these results imply that Cyz

neg from the present detection
method stands for the characteristic of LSMs.

Figure 4 displays statistics of the spatial extent of Cxz
neg

(Fig. 2(d)) in the wall-parallel plane, where the subscript
neg indicates the structures indentified by the negative u.
The contour level indicates the population density of the
streamwise length of the low-speed streak normalized by
unit area. Figure 4(a) indicates 2D histogram of the den-
sity as a function of y and the streamwise lengh (Lxz

x ). Even
though most part of the distribution is biased toward the
short length, very-long structures up to 20δ are detected
near the wall. Practically, the density of the 3δ -long struc-
tures, denoted by the dotted line in Fig. 4(a), are 0.03 at
y = 0.15δ . This means that nine 3δ -long-streaks are ob-
served in whole domain of the present simulation. To eval-
uate the universality of the present very-long structure, the
cumulative density of all negative streaks for Lxz

x /δ > 3 is
shown in Fig. 4(b). The cumulative value at y = 0.15δ
is 0.0984, which corresponds to 29 VLSMs in the present
simulation. Thus, the observation of VLSM at the top of the
log-layer is not rare and artificial but common in a turbulent
channel flow. Even though the previous study of (Dennis
and Nickels, 2011) has shown similar conclusion using Tay-
lors hypothesis, which usually overestimates the streamwise
length via neglecting change in the downstream, the present
study clarifies a distribution of the length of VLSM from
DNS dataset.

RELATIONSHIP BETWEEN LSM AND VLSM
Once the presence of VLSM is common, it naturally

raises question how VLSM is formed. As mentioned in the
introduction section, there have been two major hypotheses
regarding to the origin of VLSM (Hellström et al., 2011).
In vagueness of either side yet, it is necessary to determine
whether one of them is still worth considering. Thus, in
this subsection, relationship of the number of structures be-
tween LSM and VLSM will be statiscially examined via the
present detection method. This can provide a basis whether
the hypothesis of the streamwise-aligned LSMs (Guala et
al., 2006) is plausible. For this reason, here we computed
the number of crossing points between Cyz

neg and Cxz
neg, which

indicates the number of LSMs inside VLSM at a certain
wall-normal location. The ensemble-averaged number of
LSMs (Nyz

cores) is defined in functions of the wall-normal
position (y) and the streamwise length of VLSM (Lxz

x ).

Figure 5 shows the distribution of most probable num-
ber of LSMs for each streamwise length of VLSM in the
outer region. Here the xz-cores (Cxz

neg) which are longer than
3δ were considered only. Although the scattered symbols
in figure 5 are not fully converged to a single line, the sym-
bols show a roughly linear relation between the number of
the yz-cores and the streamwise length of the xz-cores. This
means that a single VLSM consists of several LSMs, and
the number of LSMs is determined by the linear relation
to the length of VLSM. This supports a statistical evidence
of the hypothesis on the concatenation of LSMs (Kim and
Adrian, 1999; Guala et al., 2006). Nonetheless this result
cannot insist the concatenation of LSMs in terms of time
evolution, the averaged number of LSMs is displayed par-
ticipating the formation of VLSMs. However, to convince
the concatenation of the formation mechanism, the assess-
ment of temporal information on the streamwise-aligned
LSMs is necessary.

In order to examine the origin of VLSM, we tracked the
change in a shape of VLSM. For this analysis, individually
identified VLSMs at reference time have been traced in the
former three snapshots. The time duration for the tracking
corresponds ∆t+track = 9.27, which is 6 times larger than the
Kolmogorov time scale. After the tracking, the individual
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Figure 3. Histograms of observation frequency of (a) the
streamwise length and (b) the wall-normal height of the yz-
cores (Cyz) at y/δ=0.15, respectively. Both are normalized
as unit volume (δ ×δ ×δ ). Red and blue bars indicate the
yz-cores for the negative u (Cyz

neg) and the positive u (Cyz
pos),

respectively. Note that cores longer than 1δ in x-direction
have been conditionally sampled.

VLSMs can be categorized in three types; first, the shape
has been sustained as a single streak for ∆t+track (namely
“single”); second, the shape at the reference time has been
made from several pieces of upstream (namely, “multiple”).
We can consider this event as the VLSM has been formed
by concatenation (or merging) of existing (just) long struc-
tures; Third, the single” and multiple” cases are mixed for
∆t+track, which is denoted by uncertainty”. We can consider
the single” and multiple” events as the VLSM has been
formed by the growth of existing long structure and con-
catenation (or merging) of existing long structures, respec-
tively. To quantify the contribution of these three types of
VLSMs, the population density are shown in figure 6. Note
that the sum of three types on the top of each bar in fig-
ure 6(a)) is exactly the same as that of figure 4(b). The
contributions of each type for all VLSMs have similar pro-
portion as shown in figure 6(a). The only difference is that
the single” and the multiple” events have slightly large con-
tributions near the wall and the core region, respectively.
Since every structure longer than 3 has been used for this
statistics, both the growth from shoter structure and the re-
duction from much longer structure are involved. When the
sampling condition has been limited to the grown VLSMs
from shorter structures with the critical length as 3δ (fig-
ure 6(b)), the “multiple” event turned out to be dominant.
This result statistically supports that the connection of the
upstream LSMs and small-scale motions (SSMs) is mainly
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Figure 4. (a) 2-D histogram of observation frequency of
the low-speed streak in the x–z plane (Cxz

neg). (b) 1-D his-
togram of observation frequency for 3δ -over (Lxz

x /δ > 3
(above than dotted line in figure (a))) of the low-speed
streak in the x–z plane. Both are normalized as unit x–z
area (δ ×δ ).
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Figure 5. Distribution of the most probable number of the
yz-cores (Cyz

neg) at y/δ = 0.3 in a function of the streamwise
length of the xz-cores (Cxz

neg), which indicates the number of
LSMs in a function of the streamwise length of VLSM. A
dotted line indicates the linear regression line.

contributed to the formation of VLSMs. Since the origin of
the connection precess cannot be described from the statis-
tics, the formation mechanism of VLSMs is still ambigu-
ous. However, this result shows that the concatenation of
the streamwise-aligned LSMs is plausible.

On the other hand, statistics of the present upstream
tracking (figure 6(b)) is the same as that of the downstream
tracking (not shown). Here the downstream tracking for the
structure with the critical length (3δ ) explains the extinc-
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Figure 6. (a) Histogram of observation frequency for the
structures longer than 3δ of the low-speed streak (Fneg|>3δ )
in the x–z plane. (b) Histogram for conditionally sampled
structures which newly become longer than 3δ from up-
stream short structures (Fneg|∼3δ ). Both are normalized as
unit x–z area (δ ×δ ).

tion of VLSMs. Although it is natural that the sum of each
type of the formation and extinction should be the same in
a steady state, it is remarkable that the composition of these
three types is also the same between the formation and ex-
tinction process. The inspection of the formation process
of VLSMs may be beneficial to understand the extinction
process of VLSMs and vice versa. On the other hand, fig-
ure 6 (a) indicates that the observation of VLSM is not only
fugitive especially near the wall. Since the proportion of
the single” event reaches over than one-third, a number of
VLSMs retain their lengths within 3δ at least during ∆t+track.

The relationship between LSM (identified by Cyz
neg) and

VLSM (identified by Cxz
neg) has been examined as based

on VLSM so far. Here, to convince the identical re-
lationship from LSM, we computed conditionally aver-
aged negative xz-cores around the negative yz-cores, i.e.〈
Cxz

neg(rx,y,rz)|Cyz
neg(yre f )

〉
, and showed in figure 7. Even

though the contour level is low away from the reference lo-
cation, the streamwise length between boundaries of posi-
tive and negative values (solid line) reaches 7δ . The span-
wise spacing between the center of the positive and negative
cores is shown approximately 0.5δ . Although the condi-
tion is defined from the LSM event, the result shows the
very-long structures. This result indicates that the averaged
flow structures around Cyz

neg are displayed as VLSMs. The
present result corroborates that the spatial extents of LSMs
are closely related with those of VLSMs. In particular, it is
statistically supported that several LSMs are streamwisely
aligned inside VLSMs, which is one of the hypothesis for

the VLSM formation.

SUMMARY AND CONCLUSIONS
Direct numerical simulation was conducted to in-

vestigate the spatial features of very large-scale motions
(VLSMs) in turublent channel flow with Reτ ≈ 930. The
computational domain was 10πδ (x) × 2δ (y) × 3πδ (z),
which is sufficient large to simulate VLSMs without Tay-
lors hypothesis. The formation of VLSMs is statistically
validated from the dataset. Using the streak detection
algorithm and the population trend, the present study con-
vinced that the observation of VLSMs is not only rare but
common. Moreover, to clarify one of previous hypotheses
regarding the formation of VLSMs, the upstream tracking
of individual streaks was utilized for temporal analysis,
which explains the contribution of the concatenation
from large-scale motions (LSMs). The present study
supported that the connection of the upstream LSMs is
mainly contributed to the formation of VLSMs. This is
consistent with Guala et al. (2006) which suggests the
concatenation of several LSMs to form VLSMs. The result
of the downstream tracking means that the observation
of VLSMs is not only fugitive especially near the wall.
However there is still uncertainty regarding the origin of
arrangement of LSMs before the concatenation. The future
work will therefore include the investigation of the internal
mechanism.
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