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Abstract

A wall-dependent identification method for low-speed streamwise streaks in turbulent
channel flows is presented to overcome a key limitation of uniform thresholds, which tend
to produce either an excess of detected structures near the wall or an apparent lack of
streaks farther from it. The method is constructed following wall-dependent threshold
requirements established in the literature and is applied to DNS data of Couette–Poiseuille
flows at Reτ ≈ 250 using percolation analysis and clustering to extract three-dimensional
objects. In addition, a percolation study at a significantly higher Reynolds number is in-
cluded to assess the effect and robustness of the filter beyond the reference case. Although
some global trends remain consistent with previous results obtained using uniform thresh-
olds, the present work provides a direct comparison between both approaches and shows
more clearly how the threshold definition affects the identification of streaks away from the
wall. The detected structures are classified into wall-attached and wall-detached families,
separated by a transition region at y+min = 20, and both exhibit self-similar geometric trends.
Their spatial distribution is also analysed, showing differences mainly associated with the
alignment of attached streaks in pure Poiseuille and pure Couette flows.

Keywords: DNS; turbulence; Couette flows; Poiseuille flows; coherent structures; streaks

1. Introduction
Since the classical observations of Kline et al. [1], wall-bounded turbulence has been

known to display a significant degree of organization, with recurrent coherent motions
playing a central role in its dynamics [2]. Among the most prominent of these motions
are streamwise vortices and the alternating low- and high-speed streaks found in the
spanwise direction [3,4]. These structures are part of the regeneration cycle that sustains
turbulence [5]. From this viewpoint, coherent structures are not simply geometric features
of the flow, but dynamically relevant regions that may extract energy from the mean shear,
dissipate it, or retain it long enough to influence the overall energy balance [6].

Away from the near-wall region, however, the organization of turbulence changes
and requires a different description. In the logarithmic layer, Townsend’s attached-eddy
framework [7] provides such a description by modeling the flow in terms of self-similar
energy-containing motions attached to the wall, with a size that scales with the distance
to the nearest wall. This framework has been widely used to interpret the logarithmic
mean profile and the scaling of Reynolds stresses. For a long time, coherent structures
in this region were mostly considered from a statistical perspective [8]. More recently,
attention has shifted towards instantaneous structures identified directly in velocity fields
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through specific filters and extraction procedures [6]. Recent studies have also examined the
distinction between wall-attached and wall-detached motions, together with their hierar-
chical arrangement [9,10]. Within this context, three-dimensional clustering of thresholded
fields has become a common tool for identifying vortex clusters [11], wall-shear-stress
structures [12], intense Reynolds-stress events [13–17], and streamwise streaks [17–21].

A well-known difficulty in this type of identification is the choice of threshold. In wall-
bounded turbulence, the flow is strongly inhomogeneous in the wall-normal direction, so
uniform thresholds are often problematic. As pointed out by Nagaosa and Handler [22] and
later by Del Álamo et al. [11], a threshold that captures near-wall structures appropriately
tends to leave very few detectable objects farther from the wall. On the other hand, reducing
the threshold for visualizing outer-layer motions results in an excessive concentration of
structures near the wall.

The present work revisits the streak-identification method proposed by Bae and
Lee [21] and explores whether it can be reformulated using a wall-dependent criterion
consistent with the requirements discussed by Nagaosa and Handler [22]. We focus on
streamwise streaks because of their key role in the regeneration cycle and in the self-
sustaining process of wall turbulence [5]. To determine a suitable threshold, we perform
a percolation analysis [11,13–15,17] in a turbulent Couette–Poiseuille channel, extending
the recent analysis of Gandía-Barberá et al. [17]. We then study the topology and spatial
organization of the extracted three-dimensional structures.

The paper is organized as follows. Sections 2.1 and 2.2 describe the numerical method-
ology and the Couette–Poiseuille dataset. The wall-dependent filter and the percolation
analysis are presented in Sections 2.3 and 2.4. The resulting statistics of the identified
three-dimensional structures are discussed in Section 3, including their geometry and
topology in Section 3.1 and their spatial organization in Section 3.2. Finally, Section 4
summarises the main findings. This study relates to the United Nations Sustainable Devel-
opment Goals 7 and 9, as improving our understanding of turbulence may contribute to
more efficient energy use and technological innovation [23].

2. Methodology and Numerical Simulations
2.1. Couette–Poiseuille Simulation Dataset

In this study, a new dataset of direct numerical simulations of turbulent Couette–Poiseuille
(C-P) channels at Reτ ≈ 250 is generated. The dataset comprises six C-P cases, ranging
from pure Couette flow (i.e., C10P00) [24–27] to pure Poiseuille flow (i.e., C00P10) [28–30].
The viscosity and bulk velocity are kept constant in all cases; see Table 1. The governing
parameter of the C-P dataset is the ratio between the shear stresses at the two walls (i.e.,
the moving and the static wall), γ = τM/τS, which is restricted by definition to the range
−1 ≤ γ ≤ 1 [31]. Based on the shape of the mean streamwise velocity profile, cases with
γ > 0 are classified as Couette-like, whereas cases with γ < 0 are classified as Poiseuille-
like. Pure Couette and pure Poiseuille flows correspond to γ = 1 and γ = −1, respectively.
A particularly relevant case is C06P04, for which γ ≈ 0. This case exhibits nearly zero
mean shear at the moving wall and can therefore be used as a model for studying turbulent
flows near separation [31]. Under these conditions, the wall affects the core flow mainly
through the impermeability condition; that is, the wall-parallel velocity components are
only weakly influenced by the presence of the upper wall.
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Table 1. Description of the C-P dataset. Two different Reynolds numbers are given depending on the
local Reτ at the moving (fourth column) over the stationary (third) wall. γ = τM/τS is the ratio of
shear stress at the two walls [31]. The next two columns denote the computational time span while
statistics were taken in wash-outs (Ub/Lx) and eddy turn-overs (uτ/h). T is the computational time
spanned by those fields. The last column lists the percolation indexes used for streaks identification
acc. to Equation (4). Line shapes given in the second column are used to identify the cases throughout
all the figures in this paper.

Case Line Res
τ Rem

τ γ TUb/Lx Tuτ /h α

C10P00 250 250 1.00 28.2 38.6 1.60
C08P02 252 97 0.38 32.1 44.3 1.60
C06P04 254 6 0.02 24.0 33.4 1.60
C04P06 256 54 −0.21 20.4 28.7 1.60
C02P08 263 139 −0.53 25.9 37.3 1.60
C00P10 275 275 −1.00 36.4 54.9 1.60

2.2. Numerical Methodology

The simulations have been performed in a computational box of sizes Lx = 8πh,
Ly = 2h, and Lz = 6πh, where h is the half-channel height. The streamwise, wall-normal,
and spanwise coordinates are denoted by x, y, and z, and the corresponding velocity
components are U, V, and W. Statistically averaged quantities are denoted by an overbar,
whereas fluctuating quantities are denoted by lowercase letters, i.e., U = U + u. Primes
are reserved for intensities, u′ = (uu)1/2. Quantities averaged in time or along any
particular direction are denoted using angle brackets; that is, ⟨U⟩xzt is the streamwise
velocity averaged in the homogeneous directions and time.

The C-P flows can be described through the mass balance and momentum equations:

∂jUj = 0 , (1)

∂tUi + Uj∂jUi = −∂iP +
1

Reτ
∂jjUi , (2)

where repeated subscripts indicate summation over 1, 2, and 3 and (U1, U2, U3) = (U, V, W).
The pressure term includes the constant density ρ. The previous equations are trans-
formed into an equation for the wall-normal vorticity ωy and for the Laplacian of the
wall-normal velocity ϕ = ∇2v. The spatial discretization uses dealiased Fourier expansions
in x and z, and seven-point compact finite differences in y, with fourth-order consistency
and extended spectral-like resolution [32]. The temporal discretization is a third-order
semi-implicit Runge–Kutta scheme [33]. The algorithm is described in [34]. This code ex-
hibits significant parallelizability, encompassing I/O operations, facilitating computations
demanding substantial computational power [35]. Results from this code have been used
largely by the community [36–39], so we consider the code and its results validated.

The mesh has a size of (768, 251, 1152) points, which provides a resolution of 8.2
and 4.1 wall units in x and z, respectively. The wall-normal grid spacing is adjusted
to keep the resolution at ∆y = 1.5η, i.e., approximately constant in terms of the local
isotropic Kolmogorov scale η = (ν3/ε)1/4. In wall units, ∆y+ varies from 0.37 at the wall
to ∆y+ ≃ 2.68 at the centreline. This grid size is similar to that commonly used in DNS of
Poiseuille and Couette channel flows [35,40]. The simulations were run for at least 25 ETT
in order to obtain accurate statistical information [41].

In addition to the Reτ ≈ 250 dataset used throughout the main analysis, we also con-
sidered a higher-Reynolds-number case in order to assess the percolation behaviour and the
corresponding threshold indices beyond the reference configuration. For this purpose, we
used one of the datasets generated in the study of Hoyas et al. [41], corresponding to a sim-
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ulation at Reτ = 1000 in a computational box of size 16πh × 2h × 3πh. The computational
cost of this case is approximately 100 times larger than that of the Reτ ≈ 250 simulation,
which explains why, within the scope of the present work, this higher-Reynolds-number
dataset has been used specifically for the percolation study.

2.3. Wall-Dependent Identification of Low-Speed Streamwise Streaks

The pointwise identification relies on applying a specified filter to the instanta-
neous velocity fields of the Couette–Poiseuille dataset (Table 1). The choice of filter de-
pends on the type of coherent structure to be identified, being, in this study, low-speed
streamwise streaks.

The initial proposal by Bae and Lee [21] states that the points belonging to a low-speed
streak must fulfil the following conditions:

u(x, y, z) < 0 , (3)√
u2(x, y, z) + w2(x, y, z) > α uτ , (4)

where uτ is the friction velocity and α is the percolation index for the identification of
low-speed streamwise streaks.

The condition in Equation (4) employs a constant threshold defined by the friction
velocity. However, as stated in the Introduction (Section 1), wall-dependent thresholds are
preferable for the identification of coherent structures in wall-bounded flows. In this sense,
Nagaosa and Handler [22] defined at least two conditions that a wall-dependent threshold
shall accomplish:

1. The rms-average of the filtered quantity shall have a strong variation along the wall-
normal direction. This fact suggests that the use of a constant threshold cannot
simultaneously capture the dynamics of both the near-wall and outer areas.

2. After redefining the threshold condition as χ(x, y, z)/χ′(y) > β, the probability den-
sity function of χ(x, y, z)/χ′(y) shall collapse when evaluated at diverse wall-normal
distances. Here, χ can be any kind of magnitude, such as the wall-parallel velocity
magnitude defined in Equation (4).

The streak identification condition (Equation (4)) was evaluated against the require-
ments presented by Nagaosa and Handler [22]. The first condition is depicted in Figure 1a.
Here, the rms of the quantity χ =

√
u2(x, y, z) + w2(x, y, z) is plotted along the wall-normal

direction. Peaks on the rms-average are observed in the near-wall area in all cases. A strong
decay is observed in the channel centre for the pure Poiseuille case (pink), while the pure
Couette case (black) defines a plateau along the outer area. Figure 1b,c depict the second
condition for the pure Poiseuille and Couette cases, respectively. In both figures, the proba-
bility density function of χ(x, y, z)/χ′(y) collapses very well at y+ ≥ 50. The deviation of
the curves near the wall (here at y+ < 50) was also observed by Nagaosa and Handler [22]
in their study.

Based on the results plotted in Figure 1, the identification of low-speed streaks can be
redefined using a wall-dependent threshold as

u(x, y, z) < 0 , (5)

χ(x, y, z) > α χ′(y) , (6)

with χ =
√

u2(x, y, z) + w2(x, y, z) being the wall-parallel velocity magnitude.
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Figure 1. Lines as in Table 1. (a) Root-mean-square of the wall-parallel velocity magnitude χ′ as de-
fined in Equation (6) along the wall-normal direction y/h. (b) Probability density function of χ/χ′ at
diverse wall-normal distances for a pure Poiseuille channel flow at Reτ ≃ 250. (c) Probability density
function of χ/χ′ at diverse wall-normal distances for a pure Couette channel flow at Reτ ≃ 250.

2.4. Percolation Analysis and Clustering

The percolation index for streaks (6) is estimated through percolation analysis [11,13,15,21].
In this analysis, a set of potential percolation indexes is selected, and the conditions
(Equations (3) and (6)) are evaluated for each index in the selected interval. For each
index, a volume ratio Vmax/Vtot and a ratio of identified objects N/ max(N) are calculated.
The former compares the maximum volume of a single streak (Vmax) against the whole
identified volume (Vtot). The latter compares the number of identified streaks at each index
(N(α)) against the maximum number of streaks among all indices (max(N(α))).

Figure 2 shows the results of the percolation analysis for low-speed streamwise
streaks. In the figure, the volume ratio Vmax/Vtot tends to unity at low percolation values.
Here, the scenario comprises a very large coherent structure that merges most identified
points and several small structures without a relevant volume proportion. On the other
hand, at high percolation ratios, both the volume ratio and the ratio of identified objects
N/ max(N) become small, resulting in very few but very intense structures. The perco-
lation index is selected where the ratio of identified objects reaches unity, enabling the
identification of the maximum number of structures. Additionally, the volume ratio shall
fall from unity and undergo a percolation crisis [11], which in Figure 2 occurs at 1 ≤ α ≤ 1.5.
Using this criterion, the percolation index (α) for all cases is selected at 1.6 (Table 1). Small
variations in the indices do not alter the qualitative or quantitative results of the analysis,
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as this was tested at α = 1.9. In our case, all reported results remain essentially unchanged
under reasonable perturbations of α in the range after the percolation crisis.

0.5 1 1.5 2 2.5 3
10−2

10−1

100

Figure 2. Lines as in Table 1. Percolation study for identifying low-speed streamwise streaks. At each
percolation index, the curves depict the ratio of the volume of the largest identified object against
the volume of all identified objects Vmax/Vtot (solid lines) and the ratio of the number of identified
objects against the maximum number of objects N/ max(N) (dashed lines). To avoid the inclusion of
many small structures, those with a volume V+ ≤ 303 were excluded from the study. The vertical
dotted-dashed line at α = 1.6 denotes the selected percolation index.

Once the percolation index is selected, coherent structures are defined by connect-
ing identified points in the six orthogonal directions of the direct numerical simulation
Cartesian mesh. This algorithm is detailed by Gandía-Barberá et al. [42]. Once the clusters
satisfying the threshold are built, three-dimensional coherent structures with a volume less
than 303 wall units are discarded to reduce noise in identifying structure interactions [11].

Each identified streak is contained within a Cartesian box aligned with the simulation
domain axes [21]. The box’s length, width, and height are defined by the parameters ∆x,
∆z, and ∆y, respectively. Streaks tend to be meandering objects with complex geometries;
therefore, streak volume cannot be measured as the volume of the containing box. Indeed,
each streak’s volume is measured as the sum of the volume of the individual structure
voxels, defined as in Lozano-Durán et al. [43].

2.5. Percolation Analysis at Higher Reynolds Number

In order to assess the behavior of the identification criterion at higher Reynolds
numbers, we first carried out the percolation analysis for the Reτ = 1000 case [41]. The
resulting curves are shown in Figure 3. In both definitions, the behavior is consistent with
expectations from the percolation framework, and the percolation crisis remains abrupt.
This indicates that the threshold-selection procedure is still well defined at higher Reynolds
numbers and that the transition between disconnected and percolating structures can be
identified clearly in both cases, with similar values.

To better understand the physical implications of the two criteria, Figure 4 presents
a direct comparison between streaks identified with the classical uτ-based threshold (in
red) and with the wall-dependent threshold (in blue). The three-dimensional visualization
(Figure 4a,b) shows that the classical definition is strongly conditioned by the near-wall
region, whereas the wall-dependent criterion remains approximately uniform in relative
intensity along the wall-normal direction, as it measures the intensity of the fluctuations
with respect to the local wall distance [22].
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Figure 3. Percolation study for the classical criterion (thin lines) and the wall-dependent criterion
(thick lines). Solid lines represent the volume ratio (red, black), whereas dashed lines represent the
ratio N/Nmax (blue, cyan).

(a)

(b)

Figure 4. Cont.
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(c)

Figure 4. Instantaneous streaks identified in the turbulent flow field. Red corresponds to streaks
obtained with the classical uτ-based criterion, whereas blue denotes streaks identified with the
wall-dependent criterion. (a) Three-dimensional view of the streaks in the Reτ = 1000 case, in
a domain of size 16πh × 2h × 3πh. (b) Zoomed view of the upper-left corner of panel (a). (c) Cross-
sectional distribution of the identified points in planes at y+ = 15 (top), y+ = 170 (middle), and
y+ = 700 (bottom).

This behavior is illustrated in Figure 4c, where points identified only by the classical
criterion are shown in red, those identified only by the wall-dependent criterion in blue,
and the common points in black for three different heights. This situation is also shown in
Figure 5. At both the end of the viscous sublayer and the beginning of the outer region,
the overlap between the two criteria reaches its highest values, with almost 100%. However,
farther from the wall, the classical uτ-based streaks almost disappear Figure 4c (bottom),
while the wall-dependent ones remain detectable.

Figure 5. Comparison between the two identification criteria. Red denotes the percentage of points
attributed to streaks using the classical uτ-based definition. Dark blue denotes the corresponding
percentage obtained with the wall-dependent criterion. Blue circles represent the overlap between
both identifications.
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3. Results
This section presents the main statistical trends of the identified streamwise streaks

in the form of probability density functions (PDFs). The definitions of the heading and
elevation angles, as well as the classification into attached and detached families, are
introduced in Section 3.1. The relative distance between streaks is defined in Section 3.2.

3.1. Geometry and Topology of Individual Streaks

Streaks and other coherent structures in wall-bounded turbulence are often classi-
fied according to their distance from the nearest wall [9,13,21]. Figure 6 shows the joint
probability density function (PDF) of the wall-normal distances from the bottom

(
y+min

)
and top (y+max) of each streak to the closest wall for the cases listed in Table 1. In all cases,
two regions contain at least 50% of the total probability. These regions are separated by
a transition zone of lower density around y+min = 20. This value therefore provides a natural
criterion to distinguish two types of streaks: wall-attached and wall-detached [13,15,17,21].
The former, hereafter referred to as attached streaks, satisfy y+min ≤ 20, whereas the latter,
detached streaks, satisfy y+min > 20.

Attached streaks lie too close to the wall to show a clear scaling trend in this repre-
sentation. By contrast, detached streaks follow a well-defined relation, y+max ∝

(
y+min

)0.73,
in all cases. This suggests that the height of detached streaks is less sensitive to the specific
forcing mechanism of each Couette–Poiseuille configuration. This behaviour is consistent
with the fact that detached streaks are more isotropic than attached ones [21] and are typi-
cally associated with smaller-scale motions, often of the order of the Kolmogorov scale [13].
As a result, detached streaks interact less directly with the mean shear and display a more
similar growth across all Couette–Poiseuille cases.

The analysis of the circumscribing-box dimensions of the identified streamwise streaks
provides information on how these structures grow along each Cartesian direction. Their
self-similarity can be assessed from the probability density functions (PDFs) of the di-
mensional ratios derived from the box dimensions, shown in Figure 7 [44]. In all cases,
a good collapse of the distributions is observed for both attached and detached streaks,
indicating that the two families retain well-defined geometric trends across the different
Couette–Poiseuille configurations.

Attached streaks tend to cluster around a streamwise ratio ∆x/∆y = 3.3 and a span-
wise ratio ∆z/∆y = 0.73. They therefore form a self-similar family with characteristic
aspect ratios

∆x ≈ 3.3 ∆y ≈ 4.52 ∆z , (7)

whereas detached streaks tend to exhibit ∆x/∆y = 1 and ∆z/∆y = 0.82, yielding

∆x ≈ ∆y ≈ 1.22 ∆z . (8)

These results show that the distinction between attached and detached families re-
mains robust under the new wall-dependent criterion. This is in itself an important result,
since it indicates that the main geometrical separation between the two families is not
an artefact of the identification procedure. At the same time, the comparison with Gandía-
Barberá et al. [17], who used the constant threshold of Equation (4), reveals a clear and
physically relevant difference. While most of the dimensional trends remain qualitatively
unchanged, the ratio ∆x/∆y of attached streaks is systematically reduced when the wall-
dependent threshold of Equation (6) is used. In other words, the new criterion identifies
attached streaks that are consistently shorter in the streamwise direction in all cases listed
in Table 1. This indicates that the constant-threshold approach tends to overestimate the
streamwise extent of attached streaks, whereas the wall-dependent criterion provides
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a more balanced identification across the wall-normal direction, in agreement with the
behaviour shown in Figure 1b,c. The new result is therefore not simply a repetition of the
previous analysis, but a quantitative indication of which geometric properties are robust
and which are sensitive to the threshold definition.

100 102
101

102

(a)

100 102
101

102

(b)

100 102
101

102

(c)

100 102
101

102

(d)

100 102
101

102

(e)

100 102
101

102

(f)

Figure 6. Joint PDF of the wall-normal distance to the closest domain wall from streak bottom(
y+min

)
and top

(
y+max

)
. Top row: cases C00P10 (a) and C02P08 (b). Middle row: cases C04P06 (c)

and C06P04 (d). Bottom row: cases C08P02 (e) and C10P00 (f). Contours contain 50% (dark blue),
70% (light blue), and 90% (yellow) of the total data. The dash-dotted line y+max ∝

(
y+min

)0.73 is for
detached streaks.
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Figure 7. Lines as in Table 1. Solid lines correspond to attached streaks, dashed lines to detached
streaks. (a) PDF of the aspect ratio ∆x/∆y of the identified streaks. (b) PDF of the aspect ratio ∆z/∆y
of the identified streaks. Vertical lines in (a) mark ∆x/∆y = {1.0, 3.3}; vertical lines in (b) mark
∆z/∆y = {0.73, 0.82}.

Moving to the topology of the identified streaks, these structures are typically elon-
gated and meandering, which makes it convenient to define a simpler geometric representa-
tion to study their spatial orientation [45]. To this end, a spline is constructed for each streak
by computing its centre of mass in every ∆y–∆z plane [21]. The spline points (xs, ys, zs) are
then used to generate a linear approximation of the form (xs, A2xs + B2, A3xs + B3) using a
least-squares fit, where

Ak =
N ∑N

i=1 xsi xki
− ∑N

i=1 xsi ∑N
i=1 xki

N ∑N
i=1 x2

si
−

(
∑N

i=1 xsi

)2 ,

Bk =
∑N

i=1 xki ∑N
i=1 x2

si
− ∑N

i=1 xsi ∑N
i=1 xsi xki

N ∑N
i=1 x2

si
−

(
∑N

i=1 xsi

)2 ,

(9)

with N denoting the number of spline points and k = {2, 3}, where x2 = ys and x3 = zs.
The elevation and heading angles of the streaks, as well as their meandering, are then

computed from this linear approximation with respect to the Cartesian box, following
Gandía-Barberá et al. [17]. The elevation angle (θ) and heading angle (ψ), in radians, are
defined as

θ = arctan(A2),

ψ = arctan(A3).
(10)

The streak meandering (ϵ) is taken as the root-mean-square of the distance between
the spline and its linear approximation at each xs location, as in Kevin et al. [45].

Streaks are further analysed in terms of their heading and elevation angles, as defined
in Equation (10). The PDF of the heading angle (Figure 8a) is centred at ψ = 0◦ and is
symmetric about this value for both attached and detached streaks. This symmetry is likely
related to the periodic boundary conditions imposed in the x–z plane of the numerical
domain. Attached streaks remain largely confined within ±10◦, whereas detached streaks
display a wider distribution, extending up to approximately ±20◦.

The PDF of the elevation angle (Figure 8b) shows a different behaviour. Attached
streaks are centred around θ = 3.5◦ and exhibit a clear asymmetry, which can be linked
to the non-uniform mean shear induced by the impermeable wall and to the resulting
constraint on the inclination of structures relative to the free stream [6]. Detached streaks
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display, on average, a somewhat larger elevation angle, consistent with their position
farther from the wall. However, the mean values of the heading and elevation angles
remain broadly similar across all Couette–Poiseuille configurations for both attached and
detached streaks. This is also a relevant result, since it indicates that the main effect of the
wall-dependent threshold is not on the overall orientation of the structures, but rather on
their extracted streamwise extent. In other words, the new criterion modifies primarily the
geometry of the identified attached streaks without altering the general topological trends
that remain common to all cases.

−40 −20 0 20 40
0.02

0

0.02

0.04

0.07

(a)

−20 −10 0 10 20 30
0.025

0

0.025

0.05

0.075

(b)

Figure 8. Lines as in Table 1. Solid lines correspond to attached streaks and dashed lines to detached
streaks. (a) PDF of the heading angle ψ (in degrees) of the identified streaks. The vertical dashed line
is located at ψ = 0◦. (b) PDF of the elevation angle θ (in degrees) of the identified streaks. The vertical
dashed line is located at θ = 3.5◦.

Following the topological analysis above, Figure 9a,b show the distributions of streak
meandering and streak volume, respectively, as functions of streak height. The streak mean-
dering increases with streak height [21,45] and follows the scaling (∆y+)1.5, in agreement
with the behaviour previously reported in Ref. [17]. Likewise, the streak volume, measured
in voxels, grows with streak height according to a power law close to (∆y+)2.5. Interpreted
as an effective fractal dimension [13,14], this result suggests that attached streaks resemble
shell- or flake-like objects. In both quantities, the scaling is lost for structures with ∆y+ ≤ 10,
whose growth is directly constrained by the proximity of the wall.

The agreement of these trends with the results obtained using the constant threshold
is also relevant. It indicates that the meandering and volumetric growth of attached streaks
are robust properties, largely independent of the precise thresholding strategy. In other
words, the wall-dependent criterion does not modify the overall topological scaling of the
structures, but mainly affects how their streamwise extent is extracted, as discussed above.
This helps separate those properties that are intrinsic to the streaks from those that are
more sensitive to the identification method.

3.2. Spatial Configuration of Paired Streaks

The non-dimensional relative position between two structures i and j is defined as

δ⃗(i,j) =
x⃗(j)

mc − x⃗(i)mc

∆y(i,j)
, (11)

where x⃗(i)mc is the Cartesian position vector of the mass centre of structure i. Following
Lozano-Durán et al. [13], Osawa and Jiménez [14], the relative position δ⃗(i,j) is normalised

with the mean wall-normal height of the selected pair, ∆y(i,j) =
(

∆y(i) + ∆y(j)
)

/2.
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Figure 9. Lines as in Table 1. (a) Joint PDF of streak height versus streak meandering. The dashed
line is

(
∆y+

)1.5. (b) Joint PDF of streak height versus streak volume measured in voxels. The dashed
line is

(
∆y+

)2.5. In both panels, only attached structures are considered. All quantities are expressed
in wall units. Contours contain 50% and 90% of the total data.

The relative position is measured only for structures of similar size [12,13,46], using
the condition

1/2 < ∆y(j)/∆y(i) < 2. (12)

Gandía-Barberá et al. [17] reported a global redistribution of streaks along the span-
wise direction of the domain. The pair analysis presented here extends that observation
by showing how this redistribution modifies the relative distances between structures,
providing a more direct description of the spatial organisation induced by the different
Couette–Poiseuille configurations.

Figure 10a,b show the PDFs of the closest relative position between two attached
streaks for the pure Poiseuille (C00P10) and pure Couette (C10P00) cases, respectively.
In C00P10, attached streaks are predominantly aligned in the spanwise direction with
a relative distance δz ≈ 1.4, where δz is the spanwise component of δ⃗(i,j) in Equation (11).
In C10P00, this separation increases to δz ≈ 2.0, and a secondary population of streaks
appears with streamwise alignment at δx ≈ 2.5, which is absent in the pure Poiseuille case.
This is a clear indication that the change in forcing does not simply redistribute the streaks
globally, but also alters the preferred spatial arrangement of attached pairs.
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Figure 10. Cont.
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Figure 10. Two-dimensional PDFs of the closest relative position of (a,b) two attached streaks,
(c,d) one attached and one detached streak, and (e,f) two detached streaks. The left column cor-
responds to case C00P10 and the right column to case C10P00. Contours contain 30% (dark blue),
50% (light blue), and 80% (yellow) of the total data.

Figure 10c,d display the relative position of pairs formed by one attached and one
detached streak. In both pure Poiseuille and pure Couette flows, the distribution is nearly
isotropic in the streamwise (δx) and spanwise (δz) directions, with 50% of the structures
separated by less than two characteristic heights. This behaviour appears to be remarkably
robust across the two limiting configurations. Detached streaks are commonly found
downstream of the attached streak from which they originate after detachment [21]; how-
ever, in the present study the minimum distance between structures is computed without
tracking their individual history.

Finally, Figure 10e,f show the relative distance between pairs of detached streaks.
These structures tend to align in the streamwise direction, with an average separation
|δx| ≤ 2. The formation of detached streaks has been related to streak breakup induced
by strong ejection or bursting events, conditioned on the presence of a Q2 structure [47].
Since Q2 structures are also known to form streamwise-aligned pairs in turbulent Poiseuille
channel flows [13], the present result suggests that detached streaks retain part of that same
spatial organisation. This provides an additional physical link between detached streaks
and the bursting dynamics associated with ejections.

https://doi.org/10.3390/fluids11040099

https://doi.org/10.3390/fluids11040099


Fluids 2026, 11, 99 15 of 18

4. Conclusions
In this work, we have proposed a wall-dependent identification procedure for low-

speed streamwise streaks in turbulent channel flows. The motivation for introducing this
criterion was the well-known limitation of uniform thresholds in wall-bounded turbulence:
when the threshold is chosen to properly capture the near-wall structures, very few objects
remain visible farther from the wall, whereas lowering it to recover outer-layer motions
produces an excessive concentration of structures close to the wall. Following the ideas of
Bae and Lee [21] and the wall-dependent requirements discussed by Nagaosa and Handler
and Del Álamo et al. [11,22], we reformulated the streak-identification procedure and
applied it to a Couette–Poiseuille dataset at Reτ ≈ 250. The percolation analysis gave
an optimal value of α = 1.6, located at the end of the percolation crisis and associated with
the maximum number of identified structures. Testing a larger value, α = 1.9, led only to
minor differences, which supports the choice of the selected threshold.

To check whether this behaviour persists beyond the reference case, we also repeated
the percolation analysis for a higher-Reynolds-number simulation at Reτ = 1000. In that
case, the percolation crisis was again abrupt and easy to identify for both the classical
and the wall-dependent definitions. Although this does not constitute a systematic high-
Reynolds-number study, it does show that the threshold-selection procedure remains
meaningful at larger Reynolds numbers.

The comparison between the classical uτ-based definition and the wall-dependent one
provides the main message of this paper. Several of the global trends obtained with the
new method remain consistent with those found previously, which is important because
it shows that the classification into attached and detached streaks is not an artefact of the
identification procedure. At the same time, the comparison makes clear which properties
are sensitive to the threshold choice. In particular, the classical definition is strongly
dominated by the near-wall region and leads to an apparent disappearance of streaks
farther from the wall, while the wall-dependent approach preserves a more balanced
identification across the wall-normal direction.

The identified structures can still be separated into wall-attached and wall-detached
families, with a transition region at y+min = 20. Both families retain clear self-similar geomet-
rical trends. Attached streaks are elongated in the streamwise direction, whereas detached
streaks are more isotropic and show less dependence on the specific Couette–Poiseuille
forcing. One of the clearest quantitative differences introduced by the new definition is the
reduction of the streamwise extent of attached streaks relative to the constant-threshold
approach. This indicates that the classical method tends to overestimate their length.

The additional topological and spatial analyses lead to the same picture. The meander-
ing and volumetric growth of attached streaks remain essentially unchanged, suggesting
that these are robust properties of the structures themselves. By contrast, their extracted
streamwise size is more affected by the thresholding strategy. The spatial arrangement
of streaks also varies with the flow type. In pure Poiseuille flow, attached streaks are
mainly aligned in the spanwise direction, whereas in pure Couette flow the spanwise
separation increases and streamwise-aligned pairs also appear. Detached streaks, on the
other hand, preferentially align in the streamwise direction, in a way that is consistent with
their connection to bursting dynamics and intense Q2 events.

Overall, the main contribution of the present work is not simply to introduce a mod-
ified threshold, but to show more clearly how the definition itself affects the apparent
organisation of streaks away from the wall. In that sense, the wall-dependent approach
provides a more consistent basis for comparing structures across the channel and for
interpreting their geometry and spatial distribution in wall-bounded turbulence.

https://doi.org/10.3390/fluids11040099

https://doi.org/10.3390/fluids11040099


Fluids 2026, 11, 99 16 of 18

Author Contributions: Conceptualization, S.G.-B. and S.H.; methodology, M.J.P.-Q.; software, S.G.-B.;
validation, S.G.-B. and M.J.P.-Q.; formal analysis, S.G.-B.; investigation, S.G.-B.; resources, S.H. and
M.J.P.-Q.; data curation, S.G.-B.; writing—original draft preparation, S.G.-B.; writing—review and
editing, S.H. and M.J.P.-Q.; visualization, S.G.-B.; supervision, S.H.; project administration, M.J.P.-Q.;
funding acquisition, S.H. and M.J.P.-Q. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors acknowledge support by CIN/AEI/10.13039/501100011033 and by Minis-
terio de Ciencia, Innovación y Universidades, “A way of making Europe”, under project PID2024-
162480OB-I00 and CIPROM/2024/35 by Generalitat Valenciana.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data of this study is available by contacting the corresponding author.

Acknowledgments: The computations of new simulations were made possible by a generous grant
of computing time from the supercomputing centre of the Universitat Politècnica de València.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

DNS Direct Numerical Simulation
C-P Couette–Poiseuille
PDF Probability Density Function
ETT Eddy Turnover Time
Re Reynolds number
RMS Root Mean Square

References
1. Kline, S.J.; Reynolds, W.C.; Schraub, F.A.; Runstadler, P.W. The structure of turbulent boundary layers. J. Fluid Mech. 1967,

30, 741–773. [CrossRef]
2. Sharma, A.S.; McKeon, B.J. On coherent structure in wall turbulence. J. Fluid Mech. 2013, 728, 196–238. [CrossRef]
3. Blackwelder, R.F.; Eckelmann, H. Streamwise vortices associated with the bursting phenomenon. J. Fluid Mech. 1979, 94, 577–594.

[CrossRef]
4. Panton, R.L. Overview of the self-sustaining mechanisms of wall turbulence. Prog. Aerosp. Sci. 2001, 37, 341–383. [CrossRef]
5. Hamilton, J.; Kim, J.; Waleffe, F. Regeneration mechanisms of near-wall turbulence structures. J. Fluid Mech. 1995, 287, 317–348.

[CrossRef]
6. Jiménez, J. Coherent structures in wall-bounded turbulence. J. Fluid Mech. 2018, 842, P1. [CrossRef]
7. Townsend, A. The Structure of Turbulent Shear Flows, 2nd ed.; Cambridge University Press: New York, NY, USA, 1976.
8. Pope, S.B. Turbulent Flows; Cambridge University Press: New York, NY, USA, 2000.
9. Hu, R.; Yang, X.I.A.; Zheng, X. Wall-attached and wall-detached eddies in wall-bounded turbulent flows. J. Fluid Mech. 2020,

885, A30. [CrossRef]
10. Hu, R.; Zheng, X.; Dong, S. Extracting discrete hierarchies of Townsend’s wall-attached eddies. Phys. Fluids 2022, 34, 061701.

[CrossRef]
11. Del Álamo, J.C.; Jiménez, J.; Zandonade, P.; Moser, R. Self-similar vortex clusters in the turbulent logarythmic region. J. Fluid

Mech. 2006, 561, 329–358. [CrossRef]
12. Cheng, C.; Li, W.; Lozano-Durán, A.; Liu, H. On the structure of streamwise wall-shear stress fluctuations in turbulent channel

flows. J. Fluid Mech. 2020, 903, A29. [CrossRef]
13. Lozano-Durán, A.; Flores, O.; Jiménez, J. The three-dimensional structure of momentum transfer in turbulent channels. J. Fluid

Mech. 2012, 694, 100–130. [CrossRef]
14. Osawa, K.; Jiménez, J. Intense structures of different momentum fluxes in turbulent channels. Phys. Rev. Fluids 2018, 3, 084603.

[CrossRef]

https://doi.org/10.3390/fluids11040099

http://dx.doi.org/10.1017/S0022112067001740
http://dx.doi.org/10.1017/jfm.2013.286
http://dx.doi.org/10.1017/S0022112079001191
http://dx.doi.org/10.1016/S0376-0421(01)00009-4
http://dx.doi.org/10.1017/S0022112095000978
http://dx.doi.org/10.1017/jfm.2018.144
http://dx.doi.org/10.1017/jfm.2019.980
http://dx.doi.org/10.1063/5.0090712
http://dx.doi.org/10.1017/S0022112006000814
http://dx.doi.org/10.1017/jfm.2020.639
http://dx.doi.org/10.1017/jfm.2011.524
http://dx.doi.org/10.1103/PhysRevFluids.3.084603
https://doi.org/10.3390/fluids11040099


Fluids 2026, 11, 99 17 of 18

15. Gandía-Barberá, S.; Alcántara-Ávila, F.; Hoyas, S.; Avsarkisov, V. Stratification effect on extreme-scale rolls in plane Couette flows.
Phys. Rev. E 2021, 6, 034605. [CrossRef]

16. Arthur, J.K. Coherent Structures of a Turbulent Flow Bounded by a Compact Permeable Wall. Fluids 2022, 7, 158. [CrossRef]
17. Gandía-Barberá, S.; Hoyas, S. Spatial and Energetic Organization of Coherent Structures in Couette–Poiseuille Turbulent Channels.

Fluids 2026, 11, 18. [CrossRef]
18. Lin, J.; Laval, J.P.; Foucaut, J.M.; Stanislas, M. Quantitative Characterization of Coherent Structures in the Buffer Layer of

Near-Wall Turbulence. Part 1: Streaks. Exp. Fluids 2008, 45, 999–1013. [CrossRef]
19. Wang, W.; Pan, C.; Wang, J. Wall-Normal Variation of Spanwise Streak Spacing in Turbulent Boundary Layer With Low-to-

Moderate Reynolds Number. Entropy 2019, 21, 24. [CrossRef]
20. Yücesan, S.; Wildt, D.; Gmeiner, P.; Schobesberger, J.; Hauer, C.; Sindelar, C.; Habersack, H.; Tritthart, M. Interaction of Very Large

Scale Motion of Coherent Structures with Sediment Particle Exposure. Water 2021, 13, 248. [CrossRef]
21. Bae, H.J.; Lee, M. Life cycle of streaks in the buffer layer of wall-bounded turbulence. Phys. Rev. Fluids 2021, 6, 064603. [CrossRef]
22. Nagaosa, R.; Handler, R.A. Statistical analysis of coherent vortices near a free surface in a fully developed turbulence. Phys.

Fluids 2003, 15, 375–394. [CrossRef]
23. Sánchez-Roncero, A.; Garibo-i Orts, Ò.; Conejero, J.A.; Eivazi, H.; Mallor, F.; Rosenberg, E.; Fuso-Nerini, F.; García-Martínez, J.;

Vinuesa, R.; Hoyas, S. The sustainable development goals and aerospace engineering: A critical note through artificial intelligence.
Results Eng. 2023, 17, 100940. [CrossRef]

24. Tsukahara, T.; Kawamura, H.; Shingai, K. DNS of turbulent Couette flow with emphasis on the large-scale structure in the core
region. J. Turbul. 2006, 7, N19. [CrossRef]

25. El Telbany, M.M.M.; Reynolds, A.J. Structure of turbulent plane Couette flow. J. Fluids. Eng. Trans. ASME 1982, 104, 367–372.
[CrossRef]

26. Avsarkisov, V.; Hoyas, S.; Oberlack, M.; García-Galache, J. Turbulent plane Couette flow at moderately high Reynolds number.
J. Fluid Mech. 2014, 751, R1. [CrossRef]

27. Lee, M.; Moser, R. Extreme-scale motions in turbulent plane Couette flows. J. Fluid Mech. 2018, 842, 128–145. [CrossRef]
28. Kim, J.; Moin, P.; Moser, R. Turbulence statistics in fully developed channels flows at low Reynolds numbers. J. Fluid Mech. 1987,

177, 133–166. [CrossRef]
29. Moser, R.; Kim, J.; Mansour, N. Direct numerical simulation of turbulent channel flow up to Reτ = 590. Phys. Fluids 1999,

11, 943–945. [CrossRef]
30. Hoyas, S.; Jiménez, J. Scaling of the velocity fluctuations in turbulent channels up to Reτ = 2003. Phys. Fluids 2006, 18, 011702.

[CrossRef]
31. Pirozzoli, S.; Bernardini, M.; Orlandi, P. Large-scale motions and inner/outer layer interactions in turbulent Couette—Poiseuille

flows. J. Fluid Mech. 2011, 680, 534–563. [CrossRef]
32. Lele, S.K. Compact finite difference schemes with spectral-like resolution. J. Comput. Phys. 1992, 103, 16–42. [CrossRef]
33. Spalart, P.R.; Moser, R.D.; Rogers, M.M. Spectral methods for the Navier-Stokes equations with one infinite and two periodic

directions. J. Comput. Phys. 1991, 96, 297–324. [CrossRef]
34. Lluesma-Rodríguez, F.; Álcantara Ávila, F.; Pérez-Quiles, M.; Hoyas, S. A code for simulating heat transfer in turbulent channel

flow. Mathematics 2021, 9, 756. [CrossRef]
35. Hoyas, S.; Oberlack, M. Turbulent Couette flow up to Reτ = 2000. J. Fluid Mech. 2024, 987, R9. [CrossRef]
36. Tang, S.; Antonia, R. Similarity for dissipation-scaled wall turbulence. J. Fluid Mech. 2023, 960, A18. [CrossRef]
37. Spalart, P. The Conjecture of a General Law of the Wall for Classical Turbulence Models, Implying a Structural Limitation. Flow

Turbul. Combust. 2024, 112, 443–457. [CrossRef]
38. Yu, L.; Chen, Y.; Yousif, M.Z.; Lim, H.C. Three-Dimensional Super-Resolution Reconstruction of Turbulent Flow Using 3D-

ESRGAN with Random Sampling Strategy. Comput. Fluids 2025, 305, 106890. [CrossRef]
39. Palasis, A.; Liakopoulos, A.; Sofiadis, G. From Direct Numerical Simulations to Data-Driven Models: Insights into Mean Velocity

Profiles and Turbulent Stresses in Channel Flows. Modelling 2025, 6, 18. [CrossRef]
40. Hoyas, S.; Oberlack, M.; Alcántara-Ávila, F.; Kraheberger, S.V.; Laux, J. Wall turbulence at high friction Reynolds numbers. Phys.

Rev. Fluids 2022, 7, 014602. [CrossRef]
41. Hoyas, S.; Vinuesa, R.; Schmid, P.; Nagib, H. Sensitivity study of resolution and convergence requirements for the extended

overlap region in wall-bounded turbulence. Phys. Rev. Fluids 2024, 9, L082601. [CrossRef]
42. Gandía-Barberá, S.; Cremades, A.; Vinuesa, R.; Hoyas, S.; Pérez-Quiles, M.J. Sequential and Parallel Algorithms to Compute

Turbulent Coherent Structures. Mathematics 2024, 12, 3325. [CrossRef]
43. Lozano-Durán, A.; Borrel, G. Algorithm 964: An Efficient Algorithm to Compute the Genus of Discrete Surfaces and Applications

to Turbulent Flows. Assoc. Comput. Mach. 2016, 42, 1–19. [CrossRef]
44. Heisel, M.; de Silva, C.M.; Katul, G.G.; Chamecki, M. Self-similar geometries within the inertial subrange of scales in boundary

layer turbulence. J. Fluid Mech. 2022, 942, A33. [CrossRef]

https://doi.org/10.3390/fluids11040099

http://dx.doi.org/10.1103/PhysRevFluids.6.034605
http://dx.doi.org/10.3390/fluids7050158
http://dx.doi.org/10.3390/fluids11010018
http://dx.doi.org/10.1007/s00348-008-0522-4
http://dx.doi.org/10.3390/e21010024
http://dx.doi.org/10.3390/w13030248
http://dx.doi.org/10.1103/PhysRevFluids.6.064603
http://dx.doi.org/10.1063/1.1533071
http://dx.doi.org/10.1016/j.rineng.2023.100940
http://dx.doi.org/10.1080/14685240600609866
http://dx.doi.org/10.1115/1.3241853
http://dx.doi.org/10.1017/jfm.2014.323
http://dx.doi.org/10.1017/jfm.2018.131
http://dx.doi.org/10.1017/S0022112087000892
http://dx.doi.org/10.1063/1.869966
http://dx.doi.org/10.1063/1.2162185
http://dx.doi.org/10.1017/jfm.2011.186
http://dx.doi.org/10.1016/0021-9991(92)90324-R
http://dx.doi.org/10.1016/0021-9991(91)90238-G
http://dx.doi.org/10.3390/math9070756
http://dx.doi.org/10.1017/jfm.2024.369
http://dx.doi.org/10.1017/jfm.2023.197
http://dx.doi.org/10.1007/s10494-023-00511-5
http://dx.doi.org/10.1016/j.compfluid.2025.106890
http://dx.doi.org/10.3390/modelling6010018
http://dx.doi.org/10.1103/PhysRevFluids.7.014602
http://dx.doi.org/10.1103/PhysRevFluids.9.L082601
http://dx.doi.org/10.3390/math12213325
http://dx.doi.org/10.1145/2845076
http://dx.doi.org/10.1017/jfm.2022.409
https://doi.org/10.3390/fluids11040099


Fluids 2026, 11, 99 18 of 18

45. Kevin, K.; Monty, J.; Hutchins, N. The meandering behaviour of large-scale structures in turbulent boundary layers. J. Fluid Mech.
2019, 865, R1. [CrossRef]

46. Dong, S.; Lozano-Durán, A.; Sekimoto, A.; Jiménez, J. Coherent structures in statistically stationary homogeneous shear
turbulence. J. Fluid Mech. 2017, 816, 167–208. [CrossRef]

47. Bae, H.; Encinar, M.; Lozano-Durán, A. Causal analysis of self-sustaining processes in the logarithmic layer of wall-bounded
turbulence. J. Phys. Conf. Ser. 2018, 1001, 012013. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/fluids11040099

http://dx.doi.org/10.1017/jfm.2019.131
http://dx.doi.org/10.1017/jfm.2017.78
http://dx.doi.org/10.1088/1742-6596/1001/1/012013
https://doi.org/10.3390/fluids11040099

	Introduction
	Methodology and Numerical Simulations
	Couette–Poiseuille Simulation Dataset
	Numerical Methodology
	Wall-Dependent Identification of Low-Speed Streamwise Streaks
	Percolation Analysis and Clustering
	Percolation Analysis at Higher Reynolds Number

	Results
	Geometry and Topology of Individual Streaks
	Spatial Configuration of Paired Streaks

	Conclusions
	References

