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ABSTRACT

Subcritical transitions in wall-bounded shear flows lead
to the coexistence of laminar and turbulent regions, manifest-
ing as spatio-temporally intermittent structures such as oblique
turbulent bands in channel flows. This study investigates the
formation and sustenance of such bands using direct numer-
ical simulations of plane Poiseuille flow under deceleration
and subsequent transient conditions. The time scales are de-
termined by varying the rate of decrease in a nominal fric-
tion Reynolds number, and by adjusting the computational do-
main size according to the scales of the target structures. Af-
ter deceleration, seeds of turbulent bands are found to remain
sparsely distributed and evolve transiently into banded struc-
tures. The spatial distribution of these seeds is distinct from
that of fully developed bands in equilibrium states. The results
demonstrate that insufficient computational domain size rela-
tive to the seed spacing leads to probabilistic band formation.

INTRODUCTION

Wall-bounded shear flows exhibit spatio-temporally inter-
mittent turbulent structures in their subcritical transition be-
low the linear stability threshold (Manneville, 2016). The
intermittent structures, known as turbulent puffs or turbulent
bands, appear near the global-stability critical Reynolds num-
ber Reg, which marks the lower boundary of turbulent mainte-
nance (Tuckerman et al., 2020). For the pipe flow, Avila et al.
(2011) measured the time scales of turbulent puff splitting and
decay, and determined Reg, at which these two time scales are
comparable. This finding may support Pomeau (1986), that
proposed a link between the directed percolation (DP) phe-
nomenon in non-equilibrium statistical physics and the sub-
critical turbulent transition. For a comprehensive discussion,
the reader is referred to Hof (2023).

As for the plane Poiseuille flow, laminar—turbulent banded
patterns have been discussed from multiple complementary
perspectives. Localized bands act as fundamental building
blocks of transition (Tao et al., 2018), which can be triggered
when perturbations exceed a minimal energy threshold (Par-
ente et al., 2022). These structures organize into oblique stripe
patterns that correspond to exact coherent solutions of the
Navier—Stokes equations (Paranjape et al., 2020) and can be
interpreted within a bifurcation framework (Shimizu & Man-
neville, 2019). From a different viewpoint, the uniform tur-
bulent flow itself becomes linearly unstable, leading to spa-
tial modulation and pattern formation (Kashyap et al., 2022),

whose dynamics follow nonlinear bifurcation scenarios and
scaling laws (Kashyap et al., 2025). Experimental observa-
tions have confirmed the physical realization of such patterns
(Hashimoto et al., 2009; Paranjape, 2019; Yimprasert et al.,
2021), while statistical approaches including numerical ob-
servations described the transition as DP processes (Sano &
Tamai, 2016; Shimizu & Manneville, 2019; Takeda & Tsuka-
hara, 2019). In this context, localized turbulent bands have
been shown to exhibit memoryless dynamics when their size
is fixed; however, their lifetime depends strongly on band
length, implying that in realistic flows with evolving struc-
tures, effective memory effects cannot be neglected (Xu &
Song, 2022). Consistently, recent work by Vasudevan et al.
(2025) has shown that band dynamics cannot be fully captured
by Markovian (memoryless) statistical descriptions, suggest-
ing that the transition is unlikely to follow DP and that a band
growth mechanism fundamentally alters the nature of the tran-
sition to turbulence compared to pipe flow.

An open question remains as to the extent to which the
aforementioned statistical results are influenced by the finite
size of the experimental channel, as in Sano & Tamai (2016).
Their channel length from the inlet to the observation area
ensures a dimensionless travel time of O(10'-102), which is
much shorter than the estimated time scale of 0(107-10%) re-
quired to balance the puff split and decay in the pipe flow ex-
periment of Avila et al. (2011). This discrepancy has prompted
questions about the validity of the channel flow experiment. In
order to assess the experimental observations reported by Sano
& Tamai (2016), it is important to clarify the time scale over
which localized turbulence attains a statistically steady state.
To this end, we numerically investigate the persistence of tur-
bulence by gradually decreasing the nominal friction Reynolds
number, Rez, from a fully turbulent state. The target structures
for time-scale analysis include not only large-scale turbulent
bands, but also near-wall streaks governed by viscous-scale
dynamics. To capture both different scale structures, we sys-
tematically vary the computational domain size to elucidate
domain-size effects on the deceleration response. As listed in
Table 1, four computational domain sizes were employed: S,
smaller than a turbulent band but larger than streaks; M, com-
parable to a single turbulent band; L, sufficiently large to cap-
ture multiple bands; and XL, substantially larger than the band
scale. We performed several DNSs to investigate the response
of localized turbulence patterns to a decrease in Re; from a
fully developed turbulent state at various time scales and in
different computational domain sizes.
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Table 1: Computational conditions and number of trials for
the DNS of plane Poiseuille flow: L], the domain size in i
direction, non-dimensionalized by &; N;, the number of grid
points; and AT*, the deceleration time.

Case Ly x Ly X L] AT Number
(Nx X Ny X N) of trials
SA 0.8 10
SB 12.8x2x12.8 7.8 10
e (256 x 96 x 256) 78 10
SD 780 20
MA 0.8 10
MB 51.2x2x51.2 7.8 10
MC (1024 x 96 x 1024) 78 10
MD 780 10
LA 0.8 10
LB 102.4 x 2% 102.4 7.8 10
LC (512 x 64 x 512) 78 10
LD 780 10
XLB 4096 x 2 x 512 %0 |

(32768 x 64 x 8192)

The transient behavior following a reduction in the
Reynolds number was also investigated in detail. In particu-
lar, after a moderate deceleration, the intermittent structures
respond with a delay, and transient dynamics persist even af-
ter the Reynolds number is held constant. During this tran-
sient phase, we focus on the spatial distribution of naturally
occurring localized turbulent structures, which are considered
to represent “seeds” of turbulent bands.

NUMERICAL METHOD

The plane Poiseuille flow, the target of this study, is a flow
driven by a uniform pressure gradient (in x) between two par-
allel plates. The two walls are separated by a gap width of 26
in the y-direction, while z denotes the spanwise direction. The
governing equations are the incompressible continuity equa-
tions and Navier—Stokes equations.

We performed DNSs using our finite-difference code to
accurately reproduce the turbulence and its reverse transition
phenomena. The code is based on the same formulation as that
used in our previous works (Tsukahara et al., 2005; Kohyama
et al., 2022). We imposed periodic boundary conditions in
the x- and z-directions and no-slip conditions at both walls.
Table 1 summarizes the computational settings, including the
domain sizes and the number of grid points. The cases are
labeled, in order of increasing domain size, as Case-S*, Case-
M#*, Case-L*, and Case-XL*. The asterisk is replaced by A—
D, which denote the cases in order of decreasing deceleration
rate, as described later. Although the grid resolution differs,
this does not affect the main conclusions of the present study.

The control parameter is the friction Reynolds number,
Rer =u;8/v, where v is the kinematic viscosity and uz is the
friction velocity, which is determined by the imposed pressure
gradient. We investigated the flow response in two consecutive
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Figure 1: Temporal evolution of turbulent kinetic energy in
response to changes in the nominal friction Reynolds number
during the deceleration phase. Solid lines indicate ensemble-
averaged values, and shaded areas represent the standard devi-
ation. Black symbols denote the steady-state values obtained
from well-developed flow fields at each fixed Re.

phases: a deceleration phase, during which the nominal Re;
decreases linearly from Rez start to Re eng Over a duration AT';
and a transient phase, which continues from the end of the de-
celeration until the flow field reaches equilibrium at the fixed
Rez eng. The initial flow to be decelerated is taken from an
arbitrary snapshot of a fully turbulent state at Re¢ seart = 150.
While the actual Rer, defined by the instantaneous wall shear
stress, may fluctuate, the nominal Re; is monotonically re-
duced to Rer eng. We chose Rer eng = 54, which remains above
Reg. This allows the emergence of localized turbulence in suf-
ficiently large computational domains (Kohyama et al., 2022).

The duration AT, over which the nominal Re; decreases
at a constant rate from Rez seart t0 Rez end, is another impor-
tant parameter. As shown in Table 1, AT was varied over four
different orders of magnitude, which are non-dimensionalized
by 6/ur. They are referred to as Case-*A, Case-*B, Case-
*C, and Case-*D, in order of decreasing deceleration rate. For
example, Case-SA represents the smallest computational do-
main combined with the steepest deceleration rate, whereas
Case-XLB corresponds to the largest domain with a moderate
deceleration. The deceleration was applied to multiple initial
turbulent fields at Re; gart = 150 to obtain ensemble-averaged
results for each case.

RESULT AND DISCUSSION

Figure 1 shows the temporal evolution of the averaged
turbulent kinetic energy during the deceleration phase. Here,
we employ the spatial average of the turbulent kinetic energy
over the entire domain as an indicator of the flow state:

1
LiL,L. .

/ L Ly Lo /0 1 I
K = /()/()/()E(uu+vv+ww)dxdydz(l)
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Figure 2: Pre-multiplied energy spectra during the decelera-
tion phase in Case-L: (a) kyEy, /u't/ and (b) k;Ey,, /w'w’. Each
line style represents a different Reynolds number, while the
line color indicates the deceleration condition (shorter decel-
eration time in purple and longer in yellow). The spectra are
plotted at representative instants for each Reynolds number
during the deceleration phase.

where (u,v,w) are the velocity components in (x,y,z), and ()’
denotes the fluctuation from the spatial mean. When the flow
field is laminar, K’ should be 0. For each case, the mean and
variance are computed based on at least 10 independent trials.
All panels in Fig. 1 reveal that the abrupt deceleration in Case-
*A leads to a monotonic decrease in K’. Although K’ does not
vanish at the end of the deceleration phase, it eventually decays
to zero during the transient phase (not shown). This behavior is
independent of the computational domain size. Interestingly,
in larger domains, K’ even increases above its initial value at
Rez start, followed by the appearance of a plateau. These values
are consistent with the DNS results at equilibrium (symbols in
the figure), indicating that the effect of temporal deceleration is
insignificant in Case-*D. This implies that AT* = 780 should
be longer than the time scale of the turbulent band.

Figure 2 shows the distributions of the pre-multiplied en-
ergy spectra during the deceleration phase for Case-L*, in
which the dependence on AT* is clearly manifested. The spec-
tra are extracted at instants when the nominal Re; reaches
prescribed values. The pre-multiplied spectra allow evalua-
tion of the dominant wavelength and its containing energy.
Here, particular attention is paid to long-wavelength compo-
nents of O(10') or larger. The results show that, in Case-LA,
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Figure 3: Instantaneous flow fields in the channel-central x—z
plane at the nominal Re; ~ 60. Contours show v > |1|, and
vectors of (u/,w') are averaged over local 3.28 x 3.28.
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Figure 4: Time evolution of K’ from the end of the Re;-
reduction phase (¢ = 0) for ten trials in Case-LB; five sustain
turbulence, and five decay to a fully laminar state.

no distinct peak is observed in the long-wavelength range. In
contrast, in Case-LD, a signature of a long-wavelength peak
emerges from Re; ~ 110. The wavelengths A, and A, larger
than 108, observed in the #’ and w' components, do not cor-
respond to near-wall turbulent structures such as streaks or
quasi-streamwise vortices, but instead indicate the presence
of large-scale secondary flows (LSFs) aligned with turbulent
bands or stripes. Corresponding instantaneous flow fields and
LSFs at a nominal Re; = 60 for each AT* are shown in Fig. 3.
For AT* > 78, the onsets of spatial intermittency and LSFs are
observed. In particular, as shown in panel (c), well-developed
turbulent bands can be identified. Such band formation is also
observed in Case-LD (Fig. 3(d)) and -MD (not shown), where
the bands emerge and persist as an equilibrium state. In con-
trast, a small AT* does not allow the formation of turbulent
bands and LSFs, as shown in Fig. 3(a, b). Similarly, in Case-
S*, the flow relaminarizes without forming turbulent bands,
although the corresponding visualizations are omitted here.
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Figure 5: Percentage of each flow-response type observed during the transient phase: (a) Case-S*, (b) Case-M*, and (c) Case-L*.
Orange indicates Type-1 (sustained intermittent turbulence), blue Type-2 (temporarily sustained intermittent turbulence), green Type-3
(monotonic laminarization during the transient phase), and black Type-4 (laminarization completed during the deceleration phase).

Hereafter, we focus on the transient phase at constant Re
after the deceleration phase, as shown in Fig. 4. In Case-LB,
the post-transient behavior can be classified into two distinct
outcomes, which are determined probabilistically by the initial
condition (i.e., the timing of deceleration in turbulent states).
From ten realizations with randomly selected deceleration tim-
ings, five trials exhibit a monotonic decay to the laminar state
(K’ = 0), whereas the remaining five show a transient growth
after reaching a minimum in K’, eventually attaining an equi-
librium state. The equilibrium state is identical among all five
realizations. Extending this analysis to other cases, the flow
responses are classified into four types, taking into account the
transient phase: Type-1, stably sustained intermittent turbu-
lence with banded patterns; Type-2, temporarily sustained in-
termittent turbulence; Type-3, monotonic laminarization dur-
ing the transient phase; and Type-4, laminarization during the
deceleration phase. Figure 5 shows the occurrence rates of four
types for each case. In Case-LB corresponding to AT* =7.8
in panel (c), Type-1 and -3 occur with equal probability (50%
each), as shown above. Notably, Type-1 occurs with a prob-
ability of 100% for AT* > 78, as shown in Fig. 5(c). When
the computational domain is sufficiently larger than the turbu-
lent band, as in Case-L*, the stochasticity of relaminarization
is suppressed, allowing the critical deceleration rate to be de-
termined more clearly. Based on these results, the time scale
required for the maintenance of turbulent bands is estimated to
be on the order of O(10!), as revealed by the DNS results in the
large computational domain (Case-L*), indicating a character-
istic time scale for sustaining turbulent bands. This time scale
is shorter than the travel time 0(10'-10?) in Sano & Tamai
(2016), supporting the view that their observation window was
long enough for band formation. In panel (b), the occurrence
rates of Type-2 and -3 tend to increase and decrease, respec-
tively, with increasing AT*, suggesting that the flow behav-
ior in each category depends on the deceleration rate. These
probabilistic behaviors observed also in Case-LB are inferred
to outcome from the interplay between the computational do-
main size and the spatial scale of the “seed of turbulent spots,”
which will be shown in the following. Accordingly, we further
focus on the spatial distribution of such seeds captured in the
larger computational domain of Case-XL, and examine how
their characteristics, together with the emergence of LSFs, in-
fluence band growth and the maintenance of turbulence.

Figure 6 shows a representative realization of Case-LB in
which the turbulent stripe is ultimately sustained, correspond-
ing to the cyan curve in Fig. 4. At the instant immediately
after the end of the deceleration phase, shown in Fig. 6(a),
neither clear intermittency nor LSFs are observed. At the in-
stant of minimum K’, shown in (b), a single seed of a turbulent
spot can be identified near the center of the domain. Although
weak disturbances are still present elsewhere, only one seed
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Figure 6: Instantaneous flow fields in the channel-central x—z
plane at four instants during the transient phase for one repre-
sentative realization of Case-LB. Contours show v/ > |1|, and
vectors of (u',w') are averaged over local 3.2 x 3.28.

develops into a turbulent spot and subsequently into a band.
The black vectors in the figure represent the in-plane veloc-
ity field obtained by applying a low-pass filter. Focusing on
the vicinity of the seed, a characteristic flow structure, as in-
dicated by the red arrows, can be observed, which is in good
agreement with observations of minimal seeds reported by Par-
ente et al. (2022), suggesting that the observed structures cor-
respond to dynamically relevant minimal seeds. Figure 6(c)
corresponds to the instant when K’ reaches a transient maxi-
mum, where the LSFs appear stronger than in the subsequent
state (d) (a quantitative assessment of its intensity is provided
later). Whether turbulence is sustained in Case-LB is deter-
mined by the flow state at the minimum of K’ in (b). Since
the seeds are sparsely distributed—so sparse that only a single
seed is captured within a 102.46 x 102.46 domain—cases in
which no seed is captured are likely to relaminarize.

To clarify the sparse spatial distribution of seeds, the re-
sult for Case-XLB is shown in Fig. 7. Although the exact times
differ, four instants equivalent to those visualized in Fig. 6 are
extracted, and the entire computational domain is displayed.
The characteristic features observed at each instant are con-
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Figure 7: Instantaneous flow fields in the channel-central x—z plane, visualized by the wall-normal velocity fluctuation v/ > |1/, during
the transient phase for Case-XLB, at (a) t* = 0.0005 (just after the end of deceleration phase), (b) t* = 5.25 (closest to the minimum
K’), (¢) t* = 14.6 (maximum K’), and (d) t* = 20.5 (state close to the statistically steady condition), respectively.

sistent with those identified in Case-LB. Of particular interest
is the spatial distribution of seeds in Fig. 7(b). Although nu-
merous seeds are distributed throughout the domain, their mu-
tual spacing can be estimated to be approximately 1008 (note
that both coordinate axes are normalized by 6). Therefore,
in small-domain DNS where no seed is captured within the
computational domain during the deceleration phase, the flow
ultimately relaminarizes. The probability of such relaminar-
ization decreases as the domain size increases, and when the
domain size is sufficiently larger than 1008, seeds are captured
with near certainty, leading to sustained turbulence in the form
of band and stripe patterns.

To provide a more detailed view of the flow field, includ-
ing LSFs, Fig. 8 presents magnified snapshots of a 2008 x
2006 region. The reference frame is translated downstream to
follow the propagation of intermittent structures such as spots
and bands, whose convection velocity is approximately equal
to the bulk velocity (Fukudome & lida, 2012). Immediately
after the end of the deceleration phase, shown in panel (a),
neither intermittency nor large-scale patterns are observed. As
the disturbance subsequently decays, seeds become sparsely
distributed at the instant of minimum K’. Compared with
Fig. 6(b), the seeds appear more densely distributed. This ob-
servation is consistent with Figs. 1(c, d), where K’ remains
larger in Case-XLB during the later stage of deceleration. Al-
though Case-LB is considered to capture the intrinsic struc-
tures of turbulence during the deceleration phase, the depen-
dence on the computational domain size at this scale still war-
rants further discussion. From Fig. 8(b), signatures of LSFs
can be identified, with a characteristic scale on the order of
1005. At this stage, the LSFs are predominantly aligned
with the streamwise direction (highlighted by red circles), and
oblique LSFs are not yet prominent. In panels (c) and (d),
oblique LSFs and band structures become apparent. Although
the spatial arrangement of the bands is not strictly regular, the
spatial scale of the LSFs remains approximately constant, as
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Figure 8: Same as in Fig. 7, but showing magnified views with
vectors of (u/,w') averaged over local 85 x 85. The reference
frame translates in time to follow the propagation of turbulent
bands. Circles and arrows highlight LSFs.

indicated by the blue and gray arrows. From the sequence of
(b)—(d), it is evident that both LSFs and patterns are not sta-
tionary within the observation period, suggesting that the mod-
ulation of these patterns occurs on a time scale of O(10°-101).

To quantify the large-scale pattern formation observed
above, as well as the sparse distribution of seeds (and the
associated LSFs), premultiplied energy spectra are employed
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Figure 9: Pre-multiplied energy spectra at representative in-
stants during the transition phase: (a,b) kyE,y, /W and (c,d)
kzEyww/w'w'. In panel (c,d), a small inset shows the temporal
evolution of the turbulent kinetic energy. The circular markers
indicate the instants corresponding to each colored spectra.

again. Figure 9 shows the spectra in both the streamwise
and spanwise directions, for the corresponding wavelengths
(kx,k;) and velocity components (u’,w'). A comparison with
Case-LB reveals that, in the long-wavelength range, Case-
XLB captures the full spectral bandwidth containing signifi-
cant energy, and that the peak wavelengths differ between the
two cases. In the seed-dominated regime (indicated by the red
line), the peak wavelength in the streamwise direction is lo-
cated at A, =~ 1000, and it slightly increases during the forma-
tion of stripe patterns. The peak A, changes in time and differs
significantly between the seed-dominated and stripe regimes.
These temporal variations are not captured in Case-LB.

CONCLUSION

We performed DNS of plane channel flow in the subcriti-
cal Reynolds number regime where laminar—turbulent banded
patterns emerge, and investigated the flow response during and
after deceleration. The characteristic time scale for turbulent
band formation is * ~ O(10). This finding lends support to
the reliability of the observation conditions of Sano & Tamai
(2016), in terms of the band-formation time scale. After decel-
eration, the seeds of turbulent bands remain dispersed with a
spacing of approximately 1008, from which bands transiently
develop. This spacing differs from that of developed bands or
stripe in equilibrium states. Small domain relative to the seed
spacing leads to probabilistic turbulent band formation.
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