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Figure 1 Localized turbulence in basic shear flows. (a) A turbulent
spot in pipe flow (data from the authors’ numerical simulation); (b) a
turbulent spot in channel flow [18]; (¢) turbulent bands in plane Couette
flow [19]; (d) turbulent bands in Taylor-Couette flow [15].
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Figure 2 (Color online) Structure of a turbulent spot in pipe flow and
turbulent bands in channel flow. (a) The top figure shows the
distribution of turbulence intensity in the cross-section along the pipe
axis. The bottom figure shows the distribution of turbulence intensity
and centerline velocity along the pipe axis [34]. (b) Fluctuations of the
streamwise velocity in the cross-section located at 1/4 channel height
from the bottom wall (data from the author’s numerical simulation).
Blue and red colors show low-speed and high-speed regions,
respectively. Flow is from the left to the right. Vectors show in-plane
velocities.
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Figure 3 (Color online) The exact coherent states that have the
characteristics of turbulent puffs in pipe flow [54] ((a)—(c)) and
turbulent bands in channel flow [57] (d). (a) The streamwise velocity
perturbation of a real turbulent puff, red means positive and blue means
negative values. (b), (c) The same quantity of the lower branch and
upper branch invariant solutions resulting from a saddle-node bifurca-
tion. (d) For channel flow, a relative periodic orbit (RPO) was obtained
by continuing the turbulent flow down to Re = 403.2, much below the
lowest Reynolds number for the existence of turbulent bands, Re ~ 660.
The RPO bifurcates off the lower-branch traveling-wave solution that
appears after a saddle-node bifurcation. The RPO is banded and consists
of wave-like velocity streaks, in resemblance of a turbulent band.
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Figure 4 (Color online) The temporal intermittency of turbulent spots
in pipe flow and turbulent bands in channel flow. (a) The characteristic
time scales for a spot to decay and split as functions of the Reynolds
number [66]. (b) The dependence of the mean lifetime of a turbulent

band on the Reynolds number and the band length (in unit of half
channel height) [72].
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Figure 5 (Color online) The pattern formation and DP phase
transition in TCF [79]. (a)—(c) The patterns formed in the azimuthal-
axial plane at Re = 331, 333, and 349, respectively, where the red color
marks the turbulent region. (d) The turbulence fraction (TF) as a
function of the relative distance to the critical Reynolds number
(Re—Re_)/Re,. The red line corresponds to the scaling law of TF = [(Re
—Rec)/Re(.]ﬂ where the critical exponent § and the critical Reynolds
number Re, take the value of their best fit.
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Transition to turbulence in shear flows has been a long-standing problem of fluid mechanics. In recent decades, great
advancements have been made in this area, especially in the spatio-temporal intermittency of the subcritical transition.
Even in simple shear flows, localized turbulence exhibits spatio-temporal complexity on large scales. Studies of this
complexity have gradually revealed the relationship between the subcritical transition and non-equilibrium phase
transition, i.e., transition probably belongs to the directed-percolation universality class that embraces a broad range of
critical phenomenon. Although it has been long believed that the subcritical transition in all shear flows belongs to this
universality class, only until very recently has the evidence been obtained in Taylor-Couette experiments. However, in
pipe and channel flows, the vast spatial and temporal scales involved hinder experimental and numerical measurements
to reach sufficiently close to the critical point. Besides, the spatio-temporal characteristics of localized turbulence in
channel flow at low Reynolds numbers seem more complicated than the simple dynamics of directed percolation.
Therefore, the generality of the phase-transition analogy of shear-flow transition remains to be clarified.
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