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ABSTRACT

We study the shape evolution of puffs composed of tracers advected in a transitional channel flow. We perform a direct numerical simulation
of a spatially evolving channel flow, where the inflow condition is given by a solution of the Orr–Sommerfeld equation and the flow evolves
through all stages of transition up to fully developed turbulence. In this setting, we release spherical puffs of particles and track their
evolution using measures derived from their approximation as ellipsoids. By varying the initial position of puffs, we characterize the spatial
non-homogeneity of the flow, with respect to both the distance from the wall and, most importantly, the streamwise coordinate along which
the flow evolves. Furthermore, we assess the influence of scale-dependent phenomena on puff shapes by varying the initial size of the clouds
of particles. The present approach explores the interaction between flow features and advected Lagrangian structures. Additionally, it reveals
the interplay between flow scales and how their balance changes during transition, where the intermittency causes large puffs to be much less
elongated than smaller puffs independently of the distance from the walls.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0178426

I. INTRODUCTION

Flows experiencing transition to turbulence occur in a wide vari-
ety of settings, both natural and industrial. Due to their spatial and
temporal complexity, transitional flows remain challenging to study
and further efforts are needed toward their full comprehension. A lam-
inar flow can become turbulent through a multitude of pathways. The
object of this study is Klebanoff-type transition,1 which consists of sev-
eral different stages. At first, some perturbations present in the laminar
base flow are linearly amplified. As they grow larger, the unstable
modes begin to react between themselves, leading to nonlinear effects
and amplification. Finally, transition to turbulence takes place with the
full breakdown of laminar flow and the onset of the energy cascade up
to the dissipative scales. While the very first stages can be analyzed
through linear analysis and the study of the evolution of the eigenmo-
des (i.e., the solutions of the Orr–Sommerfeld equation), the later
stages of transition bear higher complexity, due to the presence of mul-
tiple scales of motion, their mutual interactions, and an overall behav-
ior characterized by strong intermittency.

While transition is usually studied in the Eulerian perspective,2–10

the analysis of Lagrangian trajectories can prove insightful, due to the
possibility of tracking the evolution of material structures in time.11,12

The Lagrangian approach enables the possibility to explore the tempo-
ral evolution of structures and their eventual coherence, together with
their relation with the carrier flow.13 The dispersion of tracer particles
in fully developed turbulent flows has been studied extensively, charac-
terizing the Lagrangian motion of single particles,14–17 pairs,18–24

higher-order structures,25,26 and their mixing.27–30 It is reasonable to
expect that additional useful insight can be gained by the application
of Lagrangian methods to the study of transitional channel flow.
However, particle motion has not extensively been studied in transi-
tional flows. Conversely, studies in transitional channel flows have
dealt with heat transfer problems.31,32 We note that the properties of a
passive scalar are well approximated by tracer particles under certain
conditions, namely when no feedback is exerted on the flow from the
scalar, its timescale is smaller than the smallest dynamically relevant
timescales of the carrier flow and its own molecular diffusion is smaller
than turbulent diffusion.17,28

A specific case of multiparticle structures is that of puffs, which
have been studied, as of now, in homogeneous isotropic turbulence.
Puffs are localized emissions of tracers, initially located in a confined
region of the flow domain. As they are composed of a large number of
particles, their evolution is the result of the combined action of a
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multitude of flow scales. Scatamacchia et al.33 have demonstrated how
the presence of pairs that separate abnormally faster or slower than the
average (in their case, from the Richardson prediction) remains rele-
vant at long times after release and is strongly correlated with the inter-
mittency of the stretching rate and the local properties of velocity
correlations. The presence of such pairs shows that flow scales larger
or smaller than the average size of the puff remain relevant at any
time. Bianchi et al.34 have shown that, in homogeneous isotropic tur-
bulence at a moderately high Reynolds number, particle puffs experi-
ence strong anisotropic stretching for short times (of the order of 10sk,
with sk being the Kolmogorov time), due to the stretching mechanism
of the dissipative scale, which is linked to the imbalance between the
Lyapunov exponents. As puffs grow, the isotropy of the flow at the
larger scales forces puffs to return spherical.

In this work, we aim to study the shape evolution of puffs released
in a transitional channel flow. To do so, we perform a numerical simu-
lation in an elongated domain bounded in one dimension. We set as
inflow condition a Tollmien–Schlichting wave, obtained as solution of
the spatial Orr–Sommerfeld problem. Subsequently, we release spheri-
cal sets of particles, i.e., the puffs, at different locations in the domain,
to explore both the streamwise-dependent features of their evolution
and the influence of the wall-normal distance. Given the importance of
the mutual interaction between puffs and flow scales, we also release
puffs of different sizes. By integrating the trajectories of all particles
composing a puff, we are able to determine the evolution of its shape
and its interaction with the carrier flow. The study of the Lagrangian
perspective through the analysis of tracer particle trajectories has not
been, as of now, extensively applied to wall-bounded transitional flows.
With this work, we aim to extend previously applied methods of
Lagrangian turbulent flow analysis to transitional turbulence. In this
way, we characterize the interaction between multiparticle structures
and transitional flow features. We also provide insight into the behav-
ior of advected quantities in such flows, which may prove useful in the
study of heat transfer and chemical dispersion.

This work is organized as follows: After this Sec. I, Sec. II details
the numerical simulation method, the particle tracking algorithm, and
the numerical tools used to track and analyze the shape of puffs.
Section III shows the results obtained from our analysis. Section IV
provides a discussion of our findings. Section V gives some concluding
remarks. Finally, in Appendix, some brief results on the sensitivity of
our results to the number of particles contained in a puff are given.

II. METHODS
A. Direct numerical simulation

The Lagrangian trajectories employed in this work were obtained
by integrating the position of tracer particles inside a numerically sim-
ulated flow field experiencing spatial transition from a laminar state to
turbulence. The Navier–Stokes equations

r � v ¼ 0; (1)

@v
@t

þ v � rv ¼ � 1
q
rpþ �Dv; (2)

were solved in a rectangular box whose size is Lx � Ly � Lz
¼ 32pd� 2d� pd, with x, y, and z being the streamwise, wall-
normal, and spanwise directions, respectively, and d ¼ 1 is the channel
half-height. The no-slip boundary condition was imposed at the two
walls, i.e., vðy ¼ 61Þ ¼ 0, while a periodic boundary condition is set

along the spanwise direction. Along the streamwise direction, only the
flow field at the inlet (x¼ 0) is prescribed and the flow is let to evolve
spatially up to the end of the domain. A statistically steady and spa-
tially evolving flow is achieved by keeping constant the bulk Reynolds
number Reb ¼ Ubd=� ¼ 3333, with Ub being the bulk velocity and
� ¼ 1=200 the kinematic viscosity of the fluid. Fourier polynomials
were employed to discretize the flow field along the streamwise and
spanwise directions, while a Chebyshev-s approach was used along the
wall-normal direction. The number of Fourier polynomials is
Nx¼ 6144 along the streamwise direction and Nz¼ 192 along the
spanwise direction; Ny¼ 192 Chebyshev polynomials are used along y.
By doing so, the resolution along the streamwise direction is the same
as in the spectral simulations of Vreman and Kuerten,35 even with the
elongated domain. The solution was advanced in time using the three-
stage Runge–Kutta scheme of Spalart et al.,,36 using a constant time
step Dtþ ¼ 0:05. Here and in the following, normalization by means
of wall units (indicated by the þ apex) is done by means of the friction
velocity us ¼

ffiffiffiffiffiffiffiffiffiffi
sw=q

p
and the friction length ls ¼ �=us. To compute

the normalized quantities, we used the value of the wall shear stress
sw found in the turbulent region, that is toward the end of the physical
domain. Thus, the values of us and ls used for normalization are con-
stant everywhere. Forcing is exerted by the inflow condition, which
keeps the flow rate constant in time.

In order to achieve a spatially evolving flow while employing an
expansion in periodic functions along the x direction, the fringe forc-
ing method,37 as implemented by Schlatter et al.,38 was used. A local-
ized forcing was applied in the final portion of the domain (from
x ¼ 0:8Lx onward, that is the fringe region); the momentum equation
is modified so that the flow field at x ¼ 0:8Lx is forced back from
developed turbulence to the desired inflow condition. Accordingly, the
momentum Eq. (2) becomes

@v
@t

þ v � rv ¼ � 1
q
rpþ �Dv þ kðxÞð~v�vÞ; (3)

with kðxÞ being the forcing shape function, which is nonzero only in
the fringe region, while ~v ¼Ucð1� y2Þ þ A2D~v 02D þ A3D~v 03D is the
desired inflow solution and is defined as the superposition of the laminar
profile and two- and three-dimensional Tollmien–Schlichting waves.
The centerline velocity is Uc, and the amplitudes of the perturbations are
set to 6% and 0.2% of the centerline velocity (that is, A2D ¼ 0:06Uc and
A3D ¼ 0:002Uc), for two- and three-dimensional perturbations, respec-
tively. While these values are higher than what is found in similar simu-
lations of temporally evolving channel flow, they are chosen in order to
obtain transition in a shorter length, to limit the streamwise size of the
domain needed to observe the full transition to turbulence.39

The wall-normal component of the perturbation ~v 0 ¼ v̂ 0eiðaxþbz�xtÞ

was obtained by solving numerically the spatially evolving Orr–
Sommerfeld equation,

d4v̂
dy4

� 2 a2 þ b2
� � d2v̂

dy2
þ a2 þ b2
� �2

v̂

� iaRec 1� y2
� � d2v̂

dy2
� a2 þ b2
� �

v̂

" #
� 2iaRecv̂

¼ �ixRec
d2v̂
dy2

� a2 þ b2
� �

v̂

" #
; (4)
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where Rec ¼ 3Reb=2 ¼ 5000 is the centerline Reynolds number of the
parabolic streamwise velocity profile, a and b are the streamwise and
spanwise wavenumbers of the perturbation, andx ¼ 0:3 is the tempo-
ral wavenumber of the perturbation (which is real because the TS
waves evolve only in space).

Equation (4) was solved for a, accounting both for a two-
dimensional (b¼ 0) and a three-dimensional (b¼ 2) perturbation of
the laminar (parabolic) profile. In the two-dimensional case, the
streamwise component of the perturbation was obtained solving the
continuity equation, while in the three-dimensional case Squire’s equa-
tion was used

d2ĝ
dy2

� a2 þ b2
� �

ĝ � Rec ia 1� y2
� �� ix

� �
ĝ ¼ �2ibyv̂; (5)

where ĝ is the wall-normal component of the vorticity.40 Equations (4)
and (5) were solved using the same Chebyshev-s method as the one
used to discretize the flow field of the numerical simulation. The result-
ing nonlinear eigenvalue problem in a was solved using the compan-
ion matrix method. The eigenvalues of the spatial Orr–Sommerfeld
equation are in general complex (i.e., the perturbation is spatially
evolving). Following Schlatter et al.,38 the least unstable eigenvalues
with ReðaÞ > 0:5 are chosen, thus yielding a2D ¼ 1:08þ 0:0046i and
a3D ¼ 0:788þ 0:2106i. In the case of a three-dimensional perturba-
tion, Squire’s equation (5), together with continuity, was used to obtain
both the streamwise and the spanwise components of the
perturbation.

Finally, the forcing shape function is defined as

kðxÞ ¼ kmax S
x � 0:8Lx

Drise

� �
� S

x � Lx
Dfall

þ 1

� �" #
; (6)

where S(y) is a smooth step function defined onR

SðyÞ ¼
0 if y6 0;

1
.

1þ e
1

y�1þ1
yð Þ� �

if 0 < y < 1;

1 if yP 1;

8>><
>>: (7)

and Drise ¼ 0:12Lx andDfall ¼ 0:04Lx are shape parameters that deter-
mine how gradually the forcing is applied. Finally, kmax is of the order
of Dt�1.

The simulation was run until all quantities are statistically station-
ary at all streamwise coordinates and full transition to turbulence is
observed. After that, puffs of particles are released at selected locations

inside the physical domain. Of course, trajectories cannot be integrated
inside the fringe region because their path would not be physical. The
path of each particle is integrated using the same time-stepping scheme
as used for the flow simulation. The velocity at the position of particles
is obtained by means of trilinear interpolation, which provides a rea-
sonable trade-off between accuracy and computational speed. The
velocity is taken from the dealiased fields so that the number of grid
points is increased by a factor 3/2 in the streamwise and spanwise
directions.41 In total, around 1:5� 109 particles were tracked for this
study.

The instantaneous wall-normal component v of the velocity field
is shown in Fig. 1, in both a lateral view (top panel) and a top view of
the flow at the center of the channel, y=d ¼ 0 (bottom panel). The
fringe region is omitted in the figure. The full transition process is
clearly visible: at first only wave-like perturbations are present, which
then become amplified enough to interact non-linearly, especially near
the wall. The late stage of transition, taking place across the entire
height of the channel, is roughly located between x=d ¼ 40 and
x=d ¼ 55, in a region where strong velocity fluctuations are present.
For x=d > 55, the flow is fully turbulent. The evolution of the flow is
accompanied by an increase in wall friction, shown in Fig. 1 (bottom
panel) through the evolution of the local friction Reynolds number
Res ¼ usd=�. The peak of wall friction and, thus, Res is located in the
transitional region. The friction Reynolds number stabilizes around
Res ¼ 200 in the turbulent region, albeit a stationary value. Finally,
three mean velocity profiles taken in the laminar, transitional, and tur-
bulent regions of the flow are shown in Fig. 2. In the turbulent region,
good agreement with the linear velocity profile for low yþ values is
found (see dotted line).

B. Measuring particle puff deformation

We release puffs of particles, composed of Np¼ 1024 tracers dis-
posed uniformly at random on a spherical surface of radius r0. All the
trajectories of particles belonging to a puff are integrated in time using
the time-dependent velocity field from the channel flow simulation.
Accordingly, the shape of the puff can be obtained at all times after
release.

To measure the deformation of each puff, we compute the gyra-
tion tensor, that is the covariance matrix of particle positions.
Following Bianchi et al.,34 the gyration tensor GðtÞ is defined as

GijðtÞ ¼ 1
Np

XNp

n¼1

ðrni ðtÞ � hriiÞðrnj ðtÞ � hrjiÞ; (8)

FIG. 1. In the top panels, lateral and top view of the wall-normal velocity component at a single time, with an inset detailing features of the transitional flow. In the bottom panel,
frictional Reynolds number Res as a function of the streamwise coordinate.
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where ri;nðtÞ is the ith component of the position of the nth particle of
the puff at time t and hrii ¼ 1

Np

PNp

n¼1 ri;nðtÞ is the coordinate of the
center of mass. Some measures can be obtained from the gyration ten-
sor and its eigenvalues ki, which are all non-negative. The trace of the
gyration tensor (which is equal to the sum of its eigenvalues) provides
the squared radius of gyration R2ðtÞ, which is a measure of the size of
the puff. Notably, this measure is in very good agreement with the
average distance of particles from the center of mass of the puff. The
asphericity

AðtÞ ¼
X3
i¼1

kiðtÞ � �kðtÞ
� �2

6�k
2ðtÞ

; (9)

with �kðtÞ being the average of the three eigenvalues, which measures
how spherical the puff is. If A � 0, all eigenvalues have similar values
and the shape of the puff is spherical, while if A¼ 1, one eigenvalue
dominates the others and the puff has the shape of a rod.

III. RESULTS
A. Short term deformation of puffs

In this section, we focus on the stage in which puffs are still small
compared to the size of the channel d. Because spatial non-
homogeneity develops along both the x (because of the transition from
laminar flow to turbulence) and y directions (because of the walls),
also the properties of puffs depend on both the x and y coordinates of
release. At time tþ ¼ 0, we released puffs at several locations inside
the domain, covering both the streamwise evolution of the transitional
flow and its wall-normal extension by disposing equally spaced puffs
along x and y. In particular, 48 equally spaced locations were chosen
along x, and 48 along y, resulting in 2304 distinct release locations cov-
ering the complete domain. For each location, we released several
(N¼ 128) puffs at different times in order to obtain statistically signifi-
cant results, making sure that the spacing between realizations was
enough to avoid correlation issues.

The shape of a puff with initial radius rþ0 ¼ 1:5 released inside
the transitional region (x=d � 46; y=d ¼ 0) is shown in Fig. 3(a)

FIG. 2. Mean longitudinal velocity profiles at different streamwise locations; dotted
lines: linear velocity profile at low yþ.

FIG. 3. (a) Shape evolution of two puffs of different radii, released at the same location (x=d ¼ 46; y=d ¼ 0), at times tþ ¼ 1:25; tþ ¼ 20, and tþ ¼ 50; the radius of the
smaller puff is rþ0 ¼ 1:5, that of the larger is rþ0 ¼ 6. In the inset, the probability density function of the distance of particles from the center of mass of the puff is shown, while
dots indicate the average, i.e., the radius R (the distance is normalized by r0 of the puff). (b) Time evolution of the radius of the puffs shown above; dots indicate the time at
which the puffs in panel (a) are shown. (c) Time evolution of the asphericity of puffs shown above.
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in blue color, exemplifying the behavior of puff shape evolution.
The three panels show the shape of the puff at three different times:
tþ ¼ 1:25 (immediately after release), tþ ¼ 20 and tþ ¼ 50. The puff
is inside the transitional region for all three times shown here, as it has
traveled a distance x=d � 5 downstream from its release location at
tþ ¼ 50. The distribution of the distance of particles from the center
of mass of the puff at the same times is shown in the insets. Shortly
after release, the distribution is very narrow because all particles are
still close to their origin on the surface of the sphere. As time passes,
the distribution widens as puffs are stretched by the flow; some par-
ticles have moved closer together, although most of them are driven
further away from each other.

We observed that puffs are deformed according to the velocity
field locally sampled by particles along their trajectories. Indeed, both
mean shear and velocity fluctuations contribute to the modification of
the shape of puffs. In the laminar region, only mean shear is present
(the Tollmien–Schlichting waves have no significant effect on puff
shape as their behavior is cyclic) and puffs stretch along the streamwise
direction. On the other hand, in the transitional and turbulent regions
the complexity of the flow field reflects onto the deformation of puffs.

In order to systematically analyze the shape of puffs, we com-
puted the quantities defined in Sec. II. Figures 3(b) and 3(c) show the
temporal evolution of the normalized radius of gyration, R=r0, and the
asphericity, A, for the puffs shown above (blue lines). The radius and
the asphericity of puffs rapidly grow after release, following the stretch-
ing mechanism identified by Bianchi et al.,34 which is linked to the
smallest scales of the flow. Subsequently, we observe that the aspheric-
ity decreases, while the rate of increase in the radius grows, but the
radius remains small compared to d. Indeed, as particles sample a
larger region of the domain, they are dispersed along all directions by
the velocity fluctuations at larger scales, which cause a return to isot-
ropy and are also more effective in dispersing them (leading to faster
radius growth).

The cause of the end of the upward transient of the asphericity is
to be found in the increase in spatial scale of the puff and its relation
with the flow scales. In turn, the scale reached by puffs depends on
their initial scale (at least for short times), which determines the point
at which puffs are large enough to experience a decrease in the aspher-
icity. To assess the influence of the initial size r0 and, consequently, the
scale-dependent behavior of puffs at later times, for each release point
in the channel, we placed concentric puffs with different radii r0, rang-
ing from rþ0 ¼ 0:375 to rþ0 ¼ 6 (the set of concentric puffs closest to
the wall is placed with its center at yþ ¼ 6). Figure 3 shows, in orange
color, the shape and properties of a puff released at the same location
as the aforementioned one, but with a radius rþ0 ¼ 6. We observe how
the shapes of the two puffs evolve differently after a short time, of the
order of tens of viscous units. After tþ is around 30, the normalized
radius R=r0 of the smaller puff grows faster than that of the larger one.
Similarly, the asphericity of the smaller puff is larger.

To further elucidate the role of r0, we show in Fig. 4(a) the ratio
Ajrþ0 ¼1:5=Ajrþ0 ¼6 between the asphericity of the puffs with rþ0 ¼ 1:5

and the puffs with rþ0 ¼ 6. To do so, we released sets of concentric
puffs with different values of r0 on a grid along x and y; the ratio
between the two values of the asphericity is shown here at time
tþ ¼ 50. The imbalance between the asphericity of large and small
puffs, already highlighted for the two puffs of Fig. 3(c), is present in the
transitional and turbulent regions, while the asphericity of puffs of

different sizes in the laminar region always has the same values (result-
ing in a ratio equal or very close to one).

Interestingly, the ratio of the asphericity of small puffs to that of
large puffs is larger in the transitional region than in the turbulent
region. Figures 4(b) and 4(c) show the normalized radius and the
asphericity with respect to the radius r0 at three different times (the
same as in Fig. 3), for puffs located in the transitional region
(x=d ¼ 46) and at a wall-normal coordinate y=d ¼ 0 (the center of
the channel). While the initial evolution of puffs is independent of r0,
the imbalance arises after approximately tþ ¼ 10. Figure 4(d) also
highlights how the imbalance of the asphericity is stronger in the tran-
sitional region (solid lines) with respect to the turbulent region (dotted
lines). We also note how at a later time (shown in red in the figure),
the asphericity of the puffs released in the transitional region is
decreasing (especially that of the larger puffs), while the asphericity of
puffs in the turbulent region is still increasing. While all puffs follow
the general trend shown in Fig. 3(c), the exact time at which the
asphericity starts to decrease depends on the release location of puffs.
Because of this, different behaviors can be found at the same time. In
both the transitional and the turbulent region, the imbalance is
increasing with time.

Finally, we note that the imbalance is mostly independent of the
wall-normal coordinate, as is visible from Fig. 4(a). The effect of shear
appears to be the same on puffs of different sizes. Accordingly, the
asphericity is scale-independent in the laminar region (where only
mean shear is present), while its scale dependence does not depend on
y in the transitional and turbulent regions.

In general, the evolution of puff shapes in the transitional and
turbulent regions seems to be characterized by two distinct regimes.
Both regimes take place when puffs are still smaller than the integral
scale of the flow d, but have significantly different associated behaviors.
The first is tightly linked with the initial velocities of particles, due to
the very short timescales involved which are well within the ballistic
regime. The imbalance regime instead is scale-dependent and linked to
the Lagrangian evolution of trajectories beyond the ballistic regime.
The exact threshold between these two regimes, which marks the shift
from growing asphericity to more spherical puff shapes, depends on
the release position of puffs; nonetheless, it is present everywhere in
the transitional and turbulent regions. In the following, we will analyze
both regimes.

1. Ballistic regime

The initial dispersion of particle pertains to the ballistic regime, in
which only their initial velocity plays a role in determining their dis-
placement. Indeed, particle velocities remain strongly correlated with
that at the time of release when the time is much smaller than the
Lagrangian timescale. In this regime, the relative motion of particles is
governed by the initial velocity differences, i.e., the local Eulerian struc-
ture functions,

Di;jðrÞ ¼ h viðx þ rêjÞ � viðxÞ
� �2i: (10)

Although the deformation of a puff is the result of the relative
motion of several [OðN2

p Þ] particle pairs, whose initial separation may
be smaller than or equal to 2r0 (that is, the diameter of the puff), the
initial stretching and straining of a puff can be related to the velocity
differences at the scale of the puff.
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We computed the Eulerian velocity structure function every-
where in the channel domain and at scales r up to the initial size of
the largest puffs (that is, twice the value rþ0;max ¼ 6). To investigate
whether the effect of the initial velocities is responsible for the
appearance of the imbalance, we computed the asphericity of puffs
of different sizes r0 deformed by the effects of velocity differences
at the scale of the puff. To do so, we stretched and sheared puffs
using the values of the structure functions computed inside the
channel flow. The coordinates of the synthetically deformed puffs
were computed as

xiðtÞ ¼ x0i þ
X3
i¼1

x0j
t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Di;jðr0Þ

p
2r0

: (11)

The asphericity of these puffs was found to be independent of r0 for
values of t consistent with the typical times in which no differences
between the asphericity of puffs appeared, which is of the order of
tþ ¼ 10 inside the transitional region [see Figs. 3(b) and 3(c)].
Therefore, the effect of the initial velocity differences is consistent with
the observed initial behavior of puffs, whose shape evolves for very
short times independently of r0. Accordingly, the cause of the appear-
ance of the shape imbalance is not to be found in initial velocity differ-
ences, but rather in their later behavior.

2. Imbalance regime

After the ballistic regime, puff behavior is no longer determined
by the initial velocity of particles, but rather by the entire velocity field
(and the corresponding flow scales) sampled by particles along their
path. We observed (recall Fig. 4) that especially in the transitional
region of the domain, but also in the turbulent region to a lesser extent,
puffs with a larger release size r0 exhibit smaller asphericity than their
smaller counterparts. This phenomenon is tightly linked to the second
phase of the shape evolution of puffs, i.e., when particles are spread
along three dimensions by the velocity fluctuations at intermediate
scales.

We recall that puffs, after being released in the flow, are stretched
into elongated shapes with high asphericity, as is shown in Fig. 3. After
that, the dispersion of particles by velocity fluctuations at scales larger
than that at release results in a decrease in the asphericity. The shift
from one behavior (of growing asphericity) to another (leading to
more spherical puffs) is linked to the different features of flow scales at
different sizes and, accordingly, strongly depends on the scale of the
puff.34 Puffs with larger r0 are the first to encounter the flow scales that
cause the return to isotropic shapes, due to their larger initial size.
Accordingly, their asphericity does not grow as large as that of smaller
puffs, leading to the rise of the imbalance. Notice that although the

FIG. 4. (a) Ratio between the asphericity for puffs with rþ0 ¼ 1:5 and puffs with rþ0 ¼ 6 at tþ ¼ 50; black contour lines indicate a ratio of one. (b) Radius of puffs (normalized
by the radius at release) as a function of r0, shown at subsequent times (puffs released at x=d � 46; y=d ¼ 0). (c) Asphericity of puffs as a function of r0, shown at subse-
quent times, same puffs as in (b). (d) Asphericity of puffs shown at two different x locations (x=d � 46 in the transitional region and x=d � 62 in the region where turbulence
is fully developed), y=d ¼ 0, and at two different times.
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smaller puffs grow faster than the larger ones, as shown in Fig. 4(b),
the non-normalized radius R of the puffs with lower r0 always remains
smaller than that of larger puffs.

In the laminar region, no imbalance appears, i.e., the shape of
puffs with different r0 evolves similarly at all times. Moreover, in the
transitional and turbulent region the imbalance is present with similar
intensity at all y coordinates. These features highlight that the y-depen-
dent mean shear does not contribute to the appearance of the
imbalance.

The ratio of the asphericity of small puffs to that of large puffs is
maximum in the transitional region. In Figs. 5(a) and 5(b), we show
the mean and standard deviation of the three components of the accel-
eration of particles with respect to the wall-normal coordinate y at two
streamwise locations; one is located well inside the transitional region
(dotted lines), while the other is in fully developed turbulence (solid
lines). Both the mean and the standard deviation of particle accelera-
tion for puffs inside the transitional region are larger. The mean accel-
eration is stronger near the walls, where the flow is far from isotropy.
Particles located in the transitional region are subject to intense accel-
erations, caused by the stronger velocity fluctuations, leading to larger
puff deformations.

Additionally, we show the Lagrangian structure function,

DL;iðsÞ ¼ h viðt þ sÞ � viðtÞð Þ2i; (12)

computed starting from the velocity of particles, at the same two loca-
tions as the previous panels, in Fig. 5(c). Again, Lagrangian velocity
differences have far larger magnitude in the transitional region, as a
direct result of the more intense velocity fluctuations.

The peculiar features of the transitional region and of the particle
trajectories within this region are the causes of the increased shape
imbalance that we observed. Transition-induced intermittency, espe-
cially at the smaller scales of the flow, results in stronger scale depen-
dence of puff properties in the transitional region. Other than the

single-particle statistics shown in Fig. 5, we have measured the acceler-
ation of particles belonging to each puff, noticing a larger difference
between the acceleration variance of small and large puffs in the transi-
tional region than elsewhere.

In short, three main aspects of the shape evolution of puffs have
emerged. First, the asphericity has a non-monotonic trend, owing to
the interplay between small scales that stretch puffs and larger scales
that make their shape spherical again. Furthermore, the balance
between these two actions is governed by the initial size of the puff. It
follows that the shape of puffs of different initial sizes evolves differ-
ently, giving rise to a shape imbalance which is tightly linked to the
presence of multiple flow scales. Finally, the imbalance is maximum in
the transitional region, due to the intermittency at small flow scales
and the larger intensity of velocity fluctuations.

B. Long term behavior

While the action of isotropic flow scales causes the reduction in
the asphericity observed previously, as puffs grow larger and larger
they start to undergo the action of the largest, integral scales of the
flow which are anisotropic because of the geometry of the domain.
This is different from what was observed by Bianchi et al.34 in a homo-
geneous and isotropic setting, where the long term behavior was that
of a return to spherical puff shapes.

Figures 6(a) and 6(b) show the radius and the asphericity of puffs
with respect to their streamwise x position. Puffs were released at
x=d ¼ 30 (just before the transitional region in the channel domain)
and y=d ¼ �0:5; two different values of r0 are shown. The growth of
R [Fig. 6(a)] becomes slower as puffs become larger and larger. The
dispersion of particles has entered Taylor’s dispersion regime, when
the time passed since release is much larger than the Lagrangian time-
scale (i.e., the integral up to infinity of the Lagrangian velocity autocor-
relation). When the radius of puffs becomes comparable with the size
of the channel d, the main action exerted on puffs is that of the mean

FIG. 5. (a) Mean of the acceleration of particles depending on the y coordinate. Puffs were released at x=d ¼ 47 (dashed lines) and x=d ¼ 70 (solid lines); (b) standard devia-
tion of the acceleration of particles depending on the y coordinate [same locations as panel (a)]; (c) Lagrangian structure functions at the same locations of panel (a), with blue,
yellow and green indicating the streamwise, wall-normal and spanwise velocity components, respectively.

FIG. 6. (a) Radius of puffs released at
x=d ¼ 30; y=d ¼ �0:5, with two differ-
ent values of r0 and (b) asphericity of the
puffs shown in panel (a).
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velocity profile, which advects particles at different velocities and thus
displaces them into an elongated shape. Furthermore, the channel flow
is bounded in the y direction. Both these effects contribute to the final
increase in the asphericity after a local minimum is reached. As was
the case for the maximum of the asphericity, the minimum is the out-
come of the competing actions of the intermediate, isotropic scales and
of the largest scales present in the channel that are anisotropic. For
long times, differently from the imbalanced behavior previously
observed, all memory regarding the initial condition (including the ini-
tial size of the puff r0) is lost. Therefore, the puffs that have been
advected for a long time, such as those shown in Fig. 6, have similar
values of the radius R and of the asphericity A independently of r0.

IV. DISCUSSION

Results shown in Sec. III show that the overall behavior of puffs
depends on their release location and size and after release is mostly
conditioned by their instantaneous size (which is related to the flow
scales exerting a deformation on them).

When puffs located in the transitional and turbulent regions are
still small compared to the size of the channel, their shape becomes
elongated at first, due to the stretching action of the smallest scales of
the flow; accordingly, their asphericity increases. As their size grows,
puffs sample larger region of space, whose flow scales have a dispersive
effect of particles which, in turn, causes puffs to return more spherical,
thus reducing their asphericity.

Given the importance of puff size in its shape evolution, we ana-
lyzed the effect of the radius at release r0 of puffs, by releasing several
puffs with different sizes at the same location. We found that their
shape evolves differently depending on r0 in the transitional and turbu-
lent regions of the flow. In particular, smaller puffs are more elongated
(and, thus, they have larger asphericity A) than their larger counter-
parts. This is not the case in laminar flow, where the only action
exerted on puffs is that of mean shear, which appears to be the same
independently of scale. The imbalance between the shapes of small
and large puffs does not appear immediately. The very first phase of
puff evolution is governed by Eulerian velocity differences at the scale
of the puff, which we have shown to have scale-independent effects.
Accordingly, for times much shorter than the Lagrangian integral
timescale puffs evolve mostly independently of their initial size r0.

After the ballistic regime, the ratio of the asphericity of small puffs
to that of large puffs is larger than one. Puffs with a larger initial size
are the first to undergo the action of the intermediate flow scales that
cause the return to spherical shapes. In particular, while at smaller
scales puffs still evolve according to the local stretching and therefore
assume elongated, highly anisotropic shapes, at larger scales particles
are instead dispersed along all directions (thus reaching near isotropic
shapes) by the intermediate flow scales. These two phenomena are not
clearly distinct and are instead competing, as puffs can still be stretched
locally while larger flow scales reduce their asphericity. Indeed, given
the high number of particles and the wide distribution of their pairwise
distances, a multitude of flow scales is acting on the shape evolution
of the puff at any time. The balance between the two actions is ruled
by the (average) size of the puff R; when the size is small, the local
stretching effects prevail, otherwise the isotropic dispersion dominates.
Because of this, the imbalance of the asphericity appears to be
caused by the different scales sampled at the same time by puffs with
different r0.

Most importantly, we found that the imbalance of the asphericity,
at any (short) time, is maximum in the transitional region. We have
shown how Lagrangian velocity fluctuations and accelerations are
stronger and with larger variance in the transitional region, with
respect to the rest of the flow and how these fluctuations have different
spatial coherence due to small-scale intermittency.

In transitional flow, we still observe an initial growth of the
asphericity of puffs at all sizes r0. We link this behavior, which is inde-
pendent of the initial scale of the puff, to the action of initial velocity
differences and, ultimately, to the stretching motions at the smallest
flow scales. The differences with the shape imbalance found in fully
developed turbulence emerge only later, when puffs grow larger. The
balance between the aforementioned competing phenomena (local
stretching and larger-scale dispersion) shifts in favor of dispersion only
for the larger puffs, because of the less intense velocity fluctuations at
small scales (still larger than those responsible for the initial stretch-
ing). Indeed, the dispersing features of the flow are less present than in
fully developed turbulence due to intermittency and the incomplete-
ness of the energy cascade. Accordingly, the imbalance between the
shape of small and large puffs is strengthened.

Finally, for very long times, all memory of the initial condition is
lost and puffs become very large to the point that their deformation is
mostly due to the largest scales of the flow, which because of geometri-
cal constraints and the presence of mean flow cause puffs to become
elongated along the streamwise direction. As particle trajectories at
this stage have been integrated over times much longer than the inte-
gral Lagrangian timescale, the initial condition is no longer relevant to
the evolution of puffs; most notably, because of this, puffs behave inde-
pendently of r0.

V. CONCLUSIONS

We have analyzed the evolution of puff shapes in transitional
channel flow, using a simplified representation of puffs derived from
their principal axes. In particular, we focused on their radius and on
the asphericity, which is a measure of how much puffs are elongated
(along any direction).

We have shown the complex interplay of the Eulerian flow fea-
tures of transitional channel flow and of large sets of Lagrangian trac-
ers. The resulting phenomena of puff advection and deformation have
been described with simplified measures of the shape of particle
clouds. While further works may explore more complex measures and
their capability to characterize the shape of puffs, we found that the
measures explored in this work provide strong insight despite their
straightforwardness.

The Lagrangian approach allowed us to explore some geometrical
features of coherent flow structures advected by a transitional flow
with strong spatiotemporal complexity. Through the analysis of puffs,
we examined the interplay between flow scales of different sizes and
their features. We showed how the smallest scales contribute to the
stretching of puffs, while larger flow features have a more even dispers-
ing effect on particles. Most importantly, we were able to quantify how
these effects balance out depending on time and spatial position of
release, by means of a multiscale analysis obtained by varying the ini-
tial size of the puffs. We found out that the imbalance between particle
shape evolution is the largest in the transitional region, a finding we
attribute to small-scale intermittency and the incompleteness of the
inertial cascade.
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Based on present findings, we have shown the validity of the
study of large multiparticle structures, even in cases with a spatial com-
plexity due to the presence of both solid boundaries and a direction
along which the flow transitions to turbulence. The Lagrangian
approach appears suitable to represent the complex interplay of scales
that leads a perturbed laminar flow to turbulence. In particular, the
study of complex multiparticle structures through simplified criteria
leads to a complete description of transition even using a very
reduced-order representation of puff shapes.
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APPENDIX: SENSITIVITY TO THE NUMBER
OF PARTICLES

The measures introduced in Sec. II were derived from the
covariance matrix of particle position which, up to statistical accu-
racy, is not influenced by the number of particles. Because of this,
the method employed in this work is affected only slightly by the

number of particles present in each puff. In Fig. 7, we show the
same results as in Figs. 4(b) and 4(c), with the addition of data com-
puted with puffs composed of Np¼ 625 particles (dotted lines); the
results obtained in this way are very similar to those with
Np¼ 1024. Most notably, the already discussed trends and the pres-
ence of the imbalance are unchanged. As long as particles are dis-
tributed uniformly in the puff at the time of release, no significant
difference in the shape evolution emerges. Of course, the larger Np,
the more accurate the tracking of the puff shape at long times.
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