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‘We study the shape evolution of puffs composed by tracers advected in a transitional chan-
nel 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, both with respect to 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 inter-
action 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 indepen-
dently of the distance from the walls.

I. INTRODUCTION

Flows experiencing transition to turbulence occur in a wide variety of settings, both natural and
industrial. Due to their spatial and temporal complexity, transitional flows remain challenging to
study and further efforts are needed towards their full comprehension. A laminar flow can become
turbulent through a multitude of pathways. The object of this study is Klebanoff-type transition
(Klebanoff, Tidstrom, and Sargentl), which consists of several 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 eigenmodes (i.e. the solutions of the Orr-
Sommerfeld equation), the later stages of transition bear higher complexity, due to the presence of
multiple scales of motion, their mutual interactions and an overall behavior characterized by strong
intermittency.

While transition is usually studied in the Eulerian perspective” ", the analysis of Lagrangian tra-
jectories can prove insightful, due to the possibility of tracking the evolution of material structures
in time'"!2, The Lagrangian approach enables the possibility to explore the temporal evolution of
structures and their eventual coherence, together with their relation with the carrier flow!3. The
dispersion of tracer particles in fully developed turbulent flows has been studied extensively, char-
acterizing the Lagrangian motion of single particles'4'7, pairs'8-2*, higher-order structures®2% and
their mixing?’—C. It is reasonable to expect that additional useful insight can be gained by the ap-
plication of Lagrangian methods to the study of transitional channel flow. However, particle motion
has not extensively been studied in transitional flows. Conversely, studies in transitional channel
flows have dealt with heat transfer problems®'-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
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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!7-28,

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 by a large number of particles, their
evolution is the result of the combined action of a multitude of flow scales. Scatamacchia, Biferale,
and Toschi >* have demonstrated how the presence of pairs that separate abnormally faster or slower
than the average (in their case, from the Richardson prediction) remains relevant at long times after
release and is strongly correlated to the intermittency 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. 3* have shown that, in
homogeneous isotropic turbulence at a moderately high Reynolds number, particle puffs experience
strong anisotropic stretching for short times (of the order of 107, with 7; 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 simulation 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 spherical 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 puft, 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 multi-particle structures
and transitional flow features. We also provide insight on the behavior 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 introduction, section II details the numerical sim-
ulation 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 A,
some brief results on the sensitivity of our results to the number of particles contained in a puff are
given.

Il. METHODS
A. Direct numerical simulation

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

V-v=0 (e))

av 1
g .Vy=—-V A 2
5 +v-Vv 0 p+ VAV 2)

were solved in a rectangular box whose size is Ly X Ly x L, = 32n8 x 28 x ©d, with x, y and z
being the streamwise, wall-normal and spanwise directions, respectively, and 6 = 1 is the channel
half-height. The no-slip boundary condition was imposed at the two walls, i.e. v(y = £1) =0, while
a periodic boundary condition is set along the spanwise direction. Along the streamwise direction,
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only the flow field at the inlet (x = 0) is prescribed and the flow is let to evolve spatially up to
the end of the domain. A statistically steady and spatially evolving flow is achieved by keeping
constant the bulk Reynolds number Re;, = U,6/v = 3333, with U, being the bulk velocity and
v = 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-7 approach was
used along the wall-normal direction. The number of Fourier polynomials is N, = 6144 along the
streamwise direction and N, = 192 along the spanwise direction; Ny = 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 3, even with the elongated domain. The solution was
advanced in time using the three-stage Runge-Kutta scheme of Spalart, Moser, and Rogers 3°, using
a constant time step At™ = 0.05. Here and in the following, normalization by means of wall units
(indicated by the ™ apex) is done by means of the friction velocity u; = /7,/p and the friction
length I; = v /u;. To compute the normalized quantities, we used the value of the wall shear stress
T,, found in the turbulent region, that is towards the end of the physical domain. Thus, the values of
ur and [; used for normalization is constant 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 func-
tions along the x direction, the fringe forcing method®’, as implemented by Schlatter, Stolz, and
Kleiser®, was used. A localized forcing was applied in the final portion of the domain (from
x = 0.8L, onwards, that is the fringe region); the momentum equation is modified so that the flow
field at x = 0.8L, is forced back from developed turbulence to the desired inflow condition. Accord-
ingly, the momentum equation (2) becomes

%+V~VV:7%Vp+vAv+7L(x)(i77v), 3)

with A (x) being the forcing shape function, which is nonzero only in the fringe region, while ¥ =
U.(1 fyz) +A2DV’2D +A39%D 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 U, and the amplitudes of the perturbations are set to 6% and 0.2% of the centerline
velocity (that is, Aop = 0.06U, and A3p = 0.002U,.), for two- and three-dimensional perturbations,
respectively. While these values are higher than what is found in similar simulations 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.

The wall-normal component of the perturbation ¥ = #'e/(%*+Bz=®) \ag obtained by solving nu-
merically the spatially evolving Orr-Sommerfeld equation

2, g2y &P 2, 32\25_ - 2 [d29 2., 82\4 : N
2(a”+p )W+((X +B%) 0 —ioRe. (1—y7) @7((1 +B%) $| — 2ictRe H =

d*p
dy*
2A

. d=v N
= —iwRe, [@ —(a®+p?) v} . @

where Re. = 3Re;,/2 = 5000 is the centerline Reynolds number of the parabolic streamwise velocity
profile, @ and 8 are the streamwise and spanwise wavenumbers of the perturbation and @ = 0.3 is
the temporal wavenumber of the perturbation (which is real because the TS waves evolve only in
space).

Equation 4 was solved for ¢, accounting both for a two-dimensional (8 = 0) and a three-
dimensional ( = 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 equation was used

d2—ﬁ7(a2+ﬁ2)A7Re [ia (1-3%) —io] f = —2iByD 4)
a2 n e |1 Y 0|1 = —2pyv,
where 1) is the wall-normal component of the vorticity*’. Equations 4-5 were solved using the same
Chebyshev-7 method as the one used to discretize the flow field of the numerical simulation. The
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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 Re; as a
function of the streamwise coordinate.

resulting nonlinear eigenvalue problem in ¢« was solved using the companion matrix method. The
eigenvalues of the spatial Orr-Sommerfeld equation are in general complex (i.e. the perturbation
is spatially evolving). Following Schlatter, Stolz, and Kleiser® the least unstable eigenvalues with
Re(a) > 0.5 are chosen, thus yielding app = 1.08 +0.0046i and azp = 0.788 +0.2106i. In the
case of a three-dimensional perturbation, 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

(%) = o [s(ﬂ) 75(X’L*+1>], ©

Avise Agan

where S(y) is a smooth step function defined on R

0 ify<0
()] |
Sy)=<1/|1+e\ Ty ifo<y<1 @)
1 ify>1,

and Az = 0.12L, and A 74y = 0.04L, are shape parameters that determine how gradually the forcing
is applied. Finally, A, is of the order of Ar~!.

The simulation was run until all quantities are statistically stationary 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 reasonable tradeoff between accu-
racy 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*!. In total, around
1.5-10° particles were tracked for this study.

The instantaneous wall-normal component v of the velocity field is shown in figure 1, in both a
lateral view (top panel) and a top view of the flow at the center of the channel, y/§ = 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/8 = 40 and x/8 = 55, in a region where strong
velocity fluctuations are present. For x/8 > 55 the flow is fully turbulent. The evolution of the
flow is accompanied by an increase of wall friction, shown in figure 1 (bottom panel) through the
evolution of the local friction Reynolds number Re; = u;0/v. The peak of wall friction and, thus,
Re; is located in the transitional region. The friction Reynolds number stabilizes around Re; = 200
in the turbulent region, albeit a stationary value. Finally, three mean velocity profiles taken in the
laminar, transitional and turbulent regions of the flow are shown in figure 2. In the turbulent region,
good agreement with the linear velocity profile for low y* values is found (see dotted line).



AlIP
Publishing

L

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

B. Measuring particle puff deformation

We release puffs of particles, composed of N, = 1024 tracers disposed uniformly at random on
a spherical surface of radius ro. 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 gyration tensor, that is the covariance

matrix of particle positions. Following Bianchi et al. 34, the gyration tensor G(t) is defined as
1%
Gij() = 5~ L (07(6) = () (5 (6) = (), ®)
P n=1

where r;,(7) is the i-th component of the position of the n-th particle of the puff at time 7, and
N, . . .
(ri) = Ni nﬁl rin(t) is the coordinate of the center of mass. Some measures can be obtained from
p ==

the gyration tensor and its eigenvalues A;, 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 R(t),
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

3
A=Y ~———" ©

with I(t) being the average of the three eigenvalues measures how spherical the puff is. If A =~ 0, all
eigenvalues have similar values and the shape of the puff is spherical, while if A = 1 one eigenvalue
dominates the others and the puff has the shape of a rod.

Il. 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 6. 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 ™ = 0 we released puffs at
several locations inside the domain, covering both the streamwise evolution of the transitional flow
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FIG. 3. a) Shape evolution of two puffs of different radii, released at the same location (x/8 = 46, y/8 = 0), at
times t* = 1.25, t+ = 20 and T = 50; the radius of the smaller puff is rar = 1.5, that of the larger is ry = 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 ry 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.

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 covering the complete domain. For each location, we released several (N = 128) puffs
at different times in order to obtain statistically significant results, making sure that the spacing
between realizations was enough to avoid correlation issues.

The shape of a puff with initial radius rar = 1.5 released inside the transitional region (x/8 ~ 46,
¥/6 = 0) is shown in figure 3(a) in blue color, exemplifying the behavior of puff shape evolution.
The three panels show the shape of the puff at three different times: t* = 1.25 (immediately after
release), 7 =20 and +* = 50. The puff is inside the transitional region for all three times shown
here, as it has traveled a distance x/§ ~ 5 downstream from its release location at tt =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
pufts are stretched by the flow; some particles 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 parti-
cles 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 computed the quantities defined in
section IL. Figure 3(b)-(c) show the temporal evolution of the normalized radius of gyration, R/ry,
and the asphericity, A, for the puffs shown above (blue lines). The radius and the asphericity of puffs
rapidly grow after release, following the stretching mechanism identified by Bianchi et al. >*, which
is linked to the smallest scales of the flow. Subsequently, we observe that the asphericity decreases,
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while the rate of increase of the radius grows, but the radius remains small compared to 8. 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 isotropy 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 of
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), that determines the point at which puffs are
large enough to experience a decrease of the asphericity. To assess the influence of the initial size
ro 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 rg, ranging from rar =0.375to rar =6
(the set of concentric puffs closest to the wall is placed with its center at y™ = 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 rj = 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 t* is around 30, the normalized radius R /ro
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 ry, we show in Figure 4(a) the ratio A‘rg: Ls /A|V6r:6 between the

asphericity of the puffs with rj’ = 1.5 and the puffs with rj = 6. To do so, we released sets of
concentric puffs with different values of ry on a grid along x and y; the ratio between the two values
of the asphericity is shown here at time 1™ = 50. The imbalance between the asphericity of large
and small puffs, already highlighted for the two puffs of figure 3(c), is present in the transitional and
turbulent regions, while the asphericity of puffs of different sizes in the laminar region always have
the same values (resulting in a ratio equal or very close to one).

Interestingly, the ratio between the asphericity of small and large puffs is larger in the transitional
region than in the turbulent region. Figures 4(b)-(c) show the normalized radius and the asphericity
with respect to the radius ry at three different times (the same as in Figure 3), for puffs located in the
transitional region (x/8 = 46) and at a wall-normal coordinate y/8 = 0 (the center of the channel).
While the initial evolution of puffs is independent of ry, the imbalance arises after approximately
tT = 10. Figure 4(d) also highlights how the imbalance of the asphericity is stronger in the transi-
tional 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 re-
gion is still increasing. While all puffs follow the general trend shown in figure 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 figure 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 &, 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 arole in determining their displacement. Indeed, particle velocities remain strongly correlated



AlIP
/ Publishing

Alro’ =1.5
(a) Alro‘ze

t* =50

(©) ORI @

—— x/6=45.7,t* = 50
=+ x/6=61.9,t* =50
—— xI6=45.7,t* =70
-+ xI6=61.9,t" =70

0.8 — (=50 0.8

0.6 0.7

Riry

0.4 0.6

4 0.2 05

0.0

FIG. 4. a) Ratio between the asphericity for puffs with ra' = 1.5 and puffs with ra' =6 at tT = 50; black
contour lines indicate a ratio of one. b) Radius of puffs (normalized by the radius at release) as a function of
ro, shown at subsequent times (puffs released at x/8 ~ 46, y/8 = 0). ¢) Asphericity of puffs as a function of
o, shown at subsequent times, same pufts as in (b). d) Asphericity of puffs shown at two different x locations
(x/8 =~ 46 in the transitional region and x/8 = 62 in the region where turbulence is fully developed), y/8 =0,
and at two different times.

to 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 structure functions

D j(r) = ((vi(x+18)) =vi(x))?). 10

Although the deformation of a puff is the result of the relative motion of several (& (le)) particle
pairs, whose initial separation may be smaller than or equal to 2ry (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.

We computed the Eulerian velocity structure function everywhere in the channel domain and at
scales r up to the initial size of the largest puffs (that is, twice the value raf max = 0)- 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 ry 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

3 l\/D,’\j(ro).

(1) =20 0V LY 11
) =0 Y = (11)

The asphericity of these puffs was found to be independent of ry for values of # consistent with
the typical times in which no differences between the asphericity of puffs appeared, which is of
the order of t™ = 10 inside the transitional region (see figures 3(b)-(c)). Therefore, the effect of
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the initial velocity differences is consistent with the observed initial behavior of puffs, whose shape
evolves for very short times independently of ry. Accordingly, the cause of the appearance of the
shape imbalance is not to be found in initial velocity differences, 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 figure 4) that especially in the transitional region of the domain,
but also in the turbulent region to a lesser extent, puffs with larger release size r( 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 figure 3. After that, the dispersion of particles by velocity fluctu-
ations at scales larger than that at release results in a decrease of 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 puff3*. Puffs with larger ry 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 smaller puffs
grow faster than the larger ones, as shown in figure 4(b), the non-normalized radius R of the puffs
with lower ry always remains smaller than that of larger puffs.

In the laminar region, no imbalance appears, i.e. the shape of puffs with different ry 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-dependent mean shear
does not contribute to the appearance of the imbalance.

The ratio between the asphericity of small and large puffs is maximum in the transitional region.
In figures 5(a)-(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 turbu-
lence (solid lines). Both the mean and the standard deviation of particle acceleration for puffs inside
the transitional region are larger. The mean acceleration is stronger near the walls, where the flow
is far from isotropy. Particles located in the transitional region are subject to intense accelerations,
caused by the stronger velocity fluctuations, leading to larger puff deformations.

Additionally, we show the Lagrangian structure function

Dri(t) = ((vi(t + 1) —vi(1)?), 12)

computed starting from the velocity of particles, at the same two locations as the previous panels,
in figure 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,
especially at the smaller scales of the flow, results in stronger scale-dependence of puff properties
in the transitional region. Other than the single-particle statistics shown in figure 5, we have mea-
sured the acceleration of particles belonging to each puff, noticing a larger difference between the
acceleration variance of small and large puffs in the transitional 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 pufts 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 differently, 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.
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FIG. 5. (a) Mean of the acceleration of particles depending on the y coordinate. Puffs were released at x/8 = 47
(dashed lines) and x/& = 70 (solid lines); (b) Standard deviation 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
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FIG. 6. (a) Radius of puffs released at x/§ = 30, y/8 = —0.5, with two different values of ro; (b) Asphericity
of the puffs shown in panel (a)

B. Long term behavior

While the action of isotropic flow scales causes the reduction of the asphericity observed previ-
ously, 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 e al. 3 in a homogeneous and isotropic setting, where the long term
behavior was that of a return to spherical puft shapes.

Figures 6(a) and (b) show the radius and the asphericity of puffs with respect to their streamwise x
position. Puffs were released at x/8 = 30 (just before the transitional region in the channel domain)
and y/d = —0.5; two different values of r( are shown. The growth of R (figure 6(a)) becomes slower
as puffs become larger and larger. Particles dispersion has entered Taylor’s dispersion regime, when
the time passed since release is much larger than the Lagrangian timescale (i.e. the integral up to
infinity of the Lagrangian velocity autocorrelation). When the radius of puffs becomes comparable
with the size of the channel 8, the main action exerted on puffs is that of the mean velocity profile,
which advects particles at different velocities and thus displaces them into an elongated shape. Fur-
thermore, the channel flow is bounded in the y direction. Both these effects contribute to the final
increase of the asphericity after a local minimum is reached. As was the case for the maximum of
the asphericity, the minimum is the outcome of the competing actions of the intermediate, isotropic
scales and of the largest scales present in the channel that are anisotropic. For long times, differ-
ently from the imbalanced behavior previously observed, all memory regarding the initial condition
(including the initial size of the puff r) is lost. Therefore, puffs that have been advected for a long
time, such as those shown in figure 6, have similar values of the radius R and of the asphericity A
independently of rg.
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IV. DISCUSSION

Results shown in the previous section 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 analyzed the effect of the radius at
release ry of puffs, by releasing several puffs with different sizes at the same location. We found
that their shape evolves differently depending on ry in the transitional and turbulent regions of the
flow. In particular, smaller puffs are more elongated (and, thus, they have larger asphericity A) than
their larger counterparts. 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 rg.

After the ballistic regime, the ratio between the asphericity of small and large puffs is larger
than one. Puffs with 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 ry.

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 ry. We
link this behavior, which is independent of the initial scale of the puft, 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 stretching).
Indeed, the dispersing features of the flow are less present than in fully developed turbulence due to
intermittency and the incompleteness 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 be-
cause of geometrical 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 integral Lagrangian timescale, the initial condition is no longer relevant to the
evolution of puffs; most notably, because of this puffs behave independently of rg.
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V. CONCLUSIONS

We have analyzed the evolution of puft 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 features of transitional channel flow
and of large sets of Lagrangian tracers. 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 straightforward-
ness.

The Lagrangian approach allowed us to explore some geometrical features of coherent flow struc-
tures advected by a transitional flow with strong spatio-temporal 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 dispersing 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 initial size of the pufts. 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.

Based on present findings, we have shown the validity of the study of large multiparticle struc-
tures, even in cases with a spatial complexity 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 par-
ticular, 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 A: Sensitivity to the number of particles

The measures introduced in section IT were derived from the covariance matrix of particle position
which, up to statistical accuracy, 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 figure 7, we show the same results as in figure 4(b)-(c), with the addition of data computed
with puffs composed of N, = 625 particles (dotted lines); the results obtained in this way are very
similar to those with N, = 1024. Most notably, the already discussed trends and the presence of the
imbalance are unchanged. As long as particles are distributed uniformly in the puff at the time of
release, no significant difference in the shape evolution emerges. Of course, the larger N, the more
accurate the tracking of the puff shape at long times.
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FIG. 7. a) Radius of puffs (normalized by the radius at release) as a function of r(, shown at subsequent times
(puffs released at x/8 = 46, y/& = 0); here and in the panel on the right, the dotted lines indicate the same
results computed with 625 particles, while the solid lines report the results with N, = 1024. b) Asphericity of
puffs as a function of ry, shown at subsequent times (same puffs as in (a)).
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