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ABSTRACT
We report on the transport properties and orientational dynamics of ellipsoidal objects advected by laboratory two-dimensional turbulence.
It is found that ellipsoids of different sizes have preferential direction of transport, either along their major axes or minor axes. The two
components of the ellipsoid diffusion coefficient depend on the ratio of the length of the ellipsoids along major axes aa to the turbulence
forcing scale Lf . Large ellipsoids (aa > Lf ) diffuse faster in the direction parallel to their major axes. In contrast, small ellipsoids diffuse faster
in the direction transverse to their major axes. We study this transition vs the ratio aa/Lf and relate it to the coupling between translational and
rotational motion of anisotropic objects. The features of the turbulent transport of ellipsoids can be understood by considering the interaction
of these anisotropic objects with the underlying structure of two dimensional turbulent flows made of meandering coherent bundles.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5113734., s

I. INTRODUCTION

Anisotropic particles are common in many industrial, natural,
and environmental flows,1 affecting processes such as paper mak-
ing, pharmaceutical production, food processing, oceanic micro-
biome growth,2 and even ocean light climate.3 In most practical
cases, anisotropic particles are inertial particles, either because of
the density mismatch between the particles and the fluid or because
the particles have dimensions larger than a characteristic flow scale.
Due to their geometric shape, anisotropic objects placed in a flow
show a coupling between their translational and rotational degrees
of freedom.4 Despite its importance, a complete description of the
behavior of anisotropic objects in disordered flows is still lacking.
Such a description is particularly challenging in turbulent flows.
There has been extensive research based on DNS to study the rota-
tional and translational motion of elongated fibers in isotropic tur-
bulence.1,5,6 For thin rods with a high aspect ratio, the long axes
of the rods align with the direction of the Lagrangian stretching
in chaotic flows.7–9 The situation is further complicated with (1)
finite aspect ratio of the ellipsoids10 and (2) the intricate tangle of
highly convoluted material lines in turbulent flows.11 A large part
of the parameter range of anisotropic objects in turbulence remains
unexplored1 and its exploration requires insights from experimen-
tal studies. Here, we are interested in the diffusion of ellipsoids with

intermediate aspect ratio and their interactions with the underlying
turbulence.

This research topic also resonates with active research carried
out on the transport of anisotropic particles in the so-called bacte-
rial turbulence.12 These chaotic flows are generated at microscopic
scale by dense suspensions of bacteria.13–17 Interestingly, it has
recently been reported that an ellipsoidal particle placed in bacte-
rial turbulence shows an unusual coupling between its translational
and orientational dynamics.18 Though bacterial turbulence exists
at very low Reynolds number, it may share unexpected connec-
tions with hydrodynamics turbulence beyond the superficial visual
resemblance. For instance, the emergence of collective effects in bac-
terial suspensions in confined geometries12 is reminiscent of the
phenomenology of self-organization observed in two-dimensional
(2D) turbulence.19–21 Moreover, correlation in time and in space
originating from the swarming motion of bacteria may be quali-
tatively similar to the behavior of coherent bundles of fluid parti-
cles recently reported in the structure of laboratory turbulent 2D
flows.22,23

In laboratory 2D turbulence, it has been shown that the single
particle dispersion of fluid tracers is determined by the turbulence
kinetic energy and by a single Lagrangian length scale (which is close
to the turbulence forcing scale Lf ).24–28 Studies of the dispersion
of pairs of fluid tracers in such flows revealed that 2D turbulence
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at moderate Reynolds numbers has an underlying Lagrangian fab-
ric, which is composed of continuously evolving bundles of fluid
particles.22,23 These bundles have a characteristic width that is
proportional to the turbulence forcing scale Lf . Fluid particles mov-
ing together within such bundles execute collective random walks.
Recently, it has been shown that these coherent bundles affect the
transport properties of finite-size inertial objects,29 where the scal-
ing law of the turbulent diffusion coefficient of a disc depends on
the size of the disc in comparison to the characteristic width of the
bundles.

Here, we present results on transport properties of anisotropic
objects, floating ellipsoids, in wave-driven 2D turbulence. We study
the transport statistics and orientational dynamics of the ellip-
soids advected by the turbulent flows. The translational dynamics
of the ellipsoids strongly depend on the ratio of the size of the
ellipsoid’s major axis aa to the turbulence forcing scale Lf . Large
ellipsoids (aa > Lf ) diffuse faster in the direction parallel to their
major axes. In contrast, small ellipsoids (aa < Lf ) diffuse faster in
the direction parallel to their minor axes. The latter effect resem-
bles that reported in the case of an ellipsoid placed in bacterial
turbulence.18 In this study, we show how the coupling between

the ellipsoids and the underlying structure of the flow is depen-
dent on the ellipsoid’s size aa. This allows us to discuss the differ-
ences observed between the turbulent transport of large and small
ellipsoids.

II. EXPERIMENTAL SETUP
The experiments are conducted in turbulence generated at the

water-air interface perturbed by Faraday waves.20,21,30 The wave fre-
quencies vary from 30 Hz to 120 Hz corresponding to the flow
forcing scales (Lf ) in the range from 3 to 7.7 mm. The vertical accel-
eration a is characterized by the supercriticality parameter 𝜖 = (a −
ath)/ath which in the reported experiments is in the range from 0.75
to 1.25 (here ath is the threshold acceleration of parametric excita-
tion of Faraday waves). The inertial objects under investigation are
floating circular discs and ellipsoids. Floating objects were manufac-
tured using a 3D Ultimaker 2 + printer with a thickness of 0.5 mm.
The diameter of the discs and the major axes of the ellipsoids aa are
varied from 3 mm to 40 mm. The minor axes bb of the ellipsoids
depend on the aspect ratio (γ), which is defined as the ratio between
minor axes of the ellipsoid and the major axes, γ = bb/aa. The aspect

FIG. 1. (a) MSD of two ellipsoids in the
laboratory frame of reference: aa = 4 mm
(green) and aa = 40 mm (black), in a tur-
bulent flow with Lf = 4.4 mm. MSD in
the body frame of reference, ⟨Δr2

aa⟩ and
⟨Δr2

bb⟩ for: (b) aa = 40 mm, Lf = 4.4 mm,
(c) aa = 4 mm, Lf = 4.4 mm, and (d) aa
= 4 mm, Lf = 3 mm. The aspect ratio of
the ellipsoids is γ = 0.25.
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ratio varies from 0.1 to 1(circular disc). For objects with aspect ratios
equal to one (discs), a marker line was drawn on the top surface of
the disc to track its rotation. All of the objects are washed carefully
and immersed in water for 24 h to remove residual substances that
can pollute the water. The top surface of the floating objects is coated
with a thin layer of Teflon to prevent its wetting in the presence of
steep waves.

The positions of the ellipsoids are recorded with an Andor Zyla
camera at 20 fps for over 40 s. We measure the positions of the
ellipsoids in the laboratory frame of reference (x and y) and their
orientations with respect to the x axes, deriving the velocity vectors
to study the transport dynamics of the objects.

III. DIFFUSION AND ORIENTATION OF THE ELLIPSOIDS
The statistically averaged mean squared displacement (MSD) of

the ellipsoids in the laboratory frame of reference (⟨Δr2⟩) is shown
in Fig. 1(a). Here, Δr = r(t) − r(t0), where r(t) is the position of
the ellipsoid center along its trajectory, and ⟨⟩ denotes the ensem-
ble averaging over many trajectories. For all the experiments, the
ellipsoids show ballistic behavior at short times, ⟨Δr2⟩ ≈ U2t2, and

diffusive behavior at long times, ⟨Δr2⟩ ≈ 2Dt. Here, D is the diffusion
coefficient.

To investigate the effect of anisotropy, the MSD of the ellip-
soids are also computed in the body frame of reference (along aa and
bb). The diffusion along the major and minor axes are annotated as
⟨Δr2

aa⟩ and ⟨Δr2
bb⟩, respectively. Several examples of the body frame

MSD for aa = 40 mm, 4 mm, and Lf = 4.4 and 3 mm are shown in
Figs. 1(b)–1(d). In the body frame of reference, the MSDs are also
diffusive at long time, satisfying

⟨Δr2
aa⟩ ≈ Daat, t ≫ Tf , (1)

⟨Δr2
bb⟩ ≈ Dbbt, t ≫ Tf , (2)

where aa and bb denotes quantities along major and minor axes,
respectively.

There is a clear anisotropy in the body frame MSD of the ellip-
soid, seen as the difference between ⟨Δr2

aa⟩ and ⟨Δr2
bb⟩. Moreover the

results in Fig. 1 clearly show that the relative anisotropy (between
the axis aa and bb) depends on the size of the ellipsoid. When
the forcing scale Lf is fixed to Lf = 4.4 mm, ellipsoids with large
major axes (aa = 40 mm) diffuse faster along their major axes, such

FIG. 2. (a) The ratio between the
body-frame diffusion coefficient Daa/Dbb
obtained in different experimental con-
ditions. (b) Daa/Dbb, (c) ⟨U2

aa⟩/⟨U2
bb⟩,

and (d) τaa/τbb as a function of aa/Lf for
various aspect ratios γ.
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that ⟨Δr2
aa⟩ > ⟨Δr2

bb⟩, Fig. 1(b). For smaller ellipsoids [aa = 4 mm,
Fig. 1(c)], the situation is different: they diffuse faster along their
short axes, such that ⟨Δr2

aa⟩ < ⟨Δr2
bb⟩. A similar change in the pref-

erential direction of the diffusion can also be achieved by keeping
the same size of the ellipsoid aa = 4 mm, and by changing the forc-
ing scale from 4.4 mm to 3 mm, as is seen from the comparison of
Figs. 1(c) and 1(d).

Several questions arise from these observations. (1) Which
scale or parameter determines the dispersion of ellipsoids? (2) Why
larger ellipsoids diffuse faster along the major axes while the smaller
ellipsoids diffuse faster in the direction of the minor axes?

To answer these questions, we compute the diffusion coeffi-
cients Daa and Dbb from the body frame MSD. The ratios of the
diffusion coefficients Daa/Dbb are plotted for different experimen-
tal conditions in Fig. 2(a). When the aspect ratio of ellipsoids is
nonzero, γ ≠ 1, the ratio Daa/Dbb takes values either below or above
unity, as seen in Fig. 2(a). In all the experiments with the ellip-
soid major axes larger than the forcing scale aa > Lf , this ratio
is larger than one, Daa/Dbb > 1, which means that ellipsoids dif-
fuse faster along the major axes. However, in the experiments with
the ellipsoid major axes smaller than the forcing scale aa < Lf ,
the ellipsoids diffuse faster along the short axes, Daa/Dbb < 1. This
anisotropic behavior vanishes when the aspect ratio is close to
unity γ ∼ 1.

The results show that the ratio aa/Lf determines the anisotropy
measured in the diffusion coefficient. We refer to an ellipsoid as large
if aa/Lf > 1, and we call it small if aa/Lf < 1. Figure 2(b) shows the
same ratio Daa/Dbb as a function of the ratio between these two scales
aa/Lf . Two distinct regions of turbulent diffusion related to different
aa/Lf are clearly seen: for small objects Daa/Dbb < 1, while for large
objects Daa/Dbb > 1.

The ratio of Daa/Dbb can be written as

Daa

Dbb
= ⟨U

2
aa⟩

⟨U2
bb⟩

τaa
τbb

. (3)

Here, Uaa and Ubb are the rms velocities along major and minor
axes, respectively, and τaa and τbb are the corresponding Lagrangian
autocorrelation times. Both parameters, the mean kinetic energy
U2 and the correlation time τ, are affected by the ratio aa/Lf [see
Figs. 2(c) and 2(d)]. For either small or large objects, the differ-
ence in the diffusion coefficient is due to the combined effect of
both the change in the mean energy and in the autocorrelation
time.

To characterize further, the observed anisotropy of the diffu-
sion coefficient, we turn to the orientational dynamics of the ellip-
soids. We measure the orientation of the ellipsoid and the direction
of the instantaneous velocity of the ellipsoid in the lab frame. θaa is
defined as the angle between the ellipsoid major axes aa and the x
axes in the laboratory frame and θV is the angle between its veloc-
ity vector and the x axes. If an ellipsoid moves in the direction of
the major axes, the relative orientation angle of the ellipsoid, or the
angle of attack, Δθ = |θaa − θV | ≈ 0○, while Δθ = |θaa − θV | ≈ 90○

corresponds to the transverse motion of ellipsoid.
The probability density functions of the angle of attack |θaa

− θV | for different ratios aa/Lf are shown in Figs. 3(a) and 3(b). For
the same forcing scale of Lf = 4.4 mm, the cases of large (40 mm) and
small (4 mm) ellipsoids are shown. The PDF of the 40 mm ellipsoids
shows a peak at |θaa − θV | = 0○, indicating that for large ellipsoids

FIG. 3. PDF of the angle of attack Δθ = |θV − θaa| for (a) two different ellipsoid size
aa, at the same flow forced at Lf = 4.4 mm, (b) the same ellipsoid size aa = 4 mm at
two different forcing scale. The inserted illustrations show the ellipsoids’ orientation
and preferred direction of motion. (c) rms velocities of ellipsoids for different angles
of attack Δθ = |θV − θaa|. The experimental parameter is the same as that shown
in (a). In all the plots, the corresponding experimental results of the circular discs
(same aa, γ = 1) are also shown for comparison.

(aa/Lf > 1), their movement is predominantly in the direction of the
major axes, as illustrated in the inset. The PDF of the rms velocity of
the ellipsoids for different angles of attack for the same experimental
conditions is shown in Fig. 3(c) as the blue full square. It shows that
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FIG. 4. (a) A typical trajectory of a 4
mm ellipsoid. The trajectory is recorded
for a total time of 60 s with time inter-
val between adjacent image 0.05 s. (b)
A typical trajectory of a 40 mm ellipsoid.
The trajectory is recorded for 60 s with
time interval between adjacent images
of 0.1 s. Both ellipsoids have the same
aspect ratio γ = 0.5. Both trajectories are
recorded in the flow forced at 𝜖 = 0.75
and Lf = 4.4 mm.

ellipsoids moving in the direction of the major axes have higher rms
velocities.

The preferred angles of attack of small ellipsoids are very dif-
ferent from those of large ellipsoids. For small ellipsoids with a
major axes less than the forcing scale aa/Lf < 1 shown in Fig. 3(a)
in red, |θaa − θV | peaks at 90○. As illustrated in the inset of
Fig. 3(a), in this case, the ellipsoids move transversely to the major
axes. Similarly, the conditional rms velocity (averaged over differ-
ent angular domains), shown in Fig. 3(c) (red full circles), is higher
when the small ellipsoid’s velocity is aligned with the minor axes,
|θaa − θV | ∼ 90○.

Similar comparison of the PDFs of the angles of attack is
obtained by keeping the same ellipsoid size and by changing the forc-
ing scale of the flow. In Fig. 3(b), two PDFs of the angles of attack are

shown for a 4 mm ellipsoid in two different flow conditions. For the
flow driven at Lf = 3 mm, the 4 mm ellipsoid behaves like a large
one, with the preferred direction of movement along the major axes.
When the flow is driven at Lf = 7.7 mm, the same ellipsoid behaves
like a small one; its dominant direction is along the minor axes. In
Figs. 3(a)–3(c), the reference cases of the circular discs (γ = 1) are
also shown. The PDFs of angles of attack |θaa − θV | for circular discs
do not shown any peaks, and they are flat within the range from 0○ to
90○. The rms. velocity of the discs is also constant for any orientation
of the disc.

The above statistical analysis suggests that (1) the ratio aa/Lf
is a key parameter that determines the turbulent transport of
ellipsoids, and (2) large ellipsoids diffuse faster and prefer to
move along the major axes with higher velocities. In contrast,

FIG. 5. (a) Temporal evolution of the
translational velocity (blue dashed line)
and the relative orientation of the object
(δθ) (red solid line) for the 3 mm ellip-
soid with γ = 0.33, the flow is forced at
Lf = 4.4 mm. Three images (overlapping
images of the ellipsoid and of the sur-
rounding tracer particles) show the flight
and trap events corresponding to the
time intervals (b) I, (c) II, and (d) III. The
dashed blue lines in (b) and (d) highlights
the contour of the river-like structure that
carries the small ellipsoid.
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small ellipsoids move faster and prefer to diffuse along the minor
axes.

IV. INTERACTION BETWEEN ELLIPSOIDS
AND THE UNDERLYING FLOW

To gain further insights into the dynamics of ellipsoids, we visu-
alized their trajectories and the turbulent fluid motion. Figures 4(a)
and 4(b) show trajectories of ellipsoids of two different sizes tracked
for 60 s, when the turbulent forcing scale is fixed at Lf = 4.4 mm.
Both objects have the same aspect ratio of γ = 0.5. The time inter-
vals between two consecutive positions of ellipsoids are 0.05 s for
Fig. 4(a), and 0.1 s in Fig. 4(b). The symbol is calibrated to rep-
resent the actual size and the orientation of the ellipsoids. A color
code indicates the velocity magnitude: higher velocity is orange-red,
lower velocity is blue-black. Figure 4(b) shows the dynamics of a
large ellipsoid with a major axis of aa = 40 mm. Both the transla-
tion and rotation of this large object show strong fluctuation and its
overall behavior is reminiscent of the random walk of a Brownian
ellipsoid. However, when aa = 4 mm and Lf = 7.7 mm, Fig. 4(a),
which qualifies the ellipsoid as small, the trajectory shows a “flight-
trap” behavior, similar to that reported for fluid particles.31,32 When
a small ellipsoid is trapped, it rotates erratically and its position
slowly fluctuates, as seen in Fig. 4(a). Such “traps” are followed by the
long “flights” events seen as straight parts in the trajectory where the
translation velocity is the highest [orange-red ellipsoids in Fig. 4(a)].

In Fig. 5, the small ellipsoid/flow coupling is studied by visual-
izing the structure of the flow surrounding the object. The temporal
evolution of the translational velocity and of the relative orientation
of the small ellipsoid is shown in Fig. 5(a). Two different regimes can
be seen: a flight (time interval marked as I and III) and a trap (time
interval II).

During the time interval I and III (the flight events), the ellip-
soid’s translational velocity is aligned along its minor axis and its
angle of attack remains high, Δθ ∼ 90○. At the same time, the
translational velocity gradually increases, as seen in the blue curve
in Fig. 5(a) (blue shaded areas). Two images, Figs. 5(b) and 5(d),
illustrate the flight event. Each panel shows time-elapsed images of
the ellipsoid and of the tracer particles for 0.5 s. The tracer parti-
cles reveal coherent bundles in the turbulent flow, similar to those
described in Refs. 22 and 23. These bundles interact with the ellip-
soid, pushing it along its minor axis. The most effective momen-
tum transfer occurs when the minor axis of the ellipsoid is aligned
with the coherent bundle; this explains the correlations observed in
Fig. 4(a) between high velocity events (orange-red) and the ellipsoid
moving transversely. This observation is also consistent with the sta-
tistical result showing that the rms velocity of the small objects is
higher when the velocity direction is aligned along the minor axes,
Fig. 3(c).

As has been shown in Refs. 22 and 23, the coherent bundles
have a finite life time due to their constant interaction with sur-
rounding bundles. During a flight event [Figs. 5(b) and 5(d)], an
ellipsoid is carried by the bundle only for a finite time until it is
trapped again, as illustrated by the pink shaded area (II). When
the ellipsoid becomes trapped, its translational velocity decreases
and stays low while the angles of attack fluctuates strongly in the
range (0○, 90○) due to the erratic rotation of the ellipsoid around
the trapping point, as can be seen in the image in Fig. 5(c). It

FIG. 6. The mixed cross correlation function C(t) for different experimental condi-
tions. (a) Different sizes of ellipsoids aa = 40 mm and aa = 4 mm, at forcing scale
of Lf = 4.4 mm. (b) The same ellipsoids aa = 4 mm γ = 0.5 at different forcing
scales of Lf = 3 mm and 7.7 mm. In both plots, the corresponding MCC for circular
disc is shown.

shows that the ellipsoid is trapped locally and it is rotating. Since
the flow consists of constantly interacting bundles, the ellipsoid
in a trapping region escapes the trap due to an impacting coher-
ent bundle. This detrapping event leads to another flight event
[Fig. 5(d)]. The most efficient detrapping events occur when a bun-
dle impacts the ellipsoid transversely along its minor axis. This
phenomenology of short trap-long flight events is consistent with
the fact that small ellipsoids move principally along their minor
axes.

The alignment of the ellipsoid axes with their velocity vectors is
governed by a coupling between their translational and rotational
motion. A dimensionless mixed cross correlation function18 was
proposed to characterize such coupling,

C(t) = ⟨Δx′Δy′ sin 2θ′⟩/⟨Δx′2 + Δy′2⟩. (4)
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The mixed cross correlation (MCC) function C(t) gives a sta-
tistical ensemble average of the coupling between the translational
motion in laboratory frame and the rotation of the objects (θ′), θ′
∈ [−90○, 90○]. To compute the MCC, we redefine the coordinates
in the laboratory frame according to the initial orientation of ellip-
soids on each trajectory, such that all the ellipsoids will start from
point (0, 0) position with the angle between the new x-axis and the
ellipsoid’s major axis, θ′t0 = 0○. The displacements in this new labo-
ratory frame of reference are Δx′ and Δy′. When an ellipsoid diffuses
along its major axis, it leads to a positive coupling ⟨Δx′Δy′ sin 2θ′⟩
> 0 [see the schematic trajectory in the insert of Fig. 6(a)].
On the other hand, a negative mixed cross correlation function
⟨Δx′Δy′ sin 2θ′⟩ < 0 indicates that the ellipsoid translates along the
minor axis of the ellipsoid [insert of Fig. 6(b)], leading to a negative
coupling.

The MCC’s for two ellipsoids (aa = 40 mm and 4 mm, γ = 0.5)
and a circular disc (aa = 40 mm, γ = 1) under the same flow condi-
tions (Lf = 4.4 mm) are shown in Fig. 6(a). The MCC for a circular
disc is close to zero, as would be expected for an object with indepen-
dent translational and rotational degrees of freedom. C(t) deviates
from zero for both ellipsoids indicating a coupling between the two
degrees of freedom. The translation and rotation of the ellipsoid with
aa/Lf > 1 is positively coupled, C > 0. The MCC shows a change from
positive to negative with the change in aa/Lf : a negative coupling (C
< 0) arises when aa/Lf < 1. Similar to the change of the object size,
a transition from positive to negative coupling can be achieved by
changing the forcing scale of the flow. As shown in Fig. 6(b), for the
same ellipsoids with aa = 4 mm and γ = 0.5, the MCC changes from
positive to negative when the forcing scale of the flow changes from
Lf = 3 mm to 7.7 mm. For the circular disc, the MCC fluctuates but
stays close to zero. The negative “anomalous” coupling observed for
the small ellipsoids confirms that a small ellipsoid advected by the
turbulence moves principally along a direction parallel to its minor
axis.

V. DISCUSSION
The results shown in this study allow us to draw interest-

ing analogies between the turbulent transport of ellipsoids and the
behavior of microscopic ellipsoids placed in a thermal bath or in
bacterial turbulence.

The Brownian motion of an ellipsoid placed in contact with
a thermal bath has been considered theoretically.33–35 Its motion is
characterized by two friction coefficients, γaa along the long axes and
γbb along the short axes. The friction coefficient is larger along the
short axes, thus giving anisotropic diffusion with larger diffusion
coefficient along the long axes. The preferential diffusion of such
a Brownian ellipsoid along the long axes was confirmed in water
confined to two dimensions.36 In the strongly nonequilibrium tur-
bulent flows studied here, the turbulent transport of large ellipsoids
shows analogies with the Brownian motion of microscopic ellip-
soids. Large ellipsoids (aa > Lf ) diffuse faster in the direction parallel
to their major axes. These large ellipsoids interact with many under-
lying coherent bundles. This interaction with many degrees of free-
dom might be the source of the Brownian-like behavior. However,
there are some important differences compared with the behavior
of Brownian objects in thermal equilibrium. For instance in our
macroscopic system, it was shown that not only the dissipation

(characterized by the Lagrangian time scale τ) but also the energy
of the ellipsoid is function of its orientation. Indeed, the rms velocity
of the large ellipsoid is higher when its velocity direction is aligned
with its major axis.

Small ellipsoids (aa < Lf ) placed in wave-driven turbulence
diffuse faster in the direction transverse to their major axes. This
behavior resembles that reported in the case of an ellipsoid placed in
bacterial turbulence.18 More precisely, an unusual coupling between
translation and rotation of ellipsoidal objects has been reported
in dense bacterial suspensions. It was shown that above a certain
concentration, a negative coupling of the translational and orienta-
tional dynamics arise: the microscopic ellipsoid moves on average
principally along its minor axis. As mentioned above, such trans-
port is forbidden for the Brownian motion of ellipsoids in ther-
mal equilibrium. For this reason, this coupling was termed anoma-
lous. This anomalous coupling and diffusion was attributed to the
mechanical properties of swimming microorganisms, being pushers
or pullers, and to the corresponding strain generated by the active
fluid.37 We note that dense suspensions of bacteria have a tendency
to produce swarming motion.13–17 This swarming motion of bacte-
ria seems to share some similarities with the behavior of coherent
bundles of fluid particles recently reported in laboratory turbulent
2D flows.22,23 This similarity creates a tantalizing bridge between
these two very distinct systems and highlights how the transport
properties of chaotic flows are deeply connected to their Lagrangian
structures.

In our experiments, the flow-object coupling results in tra-
jectories of small ellipsoids showing a “flight-trap” behavior, sim-
ilar to the behavior of fluid particles.31,32 When a small ellipsoid
is trapped, it rotates erratically and its position slowly fluctuates.
The most efficient detrapping events occur when a bundle impacts
with it transversely along its minor axis. Indeed, the most effective
momentum transfer occurs when the minor axis of the ellipsoid
is aligned with the impact direction of the coherent bundle. The
traps are followed by long flights events during which the ellipsoid
is carried by the fluid bundle. During the flight, the ellipsoid moves
transversely and gains a substantial amount of kinetic energy. The
flight event is followed by another trap event due to the finite life
time of the bundle. This sequential phenomenology is consistent
with the statistical description of the turbulent transport of small
ellipsoid.

VI. CONCLUSIONS
We present experimental results on the transport of float-

ing ellipsoids placed in wave-driven 2D turbulence. The turbu-
lent transport of these anisotropic objects is strongly affected
by the underlying fabric of the flow. This fabric is made of
a network of coherent river-like structures with a characteristic
width close to the turbulent flow forcing scale Lf . Large ellipsoids
(aa > Lf ) interact with many bundles and as a result diffuse faster
in the direction parallel to their major axes, a behavior reminis-
cent of the dynamics of an ellipsoid undergoing a Brownian motion.
In contrast, small ellipsoids diffuse faster in the direction trans-
verse to their major axes. We show that this coupling between
the translational and rotational diffusion arises as a result of the
advection of the small ellipsoid by a single coherent bundle at a
time.
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