European Journal of Mechanics / B Fluids 108 (2024) 104-118

Contents lists available at ScienceDirect

European Journal of Mechanics / B Fluids

journal homepage: www.elsevier.com/locate/ejmflu

Check for

Dynamics and applications of finite-size fibre-like objects in turbulent flows

Alessandro Chiarini ?, Marco Edoardo Rosti ", Andrea Mazzino "¢

a Complex Fluids and Flows Unit, Okinawa Institute of Science and Technology Graduate University (OIST), 1919-1 Tancha, Onna-son, Okinawa 904-0495, Japan
b Department of Civil, Chemical and Environmental Engineering, Via Montallegro 1, Genova, 16145, Italy
¢ INFN, Instituto Nagzionale di Fisica Nucleare, Sezione di Genova, Via Dodecaneso 33, Genova, 16146, Italy

ARTICLE INFO ABSTRACT

Keywords:
Fibre-laden turbulent flows
Multiphase flows

This review delves into the dynamics of fibre-laden turbulent flows, a field that has garnered substantial
attention due to its relevance in both natural and engineering contexts. The focus here is mainly on finite-size
fibres, those exceeding the Kolmogorov scale, diverging from the commonly studied smaller ones. The study
synthesises current understanding of the behaviour and organisation of both rigid and flexible finite-size fibres
within turbulent flows, underscoring the added complexity these anisotropic particles introduce compared to
their spherical counterparts. The influence of the length, the curvature and the inertia on the dynamics of rigid
and flexible fibres is addressed. Fibre-based novel experimental methods, such as Fibre Tracking Velocimetry,
are highlighted. Ultimately, this paper seeks to provide a clearer picture of the intricate dynamics at play in
fibre-laden turbulent flows and their practical implications in various fields.

1. Introduction From the numerical point of view, over the years a large number of
studies has focused on the dynamics of the dispersed phase assuming
that the suspension is dilute enough, so that the backreaction of the
solid phase to the carrier fluid can be safely neglected. Based on these
hypothesis, one-way coupling approaches (i.e. the fluid is not affected
by the presence of the solid phase) are used and the problem is largely
simplified. In case of rigid particles with ellipsoidal shape that are
sufficiently small to be modelled as evolving in a Stokes flow, Jeffery
and Filon [20] derived an analytical expression for the fluid torque
acting on the particle. This expression has been later generalised to

Turbulent flows laden with fibre-like objects have been the focus
of many studies over the last years, since suspension of anisotropic
objects in turbulent flows are often encountered in several natural en-
vironments and engineering applications [1-3]. Few examples are mi-
croplastics or non-motile microorganisms in aquatic environments [4],
marine litter in the ocean [5,6], locomotion of bacteria or planktonic
organisms [7], the formation of algae aggregates [8], and the pulp
production in papermaking [9,10]. However, the fluid—structure inter-
action mechanisms between fibres and the fluid’s degrees of freedom

are non-trivial even in the context of laminar flows. The role of fibres
in enhancing swimming/flying organism locomotion efficiency through
spontaneous symmetry breaking and resonance [11-13] phenomena is
just one relevant example underscoring their critical contribution to the
dynamic interaction between organisms and their fluid environments.

Compared to the more studied spherical particles [14,15], the
anisotropic character of fibre-like objects gives additional complexity
to their interaction with the flow. Already in the idealised case of rigid
fibres, these objects show some peculiar features, such as preferential
alignment with some properties of the flow like vorticity or strain rate
principal directions [16], and a complex motion characterised by tum-
bling and spinning [17-19]. This further complicates the interaction
between the fluid and the solid phase, and the scenario becomes even
more intricate in the case of flexible fibres; in this case the suspended
fibres have many degrees of freedom in deformation, and can even
exhibit instabilities [3].
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other shapes, and has been largely exploited for a large variety of
problems, including studies on the rheology of suspensions in low
Reynolds number conditions [21], and on the dynamics of dispersed
fibres in turbulent flows [16].

Despite the relevance of these studies, the approaches based on
the Jeffrey’s solution are justified only under the strict assumption
of small and rigid objects. The Stokes approximation, indeed, holds
only when the particle Reynolds number is very low and the flow
around the particle is smooth. Moreover, when considering relatively
high concentrations of fibres, one has to consider the two-way coupled
problem: the fibres are transported (and potentially deformed) by the
flow and, in turn, they modify the surrounding flow due to the no-slip
condition at their surface [14,15]. In this sense, large steps towards
a comprehensive understanding of the complex interaction between
rigid/flexible fibres and the fluid phase have been performed thanks to

Received 23 February 2024; Received in revised form 21 May 2024; Accepted 6 July 2024

Available online 11 July 2024
0997-7546/© 2024 The Author(s).
(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier Masson SAS. This is an open access article under the CC BY license


https://www.elsevier.com/locate/ejmflu
https://www.elsevier.com/locate/ejmflu
mailto:marco.rosti@oist.jp
https://doi.org/10.1016/j.euromechflu.2024.07.007
https://doi.org/10.1016/j.euromechflu.2024.07.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.euromechflu.2024.07.007&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Chiarini et al.

the increase of the supercomputer’s power, which enables to resolve the
flow around each object by means of suitable techniques, e.g. immersed
boundary methods [22-26]. Also, in many applications fibres are flex-
ible. In this case, the way they interact with the flow is not trivial and
requires a more complex modelling approach as they may experience
large deformations, and force the flow at their characteristic scales and
frequencies. For small fibres the most common modelling approach
relies on the slender body theory; see for example the work by Olivieri
et al. [27] and the works by Young and Shelley [28], Wandersman et al.
[29], Quennouz et al. [30], which show that the dynamics of the fibres
is largely influenced by the flow-induced buckling instabilities.

The flow modulation by solid/flexible non spherical objects in non-
dilute conditions has started to be studied over the last few years [see
for example [27] and references therein]. When the concentration of
the fibres is large enough the flow shows a substantial departure from
the classical phenomenology observed for a purely Newtonian fluid. In
homogeneous isotropic turbulence, for example, the presence of the
solid phase interacts with the classical energy cascade and modifies
the scale-by-scale energy redistribution [31]. In turbulent channels,
instead, the presence of non spherical objects modifies the mean flow
and the organisation of the near-wall velocity fluctuations, potentially
leading to a reduction of the friction drag [23].

From a complementary perspective, recent studies have focused on
the possibility of exploiting fibre-like objects to measure the proper-
ties of turbulent flows [25,32-34]. Rosti et al. [32] and Rosti et al.
[34] considered flexible fibres and found that they present a different
flapping motion depending on their flexibility. They observed that in
some regimes, fibres may behave as a proxy of turbulent eddies of com-
parable size, and enable the measurement of two-point flow statistics,
by simply tracking the motion of the end-to-end fibres. Following the
seminal work by Cavaiola et al. [25], Brizzolara et al. [35] introduced
a novel experimental technique, named “Fibre Tracking Velocimetry”,
which measures the properties of turbulence at a fixed length scale, by
following the translation and rotation of rigid fibres, extending already
existing techniques based on particle tracers.

The aim of this contribution is to review the last progresses on
turbulent flows laden with fibre-like objects. This review comes after
the works by Voth and Soldati [16] and du Roure et al. [3], which have
mainly considered small fibres. To differentiate, here we mainly focus
on finite-size fibre-like objects, i.e. anisotropic particles with size larger
than the Kolmogorov scale. Some works dealing with sub-Kolmogorov
fibres are however considered for comparison purposes. The specific
objectives of this work are: (i) to briefly describe how finite-size fibre-
like objects behave in a turbulent flow and how they are distributed,
focusing on the effect of their length, shape and inertia, and (ii) to
review how solid/flexible fibre-like objects can be used as tools to
control the flow, or to extract flow features.

2. How are fibre-like objects organised in turbulent flows?
2.1. Rigid objects

The dynamics of anisotropic particles moving within a flow is rich
and complicated. Depending on their size and inertia, these particles
may rotate, tumble, spin, and preferentially locate themselves in spe-
cific regions of the flow. The term ‘tumbling’ denotes the orientational
dynamics of the particles’ symmetry axis, while ‘spinning’ refers to
the rotation of the particles around their own symmetry axis; see
Fig. 1. Anisotropic particles have a preferential direction that influences
their alignment, their overall dynamics, and their ability to cluster in
particular regions of the flow.

In the case of rigid particles with ellipsoidal shape and which are
sufficiently small to be considered to evolve in a Stokes flow, an
analytical expression for the fluid torque acting on the particle was
originally derived by Jeffery and Filon [20]. This formulation has been
then generalised to other shapes and widely exploited in a variety of
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Fig. 1. Sketch of an anisotropic particle. 2, refer to the spinning rotation rate, i.e. the
component of the rotation rate around the symmetry axis. £, refer to the tumbling
rotation rate, i.e the component of the rotation rate perpendicular to the symmetry
axis.

problems to characterise the rheology of suspensions [see e.g. [21]].
Several works have indeed used this model to characterise the dynamics
of small dispersed fibres in turbulent flows [see [16] and references
therein]. However, the approach based on Jeffery’s solution does not
apply if the Reynolds number at the fibre length scale is not sufficiently
small or if the flow surrounding the fibres is not smooth. The dynamical
behaviour of fibres with length well within the inertial range of scales,
in fact, is far less understood and has only recently been considered by a
few experimental [e.g., [17,19,36]] and numerical [e.g., [22]] studies.

2.1.1. Homogeneous isotropic turbulence

The translational and rotational motion of rigid fibres in turbulent
flows depends on their shape and length, and on the ratio between
their characteristic length and that of the flow. This problem has been
extensively studied by Shin and Koch [37]. They performed direct
numerical simulations to study the motion of fibres in homogeneous
isotropic turbulence. They used the slender-body theory [38] on neu-
trally buoyant fibres, and solved the fluid-structure interaction problem
by dividing the flow region around a single fibre in inner and outer
region by means of an asymptotic expansion (see their paper for more
details). They varied the length of the fibres in the 0.3 < L/n < 59
range (5 is the Kolmogorov scale) to consider fibres smaller and larger
than the Kolmogorov scale. They observed that fibres with L <« 7
translate like fluid particles and rotate like fluid material lines [39].
The fibre acceleration a variance matches the acceleration variance
of a fluid particle, and the fibres rotation rate depends on the local
velocity derivatives (see Fig. 2). When the fibres length increases,
instead, their motion does not follow the local properties of the flow.
Their translational and rotational motions slow down, as the fibres
become more insensitive to the fast small-scale eddies. This results into
a decrease of the fibre acceleration and rotation-rate variances (see
Fig. 2).

Parsa et al. [41] report the first three-dimensional experimental
measurements of the orientation dynamics of small rodlike particles
in a turbulent flow. In their study they considered small ellipsoidal
particles with length of L = 2.6y and L = 4.85, and observed how the
rotation rate changes with the aspect ratio 4 = L/d of the ellipsoid;
d is the minor length of the particles. They observed a quite good
agreement of their experimental results with the model of Jeffery and
Filon [20]. The only discrepancy they found was associated with the
tails of the probability density function of the squared rotation rate,
suggesting that the finite size of the fibres influences only the rare
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Fig. 2. Left: the fibre acceleration a variance normalised with the acceleration variance of a fluid particle as a function of the fibre length L. The orange circles are from the
direct numerical simulations of [37] and refer to different Re;,. The blue symbols denote experimental data for spherical particles with diameter L, from [40]. Right: variances
of the fibre rotation rate as a function of the fibre length. I, is the Kolmogorov shear rate. Green and grey circles denote results for the initial and long-time (after the fibre
orientation has become correlated with the turbulent flow) variances respectively. I', = (¢/v)!/? is the Kolmogorov shear rate. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
Source: Adapted from [37].

but intense events for L/n 3 5. Tracking the motion of the fibres,
they observed that their rotation rate does not increase when fibres are
caught in a vortex, since they align with the vorticity. This reflects the
tendency of anisotropic particles to become aligned with the velocity
gradients of the flow. They also found that the mean square rotation
rate of elongated fibres with 4 > 1 immersed in a turbulent flow is
much smaller than that of randomly oriented fibres. This is because
the alignment of the fibres with the vorticity reduces the variance
of the rotation rate, as only the vorticity perpendicular to the fibres
contribute to their rotation rate. They also found that for anisotropic
particles the probability density function of the square rotation rate has
larger tails compared to spherical particles. In fact, a small variation
of the orientation of the fibres with respect to the velocity gradient
tensor contribute to additional large fluctuations, resulting to high
rotation rate events. Later, Chevillard and Meneveau [42] numerically
generalised the work of Parsa et al. [41] and considered the orientation
dynamics and rotation rate of general triaxial-ellipsoidal particles,
i.e. particles with major semi-axis of length d,, d, and d; with d, # d, #
d3, in homogeneous isotropic turbulence. However, they considered a
generalisation of Jeffery’s equations reported in Junk and Illner [43]
and, thus, their analysis is valid only for particles that are smaller than
the Kolmogorov scale. They found that triaxial ellipsoids that are very
long in one direction, very thin in another and of intermediate size in
the third one, exhibit reduced rotation rates around the major axis,
like for rods. In contrast, they exhibit increased rotating rates in the
direction with the smallest thickness, like for axisymmetric discs.

The dependence of the rotation of anisotropic particles on their
shape has been investigated by Byron et al. [44]. They considered
cylinders and spheroids, i.e. shapes that are characterised by an axis of
symmetry and two other axes of equal lengths. The authors used both
numerical and analytical calculations based on the Jeffery’s approx-
imation, and laboratory experiments. They considered particles with
size that ranges between the dissipative and the inertial subrange of
turbulence, with L > #.

The experiments validate their numerical simulations, meaning that
the dependence of the particles’ rotation on their shape does not change
with the particle size. They observed that the symmetry axis of the rods
follows closely the second strain eigenvector e, and vorticity, while the
symmetry axis of the discs tumbles in the plane spanned by the strain
eigenvectors, e; and e;. Similar results for rods have also been reported
by other authors; see for example Ni et al. [45] and the experimental
work of Sabban et al. [46] for fibres with L =~ 25. Byron et al. [44]
found that rods mainly spin around their own symmetry axis at a rate
that is half of the vorticity, while discs tend to tumble more than they
spin. However, despite this difference, they found that the variance of
the total rotation rate does not change with the particle shape, meaning
that the total energy the particle subtracts from the flow to rotate
remains the same.
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The tumbling rotation rate of fibre-like objects has been extensively
investigated [17-19]. Parsa and Voth [17] specifically investigate the
tumbling rotation rate of rods with lengths within the inertial range
of turbulence. They consider fibres with diameter ¢ smaller than or
equal to the Kolmogorov scale, and length L in the 2.8 < L/ <
72.9 range. By using dimensional arguments, they predicted a scaling
law that has been confirmed by their experimental measurements. In
particular, they assumed that long rods can only rotate and align due
to the action of eddies with comparable size. Based on this hypothesis,
they found that, for rods with length scale L, the mean square rotation
rate due to tumbling (£,) scales like TZZ, where 7; is the time scale of
eddies of size L, being defined as t;, = L/u; = L/(Le)'/> where u;
is the velocity at length L and e is the mean energy dissipation rate.
Therefore, their dimensional argument gives (&, )~ L™*/3 for L in
the inertial range. Interestingly, they found a pretty good agreement
between their predicted scaling and the results obtained from their
experiments (see the left panel in Fig. 3). Their results, for the first
time, pave the way for using long rods to access the spatial structure
of the flow in the inertial range of turbulence, as discussed later in
Section 3.2. Later, Bordoloi and Variano [18] considered particles with
cylindrical shape and experimentally investigated their rotation rate in
homogeneous isotropic turbulence. They considered elongated particles
with maximum size within the inertial range, i.e. with 16 < L/n <
67. However, unlike the previous work by Parsa and Voth [17], they
considered particles with radial dimension larger than the Kolmogorov
scale, i.e. 16 < d/n < 66. Based on similar dimensional arguments
as Parsa and Voth [17], they proposed a scaling law for the mean square
total rotation (spinning + tumbling) rate Q = Q, + Q,. They observed
that in their space of parameters the scaling law is not based on L,
but on d,,, where d,, is the diameter of the volume equivalent sphere,
lLe. (@)1 ~ (deq/n)_4/3; see the right panel of Fig. 3. According to
their discussion, the difference with the previous scaling is due to the
fact that for fibres with d < #, the radial dimension does not influence
the rotation rate of the particle, while for d > 7 it does, as it responds
to the turbulent structures of the flow. The fact that this scaling law
depends on d,, and not on L or d, suggests that the rotation rate of
anisotropic particles with size within the inertial range does not depend
on their shape, confirming the results by Byron et al. [44] for sub-
Kolmogorov particles. Later, Bounoua et al. [19] addressed the results
of Parsa and Voth [17] and Bordoloi and Variano [18], and investigated
the discrepancies of their proposed scaling laws. They experimentally
studied the role of the aspect ratio of the fibres on their rotation rate,
and found that the fibre inertia is at the origin of the discrepancy.
They considered cylindrical rigid fibres and varied the length within
the inertial range, considering aspect ratios 4 in the 2.5 < 1 < 80
range. They found that the variance of the fibres tumbling rate follows
(2,2,)~ 1/(1+St[2)r3 (n/L)*3, where St, is the tumbling Stokes number

and 7, = 1/v/e is the Kolmogorov time scale. When S?, <1 the slender
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Fig. 3. Mean square rotation rate of long rods as a function of the rod length. Left: case with d < n with data taken from [17]. Right: case with d > 5, with data taken from [18].
d is the diameter of the particle, L is the length, while d,, is the diameter of the volume equivalent sphere. In the right panel the blue triangles are for 1 =4, but replotted with
respect to the cylinder’s length and width instead of its volume-equivalent spherical diameter.

» 10 ‘ ‘
< 8t E
. 6L ] Slender body prediction
£ 0. ® « & —a/(1+ St)
=y D e ] <4 Re =350
N a f& A Re =520
= \ ® Re =610
é" 2+ A\\ 1 m small A
= A\ ¢ slender body
= ‘ e

L
P

OROREYERIOY

Fig. 4. Dependence of the tumbling rate of cylindrical solid fibres on the tumbling Stokes number S7,. Data taken from [19]. The green diamonds are the results from [17], while
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Fig. 5. Left: Root-mean-square ratios of fluctuating fibre (v}) and fluid (u’f) velocities as a function of the fibre Stokes number. V, is the still air settling velocity defined as

V, = pZD g (log(2B) +0.193) /(16p) [see [36]]. The red circles are data from Good et al. [47]; the blue circles are data from Sabban and van Hout [48]; the green circles are data
from Kuperman et al. [36]. Right: Normalised variance of the tumbling rate as a function of the Stokes number. For additional details on the experimental points we refer the
reader to figures 5 and 13 of Kuperman et al. [36]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Source: Figures adapted from [36].

body theory is retrieved and (£2,2,) ~ (L/n)*/3. When St, > 1, instead,
the variance of the tumbling rate is smaller as the forcing evolves on
a much smaller time scale than the response time of the fibre. By
using this scaling law they observed that both their measurements and
those from Parsa and Voth [17] and Bordoloi and Variano [18] collapse
pretty well; see Fig. 4.

The dynamics of rigid, heavy fibres change with their inertia. Ku-
perman et al. [36] experimentally detailed the effects of the inertia on
the fibre dynamics in isotropic turbulence. They considered fibres with
a Stokes number between 1 < St < 32.5 and length larger than the
Kolmogorov scale in the 3.6 < L/ < 17.3 range. They observed that
when increasing the inertia, the response of the fibres to the fluctuating
fluid velocities decreases (see Fig. 5). This leads to a modification of
the probability density functions of the fibre centroid velocity, which
becomes narrower as the inertia increases. Regarding the tumbling
rate, instead, they found that it does not decrease monotonically with
increasing St, but found a peak at St ~ 4 (see Fig. 5). This is due to the
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fact that the total fibre rotation is comprised of both the spinning and
tumbling. The ratio of spinning and tumbling rate depends also on the
ability of the fibres to align with the vorticity vector. For small St, the
fibre quickly aligns with the vorticity, and therefore its tumbling rate is
rather small. When St increases, instead, the fibre is less able to align
with the vorticity, and therefore the tumbling rate increases. For large
St, however, the tumbling rate decreases again as fibres with large .Sz,
even if they do not align much with the vorticity field, respond slowly
to the fluctuating field.

The alignment of rigid fibres with specific flow quantities has been
investigated by Aswathy and Rosti [49], in the context of finite-size
fibres suspended in a viscoelastic triperiodic turbulent flow. Their study
is based on direct numerical simulations coupled with an immersed
boundary method to deal with the fluid—solid interaction. They con-
sidered fibres with L in the inertial range of scales and L > d,
and varied the Deborah number De = 7, /rf (it is a measure of the
polymeric elasticity, with 7, being the polymeric relaxation time and
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7y the turnover time of the largest eddies of the flow) in the 0.3 <
De < 7 range; the Reynolds number is fixed at a value of Re; ~ 310.
Like for fibres moving in a Newtonian flow, the authors found that
they preferentially align with the intermediate eigenvector of the strain
rate. For denser-than-the-fluid fibres they observed that the fibres are
anti-aligned with the most and least extensional directions.

2.1.2. Turbulent channel flow

We now move to the behaviour of rigid fibres in turbulent chan-
nel flows. Several studies have investigated the dynamics of rigid
anisotropic particles/fibres moving in a turbulent wall bounded flow.
For example, we refer the reader to [10,50-57] for numerical simu-
lations of a turbulent channel flow, to [58,59] for experiments of a
turbulent channel flow laden with fibres, to [60] for experiments of
a fibre laden turbulent pipe flow, to [61,62] for experiments of dilute
fibre suspension in a turbulent channel with a backward-facing step,
and to [63] for experiments of discs and fibres in a turbulent boundary
layer.

Marchioli et al. [10] investigated the dispersion of rigid, highly
elongated fibres in a turbulent channel flow at a friction Reynolds
number of Re, = u h/v = 150; here h is the channel half height
and u, = 4/7,/p is the friction velocity expressed in terms of the
average wall shear stress 7, and the density p. In their work, fibres are
treated as prolate ellipsoidal particles with aspect ratio | < 4 < 50;
here 4 = L/d, with L and d being the semimajor and semiminor
axes. According to their model, the fibre size is always assumed to
be smaller than the Kolmogorov length-scale. The maximum length of
the fibres is varied between 0.7 < L* < 36, where the -* superscript
denotes quantities made dimensionless with u, and v. The density of
the fibres p,, instead, has been varied between 10 < p,/p, < 103;
py is the fluid density. No back-reaction of the fibres on the flow
has been considered. As shown in figure 1 of their paper, Marchioli
et al. [10] found that close to the channel centre the fibres are ran-
domly oriented, as the velocity gradients are rather weak. Close to the
wall, instead, the velocity gradients are strong, and the fibres mainly
align with the wall. Marchioli et al. [10] analysed the mean direction
cosines of the fibres for different values of the inertia and of the
aspect ratio, to investigate the fibre orientation statistics. They found
that the alignment with the streamwise direction becomes stronger
for longer fibres, but weaker for particles with larger inertia. They
observed that the fibres are aligned with the mean flow at most 50%
of the time, in agreement with the previous works by Zhang et al. [50]
and Mortensen et al. [64]. They argued that the near-wall alignment
imposed by the streamwise fluctuations, though statistically probable,
is unstable and is not maintained for long times. They also observed
that the fibre alignment with the spanwise direction decreases with
their inertia [64], as spanwise velocity fluctuations are rather weak.
Overall, they observed that longer fibres are more frequently aligned
with the wall, suggesting a preferred seesaw-like rotation characterised
by an alternate rotation of the fibre tips as the fibres are advected
downstream (see their paper for further details).

Similar results have been found by Do-Quang et al. [22], that
considered rigid finite-size fibres (rods) in a turbulent channel flow at
Re, 180. They varied the length of the fibres in the 3.2 < L* <
24 range, and considered two different fibre-to-fluid density ratios,
i.e. p,/p; = 1 and 1.2. Unlike Marchioli et al. [10], Do-Quang et al.
[22] also modelled the back-reaction of the fibres on the flow. The
authors found that fibres accumulate mainly near the wall, at a distance
of the order of the fibre length. Also, they found that the case with
larger inertia shows a stronger accumulation indicating that there is
some turbophoresis effect [15]. By following one fibre, they showed
that this near-wall concentration is because, most of the time, the
fibres are trapped in the high-speed streaks of streamwise velocity that
populate the near-wall region [65]. They observed that the fibres move
at roughly constant speed and angular velocity during most of the time,
but sometimes they abruptly change direction of motion and rotation.
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In fact, in high-speed streaks the flow moves downwards and pushes
the fibres towards the wall. Once the fibres interact with the viscous
sublayer, or collide with the wall, they face a large torque and are
thus pushed upwards. However, the upward motion is balanced by
the downward motion of the fluid in the high-speed streaks, and the
fibres remain trapped in the high-speed streaks until they reach an
ejection-like region of the flow.

The dynamics of fibres changes with their Stokes number and with
their length. Shaik et al. [58] and Shaik and van Hout [59] experimen-
tally investigated the dynamics of straight rigid fibres freely moving in
a fully developed turbulent channel flow at a friction Reynolds number
of Re, ~ 435. They varied the Stokes number and the length of the
fibres in the 0.02 < St < 0.34 and 16 < L* < 66.8 portion of
the parameter space, and found that the wall-normal distribution of
the fibres and their dynamics changes with St and L. Very close to
the wall they found that the fibre concentration is low; a depletion
layer arises in the immediate vicinity of the wall, with a width that
decreases as St increases. In the buffer layer, 14 < y* < 24, they
found that except for the largest L, the fibres’ velocity exceeds the
mean fluid velocity as they preferentially accumulate in high speed
regions [22]. Beyond the buffer layer, instead, they observed that the
fibres lag the fluid. They report that the lag increases with L due to the
increased drag. Their experiments also showed that L influences the
intermittency of their velocity signal. In fact, longer fibres exhibit an
increase probability of extreme transverse and wall-normal velocities,
as they interact more effectively with larger and more energetic flow
structures. Similarly, they observed that L influences the tumbling rate,
with longer fibres tumbling at a higher rate that shorter ones. When
looking close to the wall, they observed that irrespective of their length
fibres preferentially align with the streamwise direction in agreement
with the results of [10], leading to a substantial lack of fibre-wall
interactions.

Several works investigated how the dynamics of anisotropic rigid
particles in turbulent channels is influenced by their shape. Zhao
et al. [55] observed that the statistics of the particles rotation, their
concentration and their preferential sampling vary with the shape of
the particles and do not depend only on their inertia. Indeed, a different
shape modifies the preferential alignment of the particles, and therefore
the way they respond to the fluid velocity fluctuations. For example, as
a result of the different alignment, they found that at the channel centre
oblated particles tend to rotate orthogonally to their symmetry axis,
while prolate particles rotate around their symmetry axis. Baker and
Coletti [63] experimentally addressed the influence of the asymmetric
shape of rigid particles on their dynamics, investigating the behaviour
of negatively buoyant discs and fibres in a turbulent boundary layer
at a friction Reynolds number of Re, ~ 620. For both discs and fibres
they fixed the major axis length at a value of L* ~ 50, leading to a
friction Stokes number of St* = ©(10) for both cases. They found that
irrespective of the shape, non spherical particles oversample high-speed
fluid regions close to the wall [22]: despite their significant inertia,
non spherical particles exceed the mean fluid velocity in the vicinity
of the wall. They found that the shape of the particles influences
their preferential alignment, modifying thus their response to the fluid
velocity fluctuations. Fibres tend to align mostly in the streamwise
direction, while discs mostly align their symmetry axis with the wall-
normal direction, with what they referred to as a nose-up configuration.
They observed that the this alignment is more stable for fibres than
for discs; the former undergo strong tumbling near the wall, while
the latter wobble around their wall-normal preferential direction. As a
result of their different alignment, although having the same relaxation
time, they observed that fibres and discs respond differently to the
turbulent fluctuations, with the latter being slower. Based on this, they
argued that for anisotropic particles the actual response time does
not depend on the Stokes number only, but also on the preferential
alignment of the particles and, therefore, on their shape.
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Source: Figure adapted from [68].

The dynamics of the fibres also depends on their symmetries. Alipour
et al. [66] and Alipour et al. [67] experimentally investigated the
influence of the curvature on the dynamics of long and rigid slender
fibres (L/D > 1) freely moving in a turbulent channel flow. They fixed
L and varied the friction Reynolds number of the channel between
180 < Re, < 720 to account for different fibre-to-fluid length scale
ratios. Like for straight fibres, they observed that close to the wall non
axisymmetric fibres preferentially sample high-speed regions, and that
this tendency increases with the Reynolds number. They related this
with their interaction with the coherent structures of wall turbulence;
as Re increases, indeed, the sweep events close to the wall intensify
leading to stronger wall-ward fluxes. Their results show that the curva-
ture of the fibres influences the orientation of the near-wall fibres. For
all cases rigid fibres tend to align with the major axis belonging to a
plane parallel to the wall. Fibres with large curvature, however, tend to
align their preferential axis with the streamwise direction. Fibres with
low curvature, instead, are more sensitive to local flow conditions and
are therefore less aligned with the streamwise flow direction.

2.2. Flexible objects

This section delves into the underexplored dynamics of flexible
fibres in fluids, highlighting two key environments: homogeneous
isotropic turbulence and turbulent channel flows. Initial studies, such
as Gay et al. [68], categorise fibre behaviour by introducing length
scales that differentiate between rigidity and flexibility, focusing on
deformation without considering extensibility or torsion. Further, Dotto
and Marchioli [69]’s work on turbulent channels reveals how fibre
orientation and concentration are influenced by inertia and proximity
to walls. These insights lay the groundwork for our investigation into
flexible fibre motion in fluid flows.

2.2.1. Homogeneous isotropic turbulence

We start considering homogeneous isotropic turbulence. One of the
first works to appear regarding flexible fibres is the one by Gay et al.
[68]. They focused on the characterisation of the fibre deformation,
that is the first step to understand their complex dynamics. To simplify
the analysis, they start focusing on bending deformations only, ne-
glecting the extensibility and the torsion of the fibres. When analysing
the dynamics of flexible fibres in turbulent flows, three length scales
can be introduced, i.e. the length of the fibre L, the elastic length
¢, which defines whether the fibre can be considered rigid (L < ¢,)
or flexible (L > ¢,), and the integral scale of the turbulent flow L.
Based on these lengths, several regimes are possible. Considering only
the case of flexible fibres (L > ¢,) that are much longer that the
dissipative Kolmogorov scale (L > n) three regimes are possible. In
the first regime, the integral scale is much smaller than the elastic
length (L > ¢, > £) and the fluid forcing on the fibre is uncorrelated
at the scale of the fibre deformation. This regime is referred to as
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polymer regime. In the second regime, the fibre length lies in the
inertial range (£ > L > ¢,), and the forcing is correlated along the
fibre. This case is called turbulent regime. Eventually, the third and
intermediate regime (L > £ > ¢,) is referred to the case for which the
fibres experience a forcing correlated at small scales, but uncorrelated
at larger scales. Gay et al. [68] studied the fibre deformation in the
different regimes both experimentally and numerically. However, due
to the prohibitive computational cost, they did not solve the full two-
way coupling between the elastic fibre and the turbulent flow by
direct numerical simulation (DNS), but used the so-called Kinematic
Simulation Method [70], which is based on the use of random Fourier
modes. They defined the mean value of the fibre curvature « as

1 ¢,
/ (k(s)ds
l,

YT T2,

to remove the effects from the fibre extremities where the curvature
increases. When L < 7, the mean curvature is taken as x at s = L/2.
They found that the dependence of k¥ on the fibre length L depends
on the regime; see Fig. 6. In the polymer regime, the mean curvature
increases with the fibre length, until it saturates to a value that does not
depend on L. For the turbulent and intermediate regimes, instead, the
mean curvature increases with L up to a maximum and then decreases
for longer fibres. Therefore, due to the forcing correlation, long fibres
are statistically less curved than shorter ones. They argued that this
is due to a combined effect of viscous effects and inextensibility of
the fibres (we refer the interested reader to their work for further
details). Also, they investigated the dependence of the maximum mean
curvature k,,,, as a function of the fibre rigidity y, varying ¢, from the
polymeric regime to the turbulent one. They found two different power
laws (see Fig. 6), that well correlate with their dimensional analysis.

Besides the mean curvature, also the maximum curvature expe-
rienced by the fibres changes with L. This has been investigated
in Olivieri et al. [27] by means of a massive DNS study where the fluid—
solid interaction is dealt with an Immersed Boundary Method [71].
Here the authors considered both the case of iso-dense and denser-than-
the-fluid fibres. Unlike Gay et al. [68], they did not introduce the elastic
length scale, and based their discussion on a dimensional analysis of
the dynamical equation of the fibres. In doing this, they found two
different regimes depending on ., L: for rigid fibres (kL > 1)
the maximum curvature scales as y~!, while for sufficiently flexible
ones the maximum curvature scales as y~'/3. They found that their
data collapse pretty well with the theoretical scaling, with only small
deviations for the denser-than-the-fluid fibres in the transition region
between the two regimes; see Fig. 7.

In the same work, Olivieri et al. [27] characterised also the collec-
tive dynamics of flexible fibres, and considered the local concentration
of the suspension to investigate the presence of clustering phenom-
ena [see [15], for spherical particles], which is relevant for applications
in several fields [1,8]. To measure the tendency of fibres to accumulate
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they used the radial distribution function RDF (or pair correlation),
which indicates the probability of having a pair of particles at a given
mutual distance. The RDF, thus, highlights the presence of accumula-
tion at particular length scales. They found that for iso-dense fibres
the clustering effect is essentially negligible for all the values of the
fibre length and bending stiffness, highlighting the role of the inertia
in the formation of clusters [72]. In contrast, for the denser-than-the-
fluid fibres they found a richer phenomenology; see Fig. 8. First, they
observed that the accumulation increases when decreasing the bending
stiffness. According to the authors, this occurs as more flexible fibres
adapt more easily to the local flow structure and therefore sample more
frequently the regions of the flow with lower vorticity as point-particles
do. Also, the highest peak in the RDF is found for long fibres. The
authors argued that clustering is favoured in case of larger inertia and
larger flexibility.

Some works have focused on the process of fibre fragmentation in
turbulent flows. As an example, here we consider the work of Allende
et al. [73]. They numerically investigate the fragmentation process of
small inextensible inertialess fibres in homogeneous isotropic turbu-
lence. They considered very thin fibres that can be approximated as
inextensible Euler-Bernoulli beams immersed in a viscous fluid, with
a negligible inertia. The backreaction of the fibres on the fluid is
neglected. They considered L < 7; this allows them to simulate the
motion of the fibres by simply evolving in time the position of their
centre of mass which is treated as a tracer. They then recover the fluid
velocity along the fibre (and the resulting force) by assuming that the
distribution is linear and exploiting the fluid velocity derivative tensor.
They focus on tensile and flexural failures, i.e. failures that occur be-
cause the internal tension is higher than a given threshold and because
the curvature of the fibre exceeds a certain threshold. They found that
for both cases the break up occurs when the fibre runs into a flow
region with large strain where it is either stretched above the internal
cohesive forces or compressed such that it buckles and fractures under
the excessive bending. In their analysis, they observe that the tensile
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failure always occurs when the fibre is stretched by the flow, and has a
straight configuration. In this case, the tension is maximum at its centre
and the break up produces two fragments of equal size. For flexural
failure, instead, they observed a more intricate scenario. In this case
the fragmentation occurs when fibres develop a buckling instability
and the size of the fragments depends on the properties of the most
unstable buckling mode. By using their simulations they found that the
fibres’ fragmentation rates can be expressed by means of the turbulent
stretching rates and proposed empirical fitting laws.

2.2.2. Turbulent channel flow

We now move to the behaviour of flexible fibres in turbulent
channels. Few studies have addressed the motion of fibres in turbulent
channels, among whose we cite the work by Dotto and Marchioli [69].

Dotto and Marchioli [69] investigated the behaviour of flexible
fibres longer than the Kolmogorov length scale in a turbulent channel
at Re, 150, with a focus on their translational and rotational
behaviour. In their numerical work the fibres are modelled as chains
of sub-Kolmogorov rods, connected though ball-and-socket joints, that
enable bending and twisting under the action of the local fluid velocity
gradients. They observed that the orientation of the fibres changes with
the fibre inertia and with the distance from the wall (see Fig. 9). They
investigated the probability density function of the fibre mean orien-
tation in the streamwise (x) and wall-normal (z) directions, i.e. (o,|g)
and (o,|g) When o; = I the fibre is aligned with the j,, flow direction,
while o; 0 means that the fibre is orthogonal to such direction.
Since the fibres are flexible, they computed the orientation of each fibre
averaging along each sub-Kolmogorov element. For small inertia (St =
1), the near-wall PDF is negatively skewed for (o,|;) and positively
skewed for (o,|;) In this case, thus, fibres are preferentially aligned
with the streamwise flow direction and perpendicular to the mean
shear. Interestingly, this trend is more evident when longer fibres are
considered. In the bulk flow the PDF are more symmetric and more in-
sensitive to the fibres length. In fact, in the bulk region the flow is more
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homogeneous and isotropic, leading to a weaker preferential alignment.
When increasing the Stokes number the symmetry in the bulk region
is maintained, while the behaviour of the near-wall PDF changes. For
intermediate St the PDF are only slightly skewed, indicating that the
tendency for a preferential alignment decreases. For large St the PDF
recover an almost symmetric distribution as in this case fibres are less
influenced by the fluid motion. Note that for long fibres, the authors
found a sharp peak in the probability density function (PDF) of (o, |;)
at values close to unity, which is accompanied by a larger drop in the
PDF of (o, |;) This is due to the fibre trapping in a thin region close to
the wall, where the geometric constraint imposed by the wall imposes
the streamwise alignment of the fibres.

Dotto and Marchioli [69] investigated also the influence of the fibre
flexibility on their concentration. They observed that the concentration
of flexible fibres in the near-wall region is always higher than that
of rigid fibres, indicating that flexible fibres face a stronger wallward
turbophoretic drift; see Fig. 10.

3. What can we do with fibre-like objects?

The second part of the paper explores the interaction of fibre-like
objects with fluid flows, emphasising their behaviour in turbulent flows
and applications ranging from drag reduction to innovative flow mea-
surement techniques. Initial sections discuss the potential of rigid and
flexible fibres to modify flow characteristics and reduce turbulent drag,
observed through various experimental and numerical studies. Later,
the paper introduces fibre tracking velocimetry (FTV), a novel method
for capturing detailed properties of turbulent flows, comparing its
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effectiveness to traditional particle-based measurement techniques. The
discussion underscores the versatility of fibres as both flow modifiers
and measurement tools, highlighting their significance in advancing our
understanding of fluid dynamics.

3.1. Fibre-like objects for drag reduction

Over the last decades there has been a large number of studies
dealing with the reduction in turbulent friction losses by the dilute
addition of additives such as polymers [74,75], surfactants [76,77] and
fibres [51,54,57,78]; we refer the interested reader to the recent review
by Marchioli and Campolo [79]. The reduction of turbulent drag by
the addition of fibre-like objects has been first observed experimentally
in suspension involving a wide array of material, for example paper,
asbestos, and colloidal crystals [80,81]. Some of these material can
effectively be considered as rigid rods to a good approximation. Com-
pared to the flexible polymers [74], these types of additives have been
less studied as they yield low drag reduction or require much larger
concentrations to achieve the same amount of drag reduction as that
obtained with flexible polymers additive. However, the use of fibrous
additives is interesting as fibres are more resistant to shear degradation
than flexible polymers. As such, the possible use of fibres for drag
reduction purposes is very promising.

An interesting study of drag reduction induced by rigid neutrally-
buoyant fibres was given by Paschkewitz et al. [51]. They considered
rigid neutrally buoyant fibres with length much smaller than all the
scales of the turbulent flow, and neglected all the inertial effects on
the scale of the fibres. They modelled the fibres using the Jeffrey’s



A. Chiarini et al.

20¢ e fibres
o Newtonian
15+ —u+ =2.5In(y*) + 7.5
-—-u+ = 2.5ln(y") + 5.5
+
= 10+
Q
(J
5r P ]
o®
@
Oee.® °. 9 .
10° 10%
y+

European Journal of Mechanics / B Fluids 108 (2024) 104-118

0® o ® u—fibres
&.. ® ° o u—Newtonian
$ %, ® o ¢ v—fibres
2 .: ®e, ° : ° ¢ v—NewtonianT
T ‘o ° 0 o ue
3 & [ ® o
1@ 00 0 4 0 0,0 1
AR B ¢ $P0% 00 40y
f oo
o
0 ‘ ‘
0 50 100 150
y+

Fig. 11. Influence of small fibres on a turbulent channel flow. Left: Mean velocity profile. Right: r.m.s. of the velocity fluctuations. The + superscript denotes viscous units. Data

taken from [51].

equation and the Fokker-Planck equation, and considered a turbulent
channel flow. Their simulations reveal values of drag reduction up to
26%, with the maximum observed in semi-dilute condition. As shown in
Fig. 11, they found that the effect of the fibres is qualitatively similar to
what seen in polymeric simulations. Accordingly to other drag-reduced
flows [82,83], the presence of the fibres leads to an upwards shift of
the mean velocity profile in the logarithmic region, which is indicative
of a thickening of the viscous sublayer. Notably, they found that the
root mean square of the velocity fluctuations resemble what seen in
polymeric simulations: the streamwise fluctuations increase and their
peak moves upwards, while the intensity of the wall-normal and span-
wise fluctuations decreases. By inspecting the near-wall region, they
observed that the presence of the fibres weakens the near-wall vortex
structures and increases their size. The spacing between the high- and
low-speed streaks [84], instead, increases due to the presence of the
particles, moving from 100 wall units to 150. Based on these results,
they proposed a mechanism for the fibre-induced drag reduction, that
includes the interaction of the fibres with the near-wall vortices. In
plain words, fibres strongly align in the (y, z)-plane generating large
normal and shear stresses. These stresses create a force opposite to
the Newtonian acceleration in the spanwise and wall-normal directions
that weaken the near-wall vortex structures and lead to drag reduction.
Then fibres realign with the mean flow and the near-wall vortices
reform, sustaining this weakened turbulence. Later, Paschkewitz et al.
[52] experimentally confirmed the ability of small rigid rods to effec-
tively reduce drag. They experimentally and numerically considered a
zero pressure gradient turbulent boundary layer where small rigid rods
with different concentration were injected. They found drag reduction
up to 10%. The spatial development shows an initial drag reduction
region followed by a region of quasi-steady-state drag reduction where
the drag reduction fluctuates about a mean value as the fibres undergo
the process of alignment, stress generation and relaxation as previously
discussed. The increase of the fibre concentration does not increase the
drag reduction, but shifts downstream the region where it is actually
achieved.

Following these promising results, Moosaie and Manhart [54] de-
veloped a two-way coupling simulation technique for a dilute sus-
pension of rigid fibres to study the turbulent drag reduction by rigid
fibres in a turbulent channel flow at the nominal friction Reynolds
number of Re, ~ 180. They solve the Navier-Stokes equations with
direct numerical simulations, and treated the suspended microstructure
in a Lagrangian manner using a particle tracking scheme. On each
Lagrangian path a cluster of sampling fibres is followed, and the
conformation of each cluster is computed using a direct Monte Carlo
method. Their results confirmed the previously reported features of a
fibrous drag reduced channel flow. They indeed found a vertical shift of
the logarithmic law region of the mean velocity profile and an increase
of the spanwise spacing between the near-wall streaks.

In a more recent work, Di Giusto and Marchioli [57] found that it is
possible to achieve drag reduction in a turbulent channel flow, also by
using long fibres. Unlike the previous works, indeed, they considered
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a different portion of the space of parameters, i.e. much longer fibres
with a length that extends up to the inertial range, and considerably
smaller volume fractions, i.e. &), 107% and @, ~ 1075; @),
V,/(V;+V,) where V, and V,, are the volumes occupied by the fluid and
the particles respectively. Their simulations are based on an Eulerian
Lagrange approach where fibres are modelled as chains of constrained
sub Kolmogorov Rods. They obtained the two-way coupling using the
Exact Regularised Point Particle Method [85]. In their analysis they
considered a turbulent channel at a friction Reynolds number of Re, =
150 varying the fibres’ Stokes number in the 0.01 < .S7 < 10 range. They
found that also in the portion of the space of parameters they have
considered drag reduction is possible. They highlight the importance
of the volume fraction which is the key parameter to determine the
intensity of the drag reduction, and found that the mass load plays a
role: a minimal amount of inertial fibres is needed for the onset of drag
reduction, below which drag increases.

Considering more in general non spherical objects, it is worth
mentioning that Ardekani et al. [23] showed that also oblate rigid
particles are effective in reducing drag, in contrast to what observed for
spherical particles [86-88]. They considered a suspension of finite-size
oblate spheroidal particles with aspect ratio 4 = 1/3 freely moving in a
turbulent channel flow at a friction Reynolds number of Re, = 180, and
used an immersed boundary method to properly solve the fluid around
each particle [89]. They found that the amount of drag reduction
progressively increases with the volume fraction of the suspension, up
to a value of ~ 8% for @, = 0.15 (see Fig. 12). In a particle laden
turbulent channel flow, there are two important factors that determine
the overall drag, i.e. the turbulence activity in the suspension and
the particle-induced stresses, which are not only due to the increase
of the suspension effective viscosity in presence of particles, but also
due to their distribution along the channel. Picano et al. [86] have
shown that, for suspension of spheres, a particle layer forms close to the
wall, and this causes extremely large particle-induced stresses that are
therefore responsible for the large increase of the total drag, although
the turbulence activity reduces for high volume fractions. In case of
oblate particles the scenario is different; see Fig. 13. In fact, a particle
layer close to the wall does not form, meaning that the particle-induced
stresses are rather weak. As the volume fraction increases, indeed, the
relative momentum transfer due to the Reynolds stresses decreases, but
the particle-induced stress does not increase enough to compensate it,
leading thus to a global decrease of the drag.

~
~

3.2. Fibres as a measurement technique

Over the last years several contributions have shown that fibres
with finite size can be effectively used as tools for measurements of the
unperturbed flow. This research field considers both rigid and flexible
fibres, and enables a reliable measure of two-points statistics of the
flow. Notably, based on these argument a new experimental technique,
named “fibre tracking velocimetry” has been introduced [35], which
substantially improves the well-known techniques based on particle
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tracers as the particle image velocimetry (PIV) and the particle tracking
velocimetry (PTV). In this section we report the main contributions and
distinguish between rigid and flexible fibres.

3.2.1. Rigid fibres

Cavaiola et al. [25] were the first to address the possibility of
measuring the whole structure of the flow velocity gradient by means
of a Lagrangian tracking of assembly of rigid fibres. The idea is to
replace single particles typically used in particle image or tracking
velocimetry (PIV/PTV) to measure single-point fluid properties [90],
with fibres in order to access two-points and multi-points fluid prop-
erties. In this proof of concept work, Cavaiola et al. [25] considered
laminar flows and focused on cellular flows, which are considered
as a conceptual representation of eddies of a turbulent flow. They
considered the Arnold-Beltrami—Childress (ABC) flow [91], which is a
periodic solution of the Euler’s equations, with rigid fibres of length
L/L,; = Q2x)~'; where L, is the domain size. To assess the influence of
the inertia of the fibres they varied the Stokes number between 0.01 <
St < 4, where St = 7,/7, with 7, = L,;/U being the characteristic
hydrodynamic time scale and 7, the fibre Stokes time, i.e. the relaxation
time of a fibre immersed in a viscous flow (it is a measure of the fibre
inertia compared to the flow and quantifies the strength of the coupling
between the two phases).

In this idealised framework, Cavaiola et al. [25] found that fibres
cannot be effectively used to measure single point flow quantities,
as done in PIV and PTV techniques with tracer particles. In fact,
even at the smallest Stokes number they have considered, the velocity
magnitude of the fibres’ ends significantly differs compared with the
velocity magnitude of the unperturbed flow. However, they found
that, provided that the Stokes numbers is small enough, the velocity
difference between the two end points of the fibres 6V = V-V,
projected on a plane normal to the direction parallel to the fibre end
to end distance # (see Fig. 14), matches the unperturbed fluid velocity
difference 6u = up — u, projected on the same plane, i.e.

SV B =ou-ty;
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see figure 4 of their paper.

Note that with unperturbed fluid velocity we refer to the velocity
of the fluid in absence of the fibre. The projection along the normal
direction to the fibre is crucial for the fibre to be a proxy of the unper-
turbed flow velocity differences. If the velocity difference is projected
along a generic direction the above agreement is not present, due to the
fibre inextensibility that makes the velocity difference in the direction
parallel to the fibre to be null. The projection to the normal direction,
instead, washed out this constraint. Interestingly, provided that the
fibre is small enough compared to the fluid scales, the projected end
to end velocity difference is a measure of the velocity derivative at
the fibre centre of mass. In view of this, the authors suggested that
this may enable the access to the full fluid velocity gradient tensor
du;/0x;, by properly assembling N, fibres. By considering the simple
two-dimensional case, due to the incompressibility constrain the actual
unknowns for the velocity gradient tensor are three. Therefore, the
complete tensor can be evaluated using an assembly of N, = 3 fibres
(see the right panel of Fig. 14), and solving the following system:

(1) _ 0w (D) a(1)

6Vl = o, PR
(2) _ 9u; a(2)A(2)

EVL = arj rJ_,i (1)
(3) _ 94 A(3),(3)

zSVl = dx]rj Pl

In view of the above discussion, the ability of elongated solid ob-
jects, like fibres, to move within the flow without significantly altering
it is of large interest for the development of non intrusive measure-
ment techniques. This point has been also addressed by Cavaiola and
Mazzino [92], by investigating whether self-propelled objects (solid
objects that may possess inertial and internal elastic degree of free-
dom) may detect some features of the unperturbed flow field, despite
their disturbing presence. They observed that for a wide range of
flow and swimmer Reynolds numbers, the swimmers are able to sense
hydrodynamic signal with quite good accuracy. In fact, despite the
perturbation due to the swimmer motion, there are some hydrodynamic
observables that are practically unaffected by the swimmer motion. For
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(2)

Fig. 14. Left: Sketch of a generic fibre and of the local reference system. 7 refers to the direction parallel to the end to end distance, while 7, refers to the normal to the fibre
direction. Right: Assembly of N, =3 fibres that can be used in the two-dimensional case to evaluate the complete velocity gradient tensor.

example, they cite the velocity differences evaluated at the swimmer
ends, projected along a direction on a plane normal to the swimmer
orientation. In agreement with the results of [25], they observed that
for short swimmers, this kinematic observable reduces to the flow
derivative along that direction.

Following the work by Cavaiola et al. [25], Brizzolara et al. [35]
proposed an experimental techniques named “fibre tracking velocime-
try” (FTV), which aims at measuring two-points statistics of turbulent
flows. It consists of spreading rigid fibres in the flow, and tracking their
position and orientation in time. The authors claim that this method
is superior to the traditional methods based on tracer particles, in
particular when measuring the two-point statistics of turbulence. In
fact, this method fits perfectly the necessity of measuring two-point
statistics in the inertial range, in case where high particle concentration
is hardly reachable or maintainable in time. The FTV technique is
expected to be relevant when measuring quantities related to spatial
velocity gradients, such as energy dissipation. In fact a well-known
issue of tracer-based techniques is the evaluation of two-point statistical
quantities, which are of special interest in turbulence. In a turbulent
flow the relative distance between two particles that initially are close
enough grows in time as ~ 13/2, following the Richardson diffusion
law [93]. This makes hard the use of particle tracers to obtain con-
verged two-point statistics, as they tend to separate. A further situation
where particle tracers are weak is when measuring quantities related to
the velocity gradient tensor such as the energy dissipation rate. Indeed,
the only way to access to these measures is by using an extremely
high number of particles, that may alter the flow statistics. All these
problems are overcome when using the FTV, as the measures are simply
based on the fibre end to end velocity differences projected in to the
normal to the fibres direction [25]. Note that the rigidity of the fibres
in this technique is essential, as it ensures that the distance between the
two ends is constant. By virtue of this constrain, indeed, it is possible
to investigate the behaviour of eddies of a selected size. Note that in
the FTV method, to be a proxy of turbulent eddies, the fibres must fulfil
two simple conditions: (i) the length of the fibre has to be comparable
to the size of the eddy under consideration; (ii) the inertia of the fibre
has to be negligible or, in other words, the Stokes number has to be
low [25,92].

Besides, exploring the feasibility of the FTV technique by means
of numerical simulations, Brizzolara et al. [35] performed a labora-
tory experiment within a water tank and validated it, by means of a
comparison with the PTV technique. They used a set up where both
the PTV and FTV perform well. Fig. 15 shows the reliability of the
FTV measurements showing a good agreement between the PTV and
FTV measurements of the transversal structure functions and of the
turbulence dissipation rate.

Besides the use of rigid straight fibres for measuring fluid phase
properties, several authors have considered particles with complex
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and different shapes suggesting that, after calibration, following their
motion may provide a powerful new way to analyse the dynamics of
turbulent flows. Among the others, we cite the particles introduced
by Kramel et al. [94]. These particles are called chiral dipoles, because
of their similarity to electrical dipoles (see figure 1 of their paper).
When placed in a pure strain flow, due to the high aspect ratio, the
chiral dipoles tumble and align with the extensional strain direction d.
Then, due to the presence of the helices, the chiral dipole couples with
the strain flow, and produces a solid body rotation @ = 2,d, where £,
is the spinning rate. In their paper, Kramel et al. [94] characterised the
response of the chiral dipole to a pure strain flow, and showed that the
mean spinning rate depends on both the aspect ratio and the pitch of
the particle; the pitch of the dipole is defined as the length along the
particle for a complete turn of the helices, divided by their diameter. By
using this type of particles and measuring their rotations, the authors
claim that it is possible to analyse the dynamics of turbulent flow,
measuring for example stretching experienced by orientable elements
in turbulent flows [95].

3.2.2. Flexible fibres

The use of flexible fibres to measure two-point, and more gener-
ally multipoint, statistics of turbulence require the understanding of
the dynamics of a flexible fibre freely moving in a three-dimensional
fully developed turbulent flow. With this in mind, Rosti et al. [32]
investigated the dynamics of a flexible fibre moving in homogeneous
isotropic turbulence (HIT), and presented a phenomenological theory
to describe the interaction between the fibre elasticity and the turbulent
flow, extending the previous works by Brouzet et al. [96] and Verhille
and Bartoli [97] to the inertial range of scales. Their theory is based
on simple arguments. They observed that two characteristic timescales
can be identified for the fibre: (i) the viscous time scale 7, = 2p,/u
obtained by balancing the fibre inertia with the viscous damping, and
(ii) the fibre elastic time 7, = a(p, L*/y)!/? obtained by balancing the
fibre inertia with the bending rigidity; p, denotes the linear density
of the fibres. They argue, therefore, that depending on the value of
the damping ratio { = 7,/7, different regimes are expected. In the
underdamped regime (0 < ¢ < 1) the elasticity is expected to strongly
affect the fibre dynamics, while in the overdamped regime ¢ > 1
the elastic effects are expected to be strongly inhibited. Here we are
interested on the underdamped regime. As shown in Fig. 16, for large
elasticity (small y) the fibre is deformed only by large values of the
strain, and rapidly reacts oscillating at its characteristic frequency to
restore the straight position. For small fibre elasticity (large y), instead,
the fibre does not resit the deformation and it is slaved to the turbulent
fluctuations. The bending rigidity separating these two behaviours y,,;
can be extracted from a resonance condition between the fibre elastic
time 7, and the eddy turnover time 7,(r) = r*3¢~1/3 evaluated at the
fibre scale L [32]. In view of this, the scenario is the following: when
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Fig. 16. Fibre oscillation frequency as a function of the fibre bending rigidity. Blue:
L/L; =0.12 and pl/(prﬁ) =0.042. Red: L/L, = 0.16 and ﬂl/(ﬂ/Lﬁ) = 0.042. Green:
L/L; = 020 and p,/(p,L%) = 0.042. Orange: L/L, = 0.16 and p,/(p,L3) = 0.014
or 0.125. Grey: L/L, = 0.16 and pl/(pri) = 0. Brown triangles: L/L, = 0.16 and
P /(p,»Lf,) = 0.042, passive scalar cases. p, is the fibres linear density, p, is the fluid
density and L, is the size of the domain. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
Source: Adapted from [34].

v < 7. the fibre oscillates accordingly with the turbulence frequency
1/7;(L), while for y > y,,; the fibre oscillates following the first fibre
normal mode with frequency 1/7,.

The key result of Rosti et al. [32], later expanded in Rosti et al.
[34], is that when y/y,,;; < 1 and the fibre is locked to the frequency
of the turbulent eddies of the same size, it is a good proxy of the
velocity fluctuations at the same scale. In view of this, Rosti et al. [32]
proposed for the first time to use flexible fibres to reveal the turbulent
features at different scales. This is clearly visible in Fig. 17, where a
comparison between the statistics based on the fibre flapping and on
the Eulerian measurements are compared. This clearly states that the
flow can be seeded with several elastic objects, potentially of different
lengths in order to measure eddies of different size [34]. However, it
should be noted that an increase of the concentration of the dispersed
phase may modify the flow and increase the importance of the fibre-
flow feedback [27], rendering the process of utilising fibres to gather
flow statistics in vain. In this case the theory should be modified to
account for the fluid phase modulation.

Similarly to the above discussed FTV based on rigid fibres, Hejazi
et al. [33] proposed flexible particles of a different shape to properly
extract the flow velocity gradient. They considered particles made of
several slender arms, and showed that by tracking its rotation and the
deformation of the arms one can measure the flow velocity gradient.
In a generic three-dimensional incompressible flow there are eight free
parameters in the velocity gradient tensor. If the particle is sufficiently
isotropic, it rotates with the fluid vorticity. Therefore, the measure
of the solid body rotation allows to reconstruct the three components
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of the velocity gradient tensor. The remaining five parameters can be
extracted from the deformation of the n particle arms. The orientation
of each arm requires the measurement of in-plane and out-of plane
angles, providing a total of 2n measurements. Since three Euler angles
are needed to specify the orientation of an undeformed particle in
space, the total number » of arms needed to determine the five remain-
ing parameters is such that 2n — 3 > 5. This means that for properly
measuring the complete flow velocity gradient in a three-dimensional
flow, we need to compute the deformation from their equilibrium of at
least n = 4 arms. In their proof of concept experimental study, Hejazi
et al. [33] considered a two-dimensional shear flow and measured the
complete velocity gradient tensor by means of a 3D printed deformable
triad, i.e. a particle with n = 3 arms separated equally by 2z /3 radiants.
They found that the value of the magnitude of the strain deduced from
the instantaneous particle deformation oscillates around an average
value that matches the actual strain. Clearly, this type of particles can
provide a measurement of the instantaneous strain rate tensor in the
flow as long as the particle deformation relaxation time is shorter than
the time scale associated with the velocity gradients.

4. Conclusions and future developments

This comprehensive review has examined the dynamic interplay
between turbulent flows and fibre-like objects, with a main focus
on anisotropic particles larger than the Kolmogorov scale. The in-
sights provided here extend beyond the previously dominant studies on
smaller fibres, offering new perspectives on the behaviour of both rigid
and flexible fibres within turbulent flows. The review has highlighted
the complex interactions of these fibres with flow properties, their
organisation in various flow types, and their potential applications in
engineering and environmental contexts.

The behaviour of fibre-like objects in turbulent flows, whether rigid
or flexible, introduces significant complexities due to their anisotropic
character. Their motion, characterised by tumbling, spinning, and pref-
erential alignment with flow properties such as vorticity or strain
rate, impacts both the fluid and the solid phases. These interactions
become even more intricate when considering fibres that are flexible
and subject to deformation, exhibiting complex motion influenced by
various flow properties.

From a numerical perspective, advancements in computational po-
wer and techniques like immersed boundary methods have substan-
tially enhanced our understanding of these interactions. Additionally,
the review has underscored the importance of considering two-way
coupling in scenarios with significant fibre concentrations or flexibility.

One of the significant applications of these studies lies in the use of
fibre-like objects for turbulent flow measurements. Techniques like Fi-
bre Tracking Velocimetry have been introduced, offering new methods
to measure properties of turbulence at fixed length scales.

Looking ahead, there are several areas where further research could
be highly beneficial. Firstly, expanding our understanding of the in-
teractions between flexible fibres and turbulent flows will be crucial,
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especially in scenarios where these fibres exhibit significant defor-
mations. This area is particularly relevant for understanding natural
processes and in designing engineering applications where flexible
fibres are involved.

Secondly, developing and refining measurement techniques using
fibre-like objects can open new doors in experimental turbulence re-
search. The potential of these techniques to measure complex flow
properties with greater accuracy could lead to breakthroughs in our
understanding of turbulence.

Finally, the environmental impact of microplastics and other fibre-
like pollutants in aquatic environments remains a pressing concern.
Further research in this area is essential for developing effective strate-
gies to address this global challenge.

In conclusion, the study of turbulent flows laden with fibre-like
objects is a vibrant and rapidly evolving field. The progress made
so far has been substantial, but there remains much to explore and
understand. As computational and experimental techniques continue to
advance, we can expect even deeper insights into the complex dynamics
of these systems.
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Appendix. List of the works

A non exhaustive list of the references considered in this work
are reported in Table A.1. Works dealing with fibre-like object in
homogeneous isotropic turbulence and turbulent channel flows are con-
sidered. Works based on both numerical simulations and experiments
are considered.

Details of some of the references considered in this work dealing with fibre-like objects in homogeneous isotropic turbulence (left) and turbulent channel flow
(right). Re, is the microscale Reynolds number; L and # denote the length of the fibres and the Kolmogorov scale respectively; p,/p, is the fibre-to-fluid density
ratio; @, is the volume fraction of the suspension; Re, is the friction Reynolds number; L* denotes the length of the fibres in viscous units.

Homogeneous isotropic turbulence

Ref. Method Re, L/n e [ Type
Shin and Koch [37] DNS+model 16 — 55 0.3-59 ~ 1 <1 Rigid
Parsa et al. [41] Experiment 160 — 214 2.6-48 ~ 1 <1 Rigid
Chevillard and Meneveau [42] DNS+model 125 <1 ~1 <1 Rigid
Byron et al. [44] DNS+model 435 <1 ~1 <1 Rigid
Byron et al. [44] Experiment 310 10 — 40 1.01 0.1% Rigid
Parsa and Voth [17] Experiment 150 — 210 2.8-72.9 ~ 1 <1 Rigid
Bordoloi and Variano [18] Experiment ~ 280 16 — 63 ~1 <1 Rigid
Bounoua et al. [19] Experiment 350 - 610 41-10° ~ 1 <0.1% Rigid
Kuperman et al. [36] Experiment 115 36-173 ~ 1000 <1 Rigid
Brizzolara et al. [35] DNS+IBM 92 20 — 40 102 - 10° <1 Rigid
Brizzolara et al. [35] Experiment 146 90 — 170 ~ <1 Rigid
Gay et al. [68] Experiment - 250 — 1250 ~1 <1 Flexible
Olivieri et al. [27] DNS+IBM 120 481 1.1-10% 0.003% — 0.6% Flexible
Rosti et al. [32] DNS+IBM 92 12-25 10% - 10° <1 Flexible
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Turbulent channel flow

Ref. Method Re, L* pplPs D, Type
Marchioli et al. [10] DNS+Model 150 0.75-36 10— 10° <1 Rigid
Do-Quang et al. [22] DNS+Model 180 32-24 1-12 0.1% — 0.4% Rigid
Shaik et al. [58] Experiment 435 27.7-50.8 1.15 <1 Rigid
Shaik and van Hout [59] Experiment 435 16 — 66.8 1.15-1.38 <1 Rigid
Baker and Coletti [63] Experiment 620 50 ~ 1 107# Rigid
Alipour et al. [66] Experiment 360 10 1.15 <1 Rigid
Alipour et al. [67] Experiment 180 — 720 5-20 1.15 <1 Rigid
Dotto and Marchioli [69] DNS+Model 150 4-12 50 — 3000 <1 Flexible
Di Giusto and Marchioli [57] DNS+Model 150 180 1.3 — 1300 1074 - 1073 Flexible
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