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⇒ Need for macroscopic models for deformable, non-ellipsoidal particles

Cellulose fibres 
(paper industry)

Diatoms colonies
(CO2 oceanic pump)

Dynamics of elongated particles

Water intakes 
(power plants)

Suspended in turbulent flow 
Need for large-scale, long-term predictions 



Cosserat equation & slender body theory
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Internal forcesViscous drag

(Cox 1970, Keller & 
Rubinow 1976) 
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•                                            : anisotropic drag tensorK = I� (1/2) @sX @sX
T
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Bending elasticityTension
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Euler-Bernoulli beam



Parameters and asymptotics
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Coupling between dynamics and transport
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How do alignment, tumbling, deformation depend on length, 
flexibility, and inertia and affect migration and transport properties?

in inhomogeneous, 
wall-bounded flow?

in homogeneous, isotropic, 
developed turbulence?



Case I: Homogeneous isotropic turbulence
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Direct numerical simulations

Pseudo-spectral solver + particles

Dissipation rate:
<latexit sha1_base64="oDLXTvbrYB6tL2s18ZJflxheCzA="></latexit>

" =
⌫

2

⌦
kru+ru>k2

↵

<latexit sha1_base64="8rialNpGvz0hKnqN4zLWXymYjpg="></latexit>

⌘ = ⌫3/4/"1/4, ⌧⌘ = ⌫1/2/"1/2
Kolmogorov scales:

Reynolds number:
<latexit sha1_base64="I8Lbc77lxlUqotpn/gJ1zR9v5Bw="></latexit>

Re� = u2
rms

r
15

⌫"
⇡ 120�730

RMS velocity:
<latexit sha1_base64="kvw97PY41R3qG5yuy3+AKO8E2v4="></latexit>

urms =
⌦
|u|2

↵
/3



HIT: Short fibers are almost always straight 
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Both flow stretching and elastic bending act to straighten the fibre

Euler buckling if the flow is enough 
compressive along the fibre’s direction

Such a solution can become unstable

(Becker & Shelley 2001) 
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An activated process
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Numerical data
Pr(τη γ̇ < −F!/F)
∝ exp[−A (F!/F)1/2]

(Allende, Henry & Bec 2018) 
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Long fibers are also “stretched” by the flow
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Straight-to-bent transition
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Consequences on transport
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Turbulent bending 
enhances transport

Larger sizes 
reduce transport

“Surfing” effect (due to flow structures) or simple 
enhanced diffusivity (due to rotational diffusion)?

Parallel component increase



Translation/rotation coupling?
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?
Not very convincing, if any…

TODOs:
- more statistics
- larger Reynolds numbers
- longer fibers
- effect of inertia (Bounoua et al. 2021) 
- gravitational settling…



Flexible fibres in HIT: short summary
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❖ Fibres are most of the time in a straight configuration, aligned with the stretching 
direction of the flow. They can be described by an effective Jeffery-like equation

 

❖ They transition to a bent state when a strong-enough compression occurs 
 

❖ Bending is very intermittent: rare with localised-in-time, violent episodes 

❖ Possible macroscopic modes spring with 
specific potential R
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Unforced Navier–Stokes 
in channel geometry

Direct numerical simulations
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2.2.1 Introduction

The idea is to provide here an applicative framework to the stochastic model developed in Chapter 2.1 for
the orientation dynamics of spheroidal particles. We chose the prototype of inhomogeneous anisotropic
flow given by the classical turbulent channel flow. For that, we have performed direct numerical simu-
lations (DNS) at a wall-friction Reynolds number Re⌧ ⇡ 395 in which we have traced the dynamics of
inertialess spheroidal particles with various aspect ratios. The resulting statistics are then used to cali-
brate and validate the stochastic model using as input the results of RANS simulations obtained for the
same flow. After describing the DNS methods and results in Section 2.2.2, we present in Section 2.2.3 the
calibration and results from the model. Finally, we provide in Sec. 2.2.4 a couple of concluding remarks
and perspectives.

2.2.2 Direct numerical simulations in a turbulent channel flow

Definitions We consider inertialess spheroidal particles whose principal-axes half lengths are denoted
(a, b, c) with a = b (see Fig. 2.1.2). The aspect ratio is defined as � = c/a and p is the unit vector
denoting the direction of the principal axis associated to c. The orientation dynamics solves

dp

dt
= Bp � (pT

Bp) p, with B = O + ⇤ S and ⇤ =
�

2 � 1

�2 + 1
. (2.2.1)

Here O = (ru�ruT)/2 and S = (ru +ruT)/2 denote the antisymmetric and symmetric parts of the
fluid velocity gradient along tracer trajectories, u standing for the fluid velocity field. Disks correspond
to a shape parameter ⇤ = �1, spheres to ⇤ = 0, and rods to ⇤ = 1.
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Figure 2.2.1: (a) Mean velocity profile U(y) = huyi (in wall units). The symbols correspond to measure-
ments at collocation points and the two solid lines denote the linear viscous boundary layer U

+(y+) = y
+

at y
+ . 5 and the turbulent log layer U

+(y+) = (1/) log y
+ + b at y

+ & 20. The Kármán constant in
this fit is  = 0.384 and b = 4.17 as obtained from the experimental measurements of [116]. (b) Mean-
square velocity components as a function of the wall-normal coordinate y and (c) Average kinetic energy
dissipation " = ⌫ hSij Siji, where S denotes the symmetric part of the velocity gradient. Both the full
dissipation and the turbulent dissipation are represented. The black line is a fit of the form "

+ = 2.4/y
+.

Methods The spheroids are suspended in a channel flow whose dynamics is integrated by the open-
source spectral code channelflow1. In the following, x denotes the streamwise, y the wall-normal and
z the spanwise direction. The chosen domain size is 4⇡h ⇥ 2h ⇥ 4⇡h/3 and simulations are performed
using a de-aliased spectral code (Fourier-Chebyshev) with 1923 collocation points. Time marching is
done by a variable step-size, third-order semi-implicit backward differentiation formula (SBDF3) with a
time step regularly adjusted to satisfy the CFL condition and capped to �tmax. The flow is maintained

1Channelfow 2.0 developed at EPFL, see https://www.channelflow.ch
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Connection to experiments 



Integration of fibres

Interaction with walls: soft boundaries

Flexibility measured by
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Pole-vault effect upon tumbling
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4

turbulent channel flow. Figure 4 serves as an illustrative example, wherein the fiber is bent in three dimensions but
still undergoes a strong enough impulse to migrate away from the wall. As we will now see, these interactions with
the boundaries are the underlying cause of non-uniform fiber distributions in the channel, ultimately leading to the
enhancement of their transport.

FIG. 4. Near-wall tumbling of a fiber of length ` = 0.25h ⇡ 45 �⌫ in the turbulent channel flow, leading to an instance of
pole-vaulting. Di↵erent colors correspond to various instants of time, expressed in viscous units.

Building upon prior observations, we now present our findings on the spatial distribution and velocities of fibers.
Figure 5(a) depicts the average concentration as a function of the wall-normal distance y+. A depletion in the
boundary layer is readily apparent, which becomes more pronounced with an increase in fiber length. As a result,
fibers tend to accumulate far from the boundaries, towards the bulk of the channel flow. The inset (b) of Fig. 5
shows the same data, but in semi-logarithmic coordinates and as a function of the ratio between the wall-normal
distance and the fiber length y+/`+. Notably, the data seem to collapse well, suggesting that fiber length is indeed an
appropriate scale to characterize boundary depletion and thus pointing towards the mechanisms described previously.
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FIG. 5. Inhomogeneous fiber distributions and velocities. (a) Average density as a function of the distance to the wall for the
various fiber lengths. (b) Same, plotted as a function of y+/`+. The dashed line shows a behavior / log `+. (c) Average fiber
velocity in the streamwise direction, as a function of the wall-normal coordinate. (d) Fiber fluxes normalised to that of the
fluid. The dashed line represents a log behavior.

A higher concentration of fibers in the bulk region, where the flow speed is higher, may suggest that fibers are
transported more e�ciently by the flow. However, as the fibers are not expected to follow exactly the fluid due
to their important length, it is essential to examine first their velocity in the streamwise direction x. Figure 5(c)
shows this mean velocity, with statistics conditioned on X2(s, t) = y and therefore not carrying any information on
the concentration. One observes an increase in velocity close to the boundary and a minor decrease in the bulk,
both of which become more pronounced with fiber length. The increase close to the walls could be attributed to
the concentration of fibers in high-velocity streaks, as already reported in the literature [5, 11–15] for shorter fibers,
but still longer than the smallest scale of the flow. However, a long fiber in a channel flow can sample di↵erent
regions of the flow simultaneously. Thus, segments of the fiber located at di↵erent distances from the wall experience
di↵erent average fluid velocities. As the fiber is inextensible, the segments located in the channel center with a higher
mean fluid velocity tend to pull the whole fiber, while those near the walls with a lower velocity slow it down. This
mechanism results in a higher fiber streamwise velocity than the fluid near the walls and lower in the center, as
observed in Fig. 5(c).

By combining the concentration and velocity measurements to obtain the average flux in a (y, z)-plane, we find that
these e↵ects ultimately result in an increase in fiber transport by several percent, as shown in Fig. 5(d). Interestingly,
the dominant e↵ect on flux modification is the concentration profile, despite the fact that the fibers are slightly slower

When bouncing, fibres are 
propelled away from the walls

Reproducible effect in a pure shear flow

u =

✓
� y
0

◆
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 Responsible for a net migration toward the flow’s bulk⇒



Near-wall alignment and tumbling
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and its position X(s, t) is given by:

@tX = u(X, t) +
c

8⇡⇢f⌫
D
⇥
@s(T@sX)� E@4

sX
⇤
, with D = 1 + @sX@sX

T and |@sX| = 1. (1)

The tension T (s, t) is here a Lagrange multiplier associated to the inextensibility constraint, E = Y I is the fiber’s
bending modulus (with Y the Young modulus and I = ⇡a4/64 the fiber’s moment of inertia), ⇢f the fluid density,
⌫ its kinematic viscosity and c = �[1 + 2 log(a/`)] a parameter related to the shape [26]. Equation (1) involves
the fluid velocity u(X, t) along the fiber. It is obtained in our numerical simulations from the open-source spectral
code Channelflow 2.0 [27], used to solve the incompressible Navier–Stokes equation in a rectangular channel of size
Lx = 4⇡h, Ly = 2h, Lz = 4⇡h/3 (see Fig. 1), periodic in the x and z directions and with no-slip boundary conditions
at y = ±h. The fluid flow is integrated with a resolution of 128 ⇥ 129 ⇥ 128 collocation points. It is maintained in
motion by imposing a constant bulk velocity, such that the friction Reynolds number is equal to Re⌧ = u⌧ h/⌫ ⇡ 180
(with u⌧ the friction velocity). From now on, we will be using classical wall units (denoted by a superscript +), where
time and length scales are non-dimensionalized by ⌧⌫ = ⌫/u2

⌧ and �⌫ = ⌫/u⌧ .
The dynamics of fibers in Eq. (1) are numerically integrated using a second-order finite-di↵erence scheme [26, 28].

To prevent their crossing of the walls at y = ±h, we employ a soft-boundary approach, widely used in modeling discrete
particles interacting with walls and/or each-other [29]. In such models, particles are allowed to slightly overlap with
the wall, and the contact force is computed from the relative velocity and the degree of overlap. In practice, this
entails replacing the fluid velocity outside the domain with u = (0, v, 0), where v = �� (y + h) for y < �h and
v = �� (y � h) for y > h. The parameter � is adjusted to the time step �t as � = 0.5/�t. In our simulations, fiber
lengths take values in the range `+ = `/�⌫ 2 [15, 270], i.e. `/h 2 [0.08, 1.5]. Each fiber is discretized with a given
number of grid points Ns along its arc-length, chosen to keep a constant step size �s+ = `+/Ns ⇡ 0.9. The number
of simulated fibers Nfib 2 [100, 1250] decreases with increasing length `+ for the sake of computational time.

In the model we are using, inextensible and inertialess fibers are characterized by two length scales. The first scale
is their extension length `, which is expressed in wall units as `+ = `/�⌫ . This value indicates how far into the

turbulent boundary layer the fibers can extend. The second scale is the elastic length `E = [cE⌧⌫/(8⇡ ⇢f ⌫)]
1/4, which

is maintained constant to `+E ⇡ 7.1 in our simulations. It is determined by balancing in Eq. (1) the bending rate of the
fibers, given by cE/(8⇡⇢f⌫`4), with the typical shear rate ⌧�1

⌫ of the channel flow. Note that the definition of elastic
length introduced in [19] for homogeneous isotropic turbulence is recovered when using the Kolmogorov time scale ⌧⌘
instead of ⌧⌫ . The dimensionless flexibility of the fibers, defined as F = `/`E, measures their ability to bend near the
walls of the channel, with smaller values of F indicating more rigid fibers. In order to examine how flexible fibers
behave in comparison to rigid rods (which are formally defined as having `+ ! 0 and F = 0), we also integrated the
Je↵ery equations for threadlike ellipsoids in the same flow along tracer trajectories. Figure 1 shows two snapshots of
the fiber distribution with di↵erent lengths. Upon qualitative inspection, it is apparent that short, rigid fibers remain
very straight, whereas long, flexible fibers bend into complex shapes.
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FIG. 2. Near-wall alignment and tumbling. (a)Mean-square components of the tangent @sX to the fiber in the streamwise (solid
lines) and wall-normal (dashed lines) directions, as a function of the distance y+ to the wall and for various fibers lengths `+.
The horizontal dashed line corresponds to an isotropic orientation h(@sXi)

2i = 1/3. (b) Root-mean square amplitude of the
tumbling rate @t@sX, again conditioned on y+. The dashed line shows here the value h|@t@sX|2i ⇡ 0.1/⌧2

⌘ expected for rods in

homogeneous isotropic turbulence [2, 30], where the Kolmogorov time ⌧⌘ = (⌫/")1/2 is computed using the bulk-flow turbulent
dissipation rate ".

We first report results on the statistics of the fiber orientation as a function of their distance to the wall. Figure 2(a)
represents the average orientation of the local tangent vector to the fiber conditioned on the distance y+ to the nearest
boundary. Only the streamwise (x) and wall-normal (y) components are represented, the spanwise component (z)
being deduced from the inextensibility condition |@sX|2 = 1. Our findings confirm the previously-observed behavior
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and its position X(s, t) is given by:

@tX = u(X, t) +
c

8⇡⇢f⌫
D
⇥
@s(T@sX)� E@4

sX
⇤
, with D = 1 + @sX@sX

T and |@sX| = 1. (1)

The tension T (s, t) is here a Lagrange multiplier associated to the inextensibility constraint, E = Y I is the fiber’s
bending modulus (with Y the Young modulus and I = ⇡a4/64 the fiber’s moment of inertia), ⇢f the fluid density,
⌫ its kinematic viscosity and c = �[1 + 2 log(a/`)] a parameter related to the shape [26]. Equation (1) involves
the fluid velocity u(X, t) along the fiber. It is obtained in our numerical simulations from the open-source spectral
code Channelflow 2.0 [27], used to solve the incompressible Navier–Stokes equation in a rectangular channel of size
Lx = 4⇡h, Ly = 2h, Lz = 4⇡h/3 (see Fig. 1), periodic in the x and z directions and with no-slip boundary conditions
at y = ±h. The fluid flow is integrated with a resolution of 128 ⇥ 129 ⇥ 128 collocation points. It is maintained in
motion by imposing a constant bulk velocity, such that the friction Reynolds number is equal to Re⌧ = u⌧ h/⌫ ⇡ 180
(with u⌧ the friction velocity). From now on, we will be using classical wall units (denoted by a superscript +), where
time and length scales are non-dimensionalized by ⌧⌫ = ⌫/u2

⌧ and �⌫ = ⌫/u⌧ .
The dynamics of fibers in Eq. (1) are numerically integrated using a second-order finite-di↵erence scheme [26, 28].

To prevent their crossing of the walls at y = ±h, we employ a soft-boundary approach, widely used in modeling discrete
particles interacting with walls and/or each-other [29]. In such models, particles are allowed to slightly overlap with
the wall, and the contact force is computed from the relative velocity and the degree of overlap. In practice, this
entails replacing the fluid velocity outside the domain with u = (0, v, 0), where v = �� (y + h) for y < �h and
v = �� (y � h) for y > h. The parameter � is adjusted to the time step �t as � = 0.5/�t. In our simulations, fiber
lengths take values in the range `+ = `/�⌫ 2 [15, 270], i.e. `/h 2 [0.08, 1.5]. Each fiber is discretized with a given
number of grid points Ns along its arc-length, chosen to keep a constant step size �s+ = `+/Ns ⇡ 0.9. The number
of simulated fibers Nfib 2 [100, 1250] decreases with increasing length `+ for the sake of computational time.

In the model we are using, inextensible and inertialess fibers are characterized by two length scales. The first scale
is their extension length `, which is expressed in wall units as `+ = `/�⌫ . This value indicates how far into the

turbulent boundary layer the fibers can extend. The second scale is the elastic length `E = [cE⌧⌫/(8⇡ ⇢f ⌫)]
1/4, which

is maintained constant to `+E ⇡ 7.1 in our simulations. It is determined by balancing in Eq. (1) the bending rate of the
fibers, given by cE/(8⇡⇢f⌫`4), with the typical shear rate ⌧�1

⌫ of the channel flow. Note that the definition of elastic
length introduced in [19] for homogeneous isotropic turbulence is recovered when using the Kolmogorov time scale ⌧⌘
instead of ⌧⌫ . The dimensionless flexibility of the fibers, defined as F = `/`E, measures their ability to bend near the
walls of the channel, with smaller values of F indicating more rigid fibers. In order to examine how flexible fibers
behave in comparison to rigid rods (which are formally defined as having `+ ! 0 and F = 0), we also integrated the
Je↵ery equations for threadlike ellipsoids in the same flow along tracer trajectories. Figure 1 shows two snapshots of
the fiber distribution with di↵erent lengths. Upon qualitative inspection, it is apparent that short, rigid fibers remain
very straight, whereas long, flexible fibers bend into complex shapes.
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FIG. 2. Near-wall alignment and tumbling. (a)Mean-square components of the tangent @sX to the fiber in the streamwise (solid
lines) and wall-normal (dashed lines) directions, as a function of the distance y+ to the wall and for various fibers lengths `+.
The horizontal dashed line corresponds to an isotropic orientation h(@sXi)

2i = 1/3. (b) Root-mean square amplitude of the
tumbling rate @t@sX, again conditioned on y+. The dashed line shows here the value h|@t@sX|2i ⇡ 0.1/⌧2

⌘ expected for rods in

homogeneous isotropic turbulence [2, 30], where the Kolmogorov time ⌧⌘ = (⌫/")1/2 is computed using the bulk-flow turbulent
dissipation rate ".

We first report results on the statistics of the fiber orientation as a function of their distance to the wall. Figure 2(a)
represents the average orientation of the local tangent vector to the fiber conditioned on the distance y+ to the nearest
boundary. Only the streamwise (x) and wall-normal (y) components are represented, the spanwise component (z)
being deduced from the inextensibility condition |@sX|2 = 1. Our findings confirm the previously-observed behavior

❖ Strong stream-wise alignment near walls
❖ Violent deformations of longest fibres 

 contacts with walls?⇒
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turbulent channel flow. Figure 4 serves as an illustrative example, wherein the fiber is bent in three dimensions but
still undergoes a strong enough impulse to migrate away from the wall. As we will now see, these interactions with
the boundaries are the underlying cause of non-uniform fiber distributions in the channel, ultimately leading to the
enhancement of their transport.

FIG. 4. Near-wall tumbling of a fiber of length ` = 0.25h ⇡ 45 �⌫ in the turbulent channel flow, leading to an instance of
pole-vaulting. Di↵erent colors correspond to various instants of time, expressed in viscous units.

Building upon prior observations, we now present our findings on the spatial distribution and velocities of fibers.
Figure 5(a) depicts the average concentration as a function of the wall-normal distance y+. A depletion in the
boundary layer is readily apparent, which becomes more pronounced with an increase in fiber length. As a result,
fibers tend to accumulate far from the boundaries, towards the bulk of the channel flow. The inset (b) of Fig. 5
shows the same data, but in semi-logarithmic coordinates and as a function of the ratio between the wall-normal
distance and the fiber length y+/`+. Notably, the data seem to collapse well, suggesting that fiber length is indeed an
appropriate scale to characterize boundary depletion and thus pointing towards the mechanisms described previously.
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FIG. 5. Inhomogeneous fiber distributions and velocities. (a) Average density as a function of the distance to the wall for the
various fiber lengths. (b) Same, plotted as a function of y+/`+. The dashed line shows a behavior / log `+. (c) Average fiber
velocity in the streamwise direction, as a function of the wall-normal coordinate. (d) Fiber fluxes normalised to that of the
fluid. The dashed line represents a log behavior.

A higher concentration of fibers in the bulk region, where the flow speed is higher, may suggest that fibers are
transported more e�ciently by the flow. However, as the fibers are not expected to follow exactly the fluid due
to their important length, it is essential to examine first their velocity in the streamwise direction x. Figure 5(c)
shows this mean velocity, with statistics conditioned on X2(s, t) = y and therefore not carrying any information on
the concentration. One observes an increase in velocity close to the boundary and a minor decrease in the bulk,
both of which become more pronounced with fiber length. The increase close to the walls could be attributed to
the concentration of fibers in high-velocity streaks, as already reported in the literature [5, 11–15] for shorter fibers,
but still longer than the smallest scale of the flow. However, a long fiber in a channel flow can sample di↵erent
regions of the flow simultaneously. Thus, segments of the fiber located at di↵erent distances from the wall experience
di↵erent average fluid velocities. As the fiber is inextensible, the segments located in the channel center with a higher
mean fluid velocity tend to pull the whole fiber, while those near the walls with a lower velocity slow it down. This
mechanism results in a higher fiber streamwise velocity than the fluid near the walls and lower in the center, as
observed in Fig. 5(c).

By combining the concentration and velocity measurements to obtain the average flux in a (y, z)-plane, we find that
these e↵ects ultimately result in an increase in fiber transport by several percent, as shown in Fig. 5(d). Interestingly,
the dominant e↵ect on flux modification is the concentration profile, despite the fact that the fibers are slightly slower
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turbulent channel flow. Figure 4 serves as an illustrative example, wherein the fiber is bent in three dimensions but
still undergoes a strong enough impulse to migrate away from the wall. As we will now see, these interactions with
the boundaries are the underlying cause of non-uniform fiber distributions in the channel, ultimately leading to the
enhancement of their transport.

FIG. 4. Near-wall tumbling of a fiber of length ` = 0.25h ⇡ 45 �⌫ in the turbulent channel flow, leading to an instance of
pole-vaulting. Di↵erent colors correspond to various instants of time, expressed in viscous units.

Building upon prior observations, we now present our findings on the spatial distribution and velocities of fibers.
Figure 5(a) depicts the average concentration as a function of the wall-normal distance y+. A depletion in the
boundary layer is readily apparent, which becomes more pronounced with an increase in fiber length. As a result,
fibers tend to accumulate far from the boundaries, towards the bulk of the channel flow. The inset (b) of Fig. 5
shows the same data, but in semi-logarithmic coordinates and as a function of the ratio between the wall-normal
distance and the fiber length y+/`+. Notably, the data seem to collapse well, suggesting that fiber length is indeed an
appropriate scale to characterize boundary depletion and thus pointing towards the mechanisms described previously.
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FIG. 5. Inhomogeneous fiber distributions and velocities. (a) Average density as a function of the distance to the wall for the
various fiber lengths. (b) Same, plotted as a function of y+/`+. The dashed line shows a behavior / log `+. (c) Average fiber
velocity in the streamwise direction, as a function of the wall-normal coordinate. (d) Fiber fluxes normalised to that of the
fluid. The dashed line represents a log behavior.

A higher concentration of fibers in the bulk region, where the flow speed is higher, may suggest that fibers are
transported more e�ciently by the flow. However, as the fibers are not expected to follow exactly the fluid due
to their important length, it is essential to examine first their velocity in the streamwise direction x. Figure 5(c)
shows this mean velocity, with statistics conditioned on X2(s, t) = y and therefore not carrying any information on
the concentration. One observes an increase in velocity close to the boundary and a minor decrease in the bulk,
both of which become more pronounced with fiber length. The increase close to the walls could be attributed to
the concentration of fibers in high-velocity streaks, as already reported in the literature [5, 11–15] for shorter fibers,
but still longer than the smallest scale of the flow. However, a long fiber in a channel flow can sample di↵erent
regions of the flow simultaneously. Thus, segments of the fiber located at di↵erent distances from the wall experience
di↵erent average fluid velocities. As the fiber is inextensible, the segments located in the channel center with a higher
mean fluid velocity tend to pull the whole fiber, while those near the walls with a lower velocity slow it down. This
mechanism results in a higher fiber streamwise velocity than the fluid near the walls and lower in the center, as
observed in Fig. 5(c).

By combining the concentration and velocity measurements to obtain the average flux in a (y, z)-plane, we find that
these e↵ects ultimately result in an increase in fiber transport by several percent, as shown in Fig. 5(d). Interestingly,
the dominant e↵ect on flux modification is the concentration profile, despite the fact that the fibers are slightly slower
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and its position X(s, t) is given by:

@tX = u(X, t) +
c

8⇡⇢f⌫
D
⇥
@s(T@sX)� E@4

sX
⇤
, with D = 1 + @sX@sX

T and |@sX| = 1. (1)

The tension T (s, t) is here a Lagrange multiplier associated to the inextensibility constraint, E = Y I is the fiber’s
bending modulus (with Y the Young modulus and I = ⇡a4/64 the fiber’s moment of inertia), ⇢f the fluid density,
⌫ its kinematic viscosity and c = �[1 + 2 log(a/`)] a parameter related to the shape [26]. Equation (1) involves
the fluid velocity u(X, t) along the fiber. It is obtained in our numerical simulations from the open-source spectral
code Channelflow 2.0 [27], used to solve the incompressible Navier–Stokes equation in a rectangular channel of size
Lx = 4⇡h, Ly = 2h, Lz = 4⇡h/3 (see Fig. 1), periodic in the x and z directions and with no-slip boundary conditions
at y = ±h. The fluid flow is integrated with a resolution of 128 ⇥ 129 ⇥ 128 collocation points. It is maintained in
motion by imposing a constant bulk velocity, such that the friction Reynolds number is equal to Re⌧ = u⌧ h/⌫ ⇡ 180
(with u⌧ the friction velocity). From now on, we will be using classical wall units (denoted by a superscript +), where
time and length scales are non-dimensionalized by ⌧⌫ = ⌫/u2

⌧ and �⌫ = ⌫/u⌧ .
The dynamics of fibers in Eq. (1) are numerically integrated using a second-order finite-di↵erence scheme [26, 28].

To prevent their crossing of the walls at y = ±h, we employ a soft-boundary approach, widely used in modeling discrete
particles interacting with walls and/or each-other [29]. In such models, particles are allowed to slightly overlap with
the wall, and the contact force is computed from the relative velocity and the degree of overlap. In practice, this
entails replacing the fluid velocity outside the domain with u = (0, v, 0), where v = �� (y + h) for y < �h and
v = �� (y � h) for y > h. The parameter � is adjusted to the time step �t as � = 0.5/�t. In our simulations, fiber
lengths take values in the range `+ = `/�⌫ 2 [15, 270], i.e. `/h 2 [0.08, 1.5]. Each fiber is discretized with a given
number of grid points Ns along its arc-length, chosen to keep a constant step size �s+ = `+/Ns ⇡ 0.9. The number
of simulated fibers Nfib 2 [100, 1250] decreases with increasing length `+ for the sake of computational time.

In the model we are using, inextensible and inertialess fibers are characterized by two length scales. The first scale
is their extension length `, which is expressed in wall units as `+ = `/�⌫ . This value indicates how far into the

turbulent boundary layer the fibers can extend. The second scale is the elastic length `E = [cE⌧⌫/(8⇡ ⇢f ⌫)]
1/4, which

is maintained constant to `+E ⇡ 7.1 in our simulations. It is determined by balancing in Eq. (1) the bending rate of the
fibers, given by cE/(8⇡⇢f⌫`4), with the typical shear rate ⌧�1

⌫ of the channel flow. Note that the definition of elastic
length introduced in [19] for homogeneous isotropic turbulence is recovered when using the Kolmogorov time scale ⌧⌘
instead of ⌧⌫ . The dimensionless flexibility of the fibers, defined as F = `/`E, measures their ability to bend near the
walls of the channel, with smaller values of F indicating more rigid fibers. In order to examine how flexible fibers
behave in comparison to rigid rods (which are formally defined as having `+ ! 0 and F = 0), we also integrated the
Je↵ery equations for threadlike ellipsoids in the same flow along tracer trajectories. Figure 1 shows two snapshots of
the fiber distribution with di↵erent lengths. Upon qualitative inspection, it is apparent that short, rigid fibers remain
very straight, whereas long, flexible fibers bend into complex shapes.
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FIG. 2. Near-wall alignment and tumbling. (a)Mean-square components of the tangent @sX to the fiber in the streamwise (solid
lines) and wall-normal (dashed lines) directions, as a function of the distance y+ to the wall and for various fibers lengths `+.
The horizontal dashed line corresponds to an isotropic orientation h(@sXi)

2i = 1/3. (b) Root-mean square amplitude of the
tumbling rate @t@sX, again conditioned on y+. The dashed line shows here the value h|@t@sX|2i ⇡ 0.1/⌧2

⌘ expected for rods in

homogeneous isotropic turbulence [2, 30], where the Kolmogorov time ⌧⌘ = (⌫/")1/2 is computed using the bulk-flow turbulent
dissipation rate ".

We first report results on the statistics of the fiber orientation as a function of their distance to the wall. Figure 2(a)
represents the average orientation of the local tangent vector to the fiber conditioned on the distance y+ to the nearest
boundary. Only the streamwise (x) and wall-normal (y) components are represented, the spanwise component (z)
being deduced from the inextensibility condition |@sX|2 = 1. Our findings confirm the previously-observed behavior

Are such ideal settings reproducible in experiments?
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no clear steady-
state (if any other 
than all particles at 
the boundary…)

Rigid rods

turbophoresis pole-vaulting
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Ongoing comparisons with experiments…
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Key results 
❖ Macroscopic elongated particles align with an inertial-range direction of stretching 

(a.k.a. longest elongation of an advected tetrahedron)
❖ Deformability enhances transport (velocity amplitude). Surfing effect?
❖ Coupling between rotation and translation otherwise unclear…
❖ When tumbling, long fibers tend to migrate away from boundaries (“pole-vaulting”), 

enhancing their transport. However, this might be hindered by inertia/turbophoresis.

Perspectives 
❖ Consider combined effect of inertia and flexibility. Turbulent settling?
❖ Change the fibers’ equilibrium shape (e.g. curved arcs, helices, etc).
❖ Effect of refined interactions with boundaries (friction vs. gripping)
❖ Two-way coupling: does the alignment with boundaries laminarize the flow?
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