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Abstract
The kinematics and the shear-induced alignment of elongated particles in confined, heterogeneous
flow conditions are investigated experimentally. Experiments are conducted in an annular shear
cell with a rotating bottom wall and a top wall permitting confinement of the flow. Flow
kinematics and particle orientation statistics are computed by particle tracking using optical
imaging. Translational velocity profiles show an exponential decay, and surprisingly, only the slip
velocity at the bottom is influenced by the particle shape. Rotations are highly frustrated by
particle shape, more elongated particles showing, on average, a lower angular velocity. In addition,
a clear shear-rate dependency of the proneness of a particle to rotate is observed, with a stronger
inhibition in low shear zones. The average orientation of the particles does not correspond to the
main flow direction, they are slightly tilted downwards. The corresponding angle decreases with
the particles’ elongation. Orientational order was observed to increase with particles’ elongation,
and surprisingly was not affected by the applied confinement. A weak but systematic decrease of
the orientational order was observed in regions of higher shear rate. At the particle-scale, angular
velocity fluctuations show a strong correlation with local particle orientation, particles being
strongly misaligned with the preferential particles’ orientation rotating faster. This correlation
becomes stronger for more elongated particles, while is almost unaffected by the applied
confinement.

1. Introduction

Granular materials are often composed of particles with anisotropic shapes, like rice, lentils or pills. Yet, for
the sake of simplicity, the majority of the experimental and theoretical studies have focused on spherical
particles. In recent years, several works have shed light on the peculiar behaviour induced by the shape
anisotropy of the particles. Among them one can mention the effects in the packing fraction of granular
packings [1–3], stresses in piles [4–8], the average coordination number [9] or the jamming [10, 11]. Also,
it has been shown that the particles’ shape has a significant effect on the global response of the granular
material when submitted to an external mechanical solicitation like taps [12–16] or shear [7, 8, 17–19].
Thus, it turns out that the particles’ shape has a remarkable influence on the behaviour of granular media,
and can introduce qualitatively new macroscopic phenomena with respect to the case of shape-isotropic
grains. An overview of the behaviour of granular media composed of shape-anisotropic particles is given in
Börzsönyi and Stannarius [20].

In this work, we focus on granular materials made of elongated particles and continuously submitted to
shear. Such type of systems are strongly influenced by the shape anisotropy of the particles: they show
collective reorientation under shear and shear-induced orientational ordering. The latter phenomenon is
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Figure 1. (a) Sketch of the annular shear cell, the top wall imposes a load Mw on the granular material and the bottom wall
rotates with a velocity Ω. (b) Geometry of a spherocylinder of length L and diameter d. Its orientation with respect to the flow
direction is characterised by the angle θ (in the x–y plane). (c) View of the experimental cell with a particular of the monitored
region (black rectangle).

robust and has been observed in different configurations as shear flows [18, 19, 21–27], flow down an
inclined plane [25, 28] and hopper flows [29–32]. In a recent work Artoni and Richard [27] suggested that
the correlation between angular velocity fluctuations and local particle orientation is at the base of the
orientational ordering in shape-anisotropic granular media. In granular flows particles that are strongly
misaligned with the streamlines rotate quicker, on an average basis, than particles aligned with the flow
direction. This is similar to the motion of isolated elongated bodies in a viscous flow [33]. However, due to
the entanglement between particles in a granular system, the average dependence of angular velocity on the
orientation may be stronger than the one predicted by Jeffery’s model [33].

Previous research on the rotational dynamics of elongated particles in granular flows has focused on
heterogeneous free surface shear flows [23, 24]. Here we add the further constraint of a vertical confinement
to the flow. Wall-bounded shear flows, are often characterised by complex localisation patterns [34–36],
and qualitatively and quantitatively different behaviours are observed between the zones characterised by
low shear rate and the zones in which large shear is localised. Therefore, in this work, we focus on elongated
particles in highly confined heterogeneous shear flows, trying to understand how shear heterogeneity and
flow confinement influence particles rotational dynamics and their orientational ordering.

The paper is organised as follows. The experimental methodology is presented in section 2. In section 3,
we report the kinematic properties of our flow, i.e. the translational and rotational velocity profiles.
Section 4 is devoted to the study of the orientational order of the particles. In section 5, we present a
detailed discussion on the correlation between orientation and angular velocity. Finally in section 6 we
summarise our findings.

2. Experimental methodology

2.1. Experimental setup
Experiments were conducted in an annular shear cell geometry [35, 37] filled with spherocylindrical
particles (see figure 1). The shear cell is composed by two vertical and coaxial cylindrical walls made of
poly-methyl methacrylate (PMMA). The internal radius of the outer cylinder is Re = 95 mm and the
external radius of the inner cylinder is Ri = 45 mm, therefore the inner annular region is 50 mm thick. The
horizontal boundaries are two annular walls made of poly-lactic acid (PLA) obtained through 3D printing.
The top and bottom horizontal walls have a bumpy surface characterised by a triangular mesh of
hemispheres (diameter b = 6 mm) with a mean distance of 2b between their edges. The bottom plate is
screwed to a rotating plate driven by a stepper motor (Lexium MDRive, Schneider Electric). The top plate is
connected to a support preventing its rotation but permitting it to freely move vertically. Steel masses can be
placed on the top plate in order to apply a vertical load on the granular medium. The spherocylindrical
particles are 3D printed in order to control their shape and material (PLA). Moreover, the 3D printing also
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Table 1. Summary of the experimental combinations. The
parameter M∗ is the ratio between the applied mass Mw over the
total mass of the particles Mg. AR is ratio of the spherocylinder’s
length L to its diameter d.

AR (−) Mg (kg) Mw (kg) M∗ (−)

2.0 0.93 0.67 0.7
2.0 0.93 1.94 2.1
2.0 0.93 3.64 3.9
2.5 0.93 0.67 0.7
2.5 0.93 1.94 2.1
2.5 0.93 3.64 3.9
3.0 0.93 0.67 0.7
3.0 0.93 1.94 2.1
3.0 0.93 3.64 3.9

allows us to choose the particles’ color. A 5% in mass of the total amount of particles was printed with a red
color in order to use these particles as tracers for particle tracking.

Three sets of particles characterised by a different aspect ratio AR (= 2, 2.5, 3), i.e. ratio of the
spherocylinder’s length L to its diameter d (see figure 1(b)), were considered. The particle diameter d is
6 mm, independently of the AR considered. The total amount of particles is Mg = 0.93 kg, which
corresponds to a flow height h of ∼72 mm (∼12d). In all the experiments here presented a rotational
velocity of Ω = 5.86 r.p.m. was imposed to the bottom wall. The bottom wall velocity was not changed in
our study since Artoni et al [27] have shown that the shape of the kinematic profiles is not influenced by the
bottom wall velocity in the adopted confined flow configuration. Furthermore, in a free surface flow
configuration, Börzsönyi et al [23, 24] have shown that the average particles’ alignment is essentially
independent of the shear rate. Three different top loads were used for each of the AR considered imposing a
weight Mw = 0.67, 1.94, 3.64 kg. The applied load will be indicated with the dimensionless parameter
M∗ = Mw/Mg in what follows. The combinations of load and AR here investigated are summarised in
table 1.

2.2. Measurement of the flow kinematics
The flow process was recorded with an industrial CMOS camera (Basler acA2440-75uc) and a
light-emitting diode lamp was used for lighting the system. The control region (black rectangle in
figure 1(c)) spanned the entire height of the flow and was 60 mm wide (∼10d). Given the wide span of
velocity values in the flow, multiple movies were recorded at two different frame rates. Four 1 h long movies
at 10 fps and two 6 h long movies at 1 fps were recorded for each of the parameter combinations reported
in table 1.

A particle tracking algorithm (PTA) was used to reconstruct the kinematic profiles of the flow. Tracers
particles (i.e. red particles) are identified using a color-based filter. Identified contours are filtered on the
basis of threshold values of their surface and aspect ratio to discard contours that are not clearly associated
with a single particle, as for instance spherocylinders not aligned with the wall of the cell (less than 20% of
the spherocylinders was not aligned with the wall of the cell), or red spherocylinders that get stuck to each
other. Finally, short trajectories, i.e. shorter than five frames long, are also discarded. In order to compute
particles’ rotation and orientation, in the PTA we find the best fitting ellipse (in a least-squares sense) of the
recognised tracers’ contour (see figure 2). Then, the angle θ between the long axis of the ellipse and the flow
direction, in the x–y plane (x being the direction of the flow and y the direction along with gravity acts), is
used to estimate the particle’s orientation (−90◦ � θ � 90◦); the rotational velocity is therefore computed
as the variation of the particle’s orientation between consecutive frames. It should be noted that the optical
measurements only permit the statistics of the particles at the wall to be computed, which may differ from
the one characteristic of the particles in the bulk region. However, due to the limited width of the flow
(<10d), one can reasonably assume that transverse gradients (with respect to the flow direction) are small
and, therefore the quantities in the bulk should not substantially differ from the ones characteristic of the
particles at the wall. Comparison between experiments repetitions highlighted that they were fairly
repeatable. No relevant variation of the global packing fraction was observed between the different cases
here analysed.
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Figure 2. Examples of particles recognition in the particle tracking algorithm: AR = 2 (left), AR = 2.5 (centre), AR = 3 (right).

3. Kinematic profiles

In the following, we present the effect of the particles’ elongation and of the top wall load on translational
and rotational velocity profiles. All the profiles presented in this section refer to time averaged variables.
Due to the non homogeneity of the flow, both the shear rate and the inertial number are not constant. The
typical range of shear rate observed in the experiments is 10−2 < γ̇ < 1, where lower values refer to the top
region of the flow and the higher to the zone of shear localisation at the bottom of the flow. The inertial
number instead, globally ranges between I = 10−5 and I = 10−2 (the inertial number was computed using
the definition proposed by Hidalgo et al [28] for nonspherical particles). Given that the effects of the
particles’ elongation and of the top wall load were found to be independent, we discuss them independently,
by showing variations with respect to the intermediate base case (AR = 2.5, M∗ = 2.1). The velocity
profiles obtained for the experiments with particles of AR = 2.5 are reported in figure 3(a). They show an
exponential decay with the vertical position y, with a shear localisation near the bottom wall, which can be
represented by the following equation:

v(y) = (Vw − vslip) exp
(
− y

δ

)
, (1)

where Vw = Ω(Re − b/2) is the azimuthal velocity of the bottom wall asperities closest to the transparent
wall, and vslip is the slip velocity at the bottom wall. The decay of the profile, i.e. δ, is influenced by the
applied load with a strengthening of the flow localisation when increasing the latter. This flow behaviour is
analogous to the one observed for spherical particles in a similar test configuration [35, 37]. Velocity
profiles obtained for different aspect ratios are reported in figure 3(b).

A higher slip velocity is observed when considering particles characterised by a higher AR; this may be
due to the lower relative dimension of the wall’s asperities with respect to the major axis of the particles, i.e.
b/L, for more elongated particles. However, once scaled by the velocity at the base of the flow, the velocity
profiles obtained at different AR collapse on a single curve as highlighted in the inset of figure 3(b).
Therefore, the decay of the velocity profiles seems independent of the particle elongation. Moreover, it
means that the flow heterogeneity is the same for the three aspect ratios considered here.

The angular velocity profiles (here counterclockwise rotations are considered as positive) obtained for
the experiments are reported in figures 4(a) and (b), considering the effect of the vertical confinement and
of the particles aspect ratio respectively. It is evident that the angular velocity is strongly affected by the
particle’s shape (see figure 4(b)), the average particle’s spin being systematically lower for higher AR (the
range of γ̇ is independent of AR). This agrees with the numerical observations of Artoni & Richard [27] in
a 2D simple shear flow configuration. A variation of the vertical load has instead an almost negligible effect
on the angular velocity with only slightly lower values for the higher vertical confinements (see figure 4(a));
however, the observed differences are compatible within the error bars.

For isotropic particles in homogeneous shear flows, the average particle angular velocity is not an
independent variable, but is enslaved to the vorticity of the flow, and is given by half of the shear rate.
Deviation from this scaling may arise due to the shape anisotropy of the particles, but also to the confined
nature of the system that causes flow heterogeneity. It is therefore interesting to investigate the angular
velocity normalised with the average shear rate at the location of the particle. In the insets of figures 4(a)
and (b), the normalised angular velocity profiles are displayed. For shape isotropic frictional particles, the
relation ω = −γ̇/2 has been observed, both in 2D and 3D numerical simulations and in different flow
configurations [27, 38–42]. Instead, in our experiments we observe that ω′ = −ω/γ̇ is systematically lower
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Figure 3. Time averaged translational velocity profiles: (a) effect of the vertical load M∗ (AR = 2.5), (b) effect of the aspect ratio
AR (M∗ = 2.1). Velocity is normalised by the wall velocity Vw. The error bars are smaller than the size of the data markers. The
insets report the velocity profiles normalised by the Vw − vslip in log-lin scale.

Figure 4. Time averaged angular velocity profiles: (a) effect of the vertical load M∗ (AR = 2.5), (b) effect of the aspect ratio AR
(M∗ = 2.1). Angular velocity is normalised by Vw/d. The insets report the angular velocity profiles normalised by the local shear
rate γ̇ (the black-dashed line represents the expected value for isotropic particles [27, 38–42]).

than 0.5, independently of the considered aspect ratio and of the flow region. This reveals that there is a
geometric frustration of the particles’ rotation due the shape anisotropy of the particles.

Remarkably, ω′ progressively decreases when moving farther from the zone of shear localisation (bottom
region of the flow). This peculiar behaviour, which is not expected for spherical particles, underlines a
further frustration of the particles rotation in systems made of shape anisotropic particles, which may be
due to the combined effect of the confined nature of the flow and the higher orientational order in the
zones characterised by a lower shear rate (the latter aspect will be detailed in section 4). In fact, differently
from a spherical particle, the rotation of an elongated particle requires a local rearrangement of the
neighbouring ones, and, in our confined flow, this rearrangement may be inhibited by both the vertical
confinement and a more ordered phase. In our flow configuration, such inhibition becomes stronger when
approaching the top wall and this may explain the decrease of ω′ with y observed in the experiments. We
observe a systematic decrease of ω′ when increasing the particles AR (see the inset of figure 4(b)), which
confirms the existence of a geometrical inhibition of particles rotations due to the shape anisotropy.
Furthermore, a systematical decrease of the mean value of the normalised angular velocity ω′ with the
particles aspect ratio is observed as displayed in figure 5(a). Finally, the normalised angular velocity ω′ is
displayed in figure 5(b) as a function of the shear rate γ̇. It is noteworthy that, on an average basis, the
proneness of a particle to rotate is strongly shear rate dependent. On the other hand the evolution of ω/γ̇
seems, surprisingly, to be nearly independent of the load, at least in the range studied here.

The inhibition of particles rotations is stronger for low shear rate values, while particles’ rotation is less
frustrated in zones where shear is localised. This is a new and very interesting result. We expect that this is
strongly related to the development of solid fraction profiles. The medium is expected to be less dense in
regions characterized by a higher shear rate; therefore, particles’ entanglement is weaker in such regions and
this could yield to a reduction of the frustration of particles’ rotations. Previous works on free surface
heterogeneous shear flows [23, 24] did not assess the dependence of ω′ on the shear rate. While other flow
features (e.g. particle orientation) are not or only slightly affected by the heterogeneity of the flow, in our
case clearly the rotational frustration increases when moving towards low shear zones. The fact that such a
behaviour was not pointed out before may be related to the highly confined nature of our flow. Finally, it

5
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Figure 5. (a) Normalised average angular velocity ω′ as a function of the particles AR. (b) Normalised angular velocity as a
function of the shear rate γ̇. The confinement level is indicated with different symbols: M∗ = 0.7 (◦), M∗ = 2.1 (♦),
M∗ = 3.9 (�).

should be noted that the data in figure 5(b) interestingly suggest the existence of a characteristic time. This
aspect will be analysed in a future work.

4. Orientational order and alignment of the particles

In order to study the shear-induced alignment of the particles, their orientational distribution is considered
at first. The orientation of a particle is defined as the angle θ between its long axis and the flow direction
(see figure 1(b)). The orientational distribution is displayed in figure 6(a) for the cases with AR = 2.5 and
different confinements, while the cases characterised by a different AR are compared in figure 6(b) with
reference to a vertical load M∗ = 2.1. For all the cases here considered, the distribution of θ is strongly
anisotropic, and particles tend to be oriented, on average, with a non-zero angle with respect to the flow
direction. In agreement with previous works [19, 21–24, 27], we observe that the distribution of θ is
narrower when increasing the aspect ratio of the particles (see figure 6(b)). There is therefore a higher
degree of shear-induced alignment in systems composed by more elongated particles. Surprisingly, minor
differences are instead observed when modifying the vertical confinement, the only effect being a slightly
more peaked distribution for higher confinement level (see figure 6(a)).

The average orientation θav of the particles with the flow direction is obtained by computing the circular
mean. The values of θav as a function of the particles’ aspect ratio are displayed in figure 7(a), for all the
experimental combinations here considered. A systematic decrease of the misalignment between the average
particles’ orientation and the flow direction is observed when increasing the particles’ elongation.
Conversely, the average particles’ orientation is almost unaffected by the applied vertical confinement.
Finally, it is worth mentioning that the obtained θav values are consistent with the ones measured in free
surface shear flows [23, 24] which, together with the independence of the vertical confinement, remarkably
underlines the robustness of shear-induced alignment in granular media made of shape anisotropic
particles. This suggests that the shear-induced alignment is mainly controlled by the particles’ geometry
(a slightly dependency on the particle friction has been observed in [43]) and seems almost independent of
the flow configuration. This is an interesting perspective and should be investigated in a future work.

When analysing the distribution of the particles orientation, it has been observed that when using
higher ARs the distribution becomes narrower. This already provided a first indication of the higher
packing ordering that can be reached for more elongated particles. To provide a quantitative description of
the shear-induced orientational order in our granular system we adopt the orientational order parameter S:

S = 〈2 cos2(θ − θav) − 1〉, (2)

where the average is made on all the particles having passed in a given zone at different times. In a perfectly
ordered system the order parameter is equal to 1, while for a randomly oriented system the order parameter
is equal to 0.

The order parameter S as a function of the aspect ratio of the particles is displayed in figure 7(b).
Overall, we note a systematic increase of S with the aspect ratio of the particles. This tendency of reaching a
higher orientational order in systems composed by more elongated particles is consistent with numerical
results obtained in sheared granular systems composed of 2D dumbbells [21], elongated rods [18, 44], long
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Figure 6. (a) Distribution of the particles’ orientation θ: (a) effect of the vertical load M∗ (AR = 2.5) and (b) effect of the aspect
ratio AR (M∗ = 2.1).

Figure 7. (a) Average orientation angle θav and (b) order parameter S as a function of the particles’ aspect ratio AR. (c) Order
parameter S as a function of the shear rate γ̇. The confinement level is indicated with different symbols: M∗ = 0.7 (◦),
M∗ = 2.1 (♦), M∗ = 3.9 (�).

clumps of overlapping spheres [23, 24], ellipses [26], ellipsoids [45] and spherocylinders [19, 43, 45], as well
as with experimental results obtained with rice grains and rod like particles [23, 24].

Comparing the values of the order parameter for a given AR we observe that the effect of the applied
confinement is almost negligible. Slightly less ordered phases are observed when applying a lower
confinement, however the values of S are compatible within the error bars (see figure 7(b)). Finally, a weak
dependency of the order parameter S on the shear rate is observed (see figure 7(c)). Indeed, a slight but
systematic tendency of having more ordered states is observed in low shear rate zones, while a less ordered
structure characterises the region of shear localisation.

7



New J. Phys. 24 (2022) 073018 A Pol et al

5. Correlation between orientation and angular velocity

In order to investigate the correlation between angular velocity and local particle orientation, we perform a
bin averaging on the orientation angle of the locally normalised angular velocity ω′. This yields a function
ω′
θ, which represents the average angular velocity as a function of the orientation. The function ω′

θ is
displayed in figures 8(a) and (b), where the effect of the applied confinement and of the particle aspect ratio
can be observed.

Differently from the case of isotropic particles, for which the angular velocity is independent of the
particle’s orientation, we observe that, on an average basis, the angular velocity and the orientation are
strongly correlated. Particles that are strongly misaligned with the average orientation θav tend to rotate
faster, while particles oriented closer to θav rotate much slower. In the range −15◦ � θ � 15◦ particles rotate
clockwise or counterclockwise with almost equal probability, and therefore the function ω′

θ is approximately
equal to zero in such range of orientations. For higher misalignment with the flow direction, particles are
mostly rotating in counterclockwise direction. Similarly to other works [24, 27], the angular velocity ω′

θ is
maximum, on an average basis, for orientations orthogonal to the average particle orientation. We note
that, as observed in [24], for particles oriented as θav ± π/2 the average angular velocity tends to the local
vorticity of the flow. The ω′

θ is influenced by the particles AR (see figure 8(b)) with a slightly more
anisotropic orientational distribution of the angular velocity for more elongated particles. Instead, the
correlation between angular velocity fluctuations and local orientation seems independent of the applied
confinement (see figure 8(a)).

To shed some light on the role of the shape anisotropy of the particles on the correlation between
particles orientation and rotation, we analyse the heterogeneity of the orientational angular velocity
function ω′

θ . For this purpose, we define the dimensionless parameter χ:

χ =
1

πω′
θ

∫ π/2

−π/2
|ω′

θ − ω′
θ| dθ, (3)

where ω′
θ represents the average value of the ω′

θ function. The parameter χ quantifies the deviation of the ω′
θ

function from its mean value ω′
θ. Therefore the parameter χ increases with the heterogeneity of ω′

θ , and so
the higher the value of χ the stronger is the correlation between θ and ω. For the case of isotropic particles
the angular velocity is not correlated to the orientation and the function ω′

θ has a constant value equal to 0.5
(since ω = −γ̇/2), and therefore the parameter χ is equal to zero.

The mean value of the ω′
θ function, obtained for the experimental combinations here considered, is

displayed in figure 8(c). It is interesting to note that, even if rotations are strongly inhibited when increasing
the particles’ elongation (see figure 5), we observe that the mean value of the ω′

θ function assumes an
approximately constant value independently of the particles’ aspect ratio. The fact that the average value of
the bin average angular velocity ω′

θ is different from the average angular velocity ω′ is not surprising because
the particle orientation distribution is not uniform. Particles spend more time being aligned with their
preferred direction, which is also that characterised by the slowest angular velocity, and therefore ω′ < ω′

θ.
It is however quite surprising that ω′

θ has an approximately constant value, independently of the particles
elongation.

From the experimental results we note a monotonic increase of the parameter χ with the shape
anisotropy of the particles (see figure 8(d)). Thus, the heterogeneity of the ω′

θ function grows with the
particle elongation, revealing that the correlation between local particle orientation and angular velocity is
magnified when increasing the aspect ratio of the particles. Negligible differences in the value of χ are
instead observed when changing the vertical load (see figure 8(d)), thus confirming that the correlation
between angular velocity and local particle orientation is independent of the applied confinement.

In the light of the obtained results, one can note that the angular dependence of the rotation rate of the
particles observed in our system is qualitatively in agreement with the model of Jeffery [33], even if the
latter refers to a completely different system (i.e. dynamics of an isolated ellipsoidal particle in a viscous
flow). In fact, in both cases particles’ angular velocity increases with the misalignment with the preferential
orientation (the flow direction in Jeffery’s model), and this effect becomes stronger as the particles’ aspect
ratio increases thus leading to an increase of the heterogeneity of the ω′

θ function. Moreover, the constancy
of the mean value of the ω′

θ function, independently of the particles’ aspect ratio (see figure 8(c)), seems to
represent another common feature of our granular system and the Jeffery’s model. We can therefore state
that also in our granular system the heterogeneity of the orientational distribution of the angular velocity
can be related to a balance between the rotation induced by flow vorticity and the proneness of particles to
assume a preferential orientation. Nevertheless, Jeffery’s model does not correctly describe the behaviour of
elongated particles in our granular flow from several points of view. Firstly, Jeffery’s model does not predict
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Figure 8. Normalised average particles angular velocity ω′
θ as a function of the particles’ orientation: (a) effect of the vertical

load M∗ (AR = 2.5), (b) effect of the aspect ratio AR (M∗ = 2.1). The dashed lines refer to Jeffery’s model [33]. (c) Mean value
of the ω′

θ function and (d) parameter χ as a function of the particles’ aspect ratio (same legend as figure 8(c)). The black-dotted
line represents the values obtained from the Jeffery’s model [33].

the misalignment of the average particle orientation with respect to the flow direction. Secondly, the
heterogeneity is more pronounced in our granular flow as shown by the higher values of the parameter χ
obtained in our experiments than the one predicted by the Jeffery’s model (black-dotted line in figure 8(d)).
Thirdly, in our case the function ω′

θ is not symmetric with respect to θav, similarly to the experimental
observation presented by Börzsönyi et al [24].

As observed in previous studies [24, 27], the above discussed differences from the Jeffery’s model arise
from the ‘granular’ nature of the system. In fact, differently from the case of an isolated particle in a viscous
flow, in a granular medium particles are entangled with neighbours. On the one hand this induces a
stronger geometrical frustration to the particles’ rotation (other than the frustration deriving from the
shape anisotropy of the particle itself), on the other hand it increases the tendency of particles to assume a
preferential orientation with respect to the flow direction. Both of these phenomena reflect in a
strengthening of the orientational dependence of the particles’ angular velocity. It should be noted that, in
our case, the asymmetry of the distribution of the angular velocity with θ, and so the deviation from the
Jeffery’s model, are more marked than what has been observed in the free surface flow of [24]. This can be
ascribed to the highly confined nature of our flow configuration in which the coupling of shear and dilation
can be very important.

6. Conclusions

In this work we discuss the first—to our knowledge—detailed experimental study of rotational dynamics of
elongated particles in a fully confined shear flow. This configuration is characterised by shear localisation
and therefore allows one to study the joint effect of vertical confinement and shear heterogeneity on
rotational dynamics and orientational ordering.

The flow is characterised by an exponential velocity profile, which decay is controlled by the applied
confinement. Interestingly, the translational velocity profile was found to be only slightly dependent on the
particle shape, which means that the shear heterogeneity was equivalent for the particle types studied.

A first important result was found concerning the time-averaged angular velocity of the particles. While
the translational velocity was found to be nearly unaffected by the particle shape, the angular velocity is
instead significantly influenced by the particles elongation: longer particles are more frustrated by the
surrounding ones and rotate less in average. The more elongated the particle, the larger the deviation of the
angular velocity from the vorticity of the flow.

The shear heterogeneity was found to influence both the rotational dynamics of the grains and the
orientational order. Again, the most important effect was observed on the average angular velocity of the
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grains. The angular velocity, normalised by the shear rate, was observed to systematically decrease with the
shear rate, which means that the deviation from the flow vorticity was higher in the low shear rate regions.
This proves that, the proneness of an elongated particle to rotate is clearly shear rate dependent, and thus
that flow heterogeneity affects the particle rotation dynamics. Such a shear-rate dependent inhibition of
particles rotations was not reported in previous works on free surface flows [23, 24], and therefore may be a
remarkable characteristic of confined granular flows. We suggest that this behaviour is related to local
differences in the solid fraction. The medium is expected to be less dense in regions at higher shear rate,
therefore the rotation is less frustrated due to the weaker particles’ entanglement in such regions. A less
pronounced effect of flow heterogeneity was instead observed in the orientational order of the granular
system, with the emergence of slightly more ordered states in region characterised by lower shear rates.
Remarkably, the rotational dynamics and the orientational order were found to be independent of the
applied confinement.

Then, in order to try to better understand the particle rotation dynamics, we focused on the
particle-scale, by analysing the correlation between angular velocity fluctuations and local particle
orientation. For this purpose, we studied the function ω′

θ which quantifies the correlation between the
angular velocity, bin-averaged with respect to the particle orientation, and the particle orientation itself. On
an average basis, ω′

θ shows a minimum when particles are oriented closer to θav, while ω′
θ is maximum when

they are oriented perpendicularly to θav. Surprisingly, we found that the mean value of the ω′
θ function has

an approximately constant value independently of the particles aspect ratio. The heterogeneity of the ω′
θ

function increases with the particles aspect ratio denoting a stronger correlation between rotations and
orientation for more elongated particles. Conversely, the ω′

θ function seems independent of the applied
confinement. The orientational order was found to systematically increase with the heterogeneity of ω′

θ

(i.e. χ parameter), which agrees with the hypothesis that orientational ordering is caused by the correlation
between angular velocity fluctuations and local particle orientation. The correlation between angular
velocity fluctuations and local particle orientation seems to play a crucial role on the behaviour of granular
flows made of elongated particles. This correlation is non-trivial and represents an interesting subject for
further investigations.
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