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Observations of the flow structures formed by rigid fibres of high aspect ratio sedi-
menting within a viscous fluid at a Reynolds number of approximately 10−4 confirm
the existence of an instability as reported in previous theories, experiments, and
numerical simulations. Using data generated from particle image velocimetry measure-
ments, we quantify the sedimentation structures over a wide range of parameters,
which include the height of fluid, cross-section of the sedimentation cell, fibre dimen-
sions, fluid properties, and volume fractions ranging from dilute to semi-dilute.
Alternating structures of streamers and backflow regions which span the height of the
sedimentation cell form at short times and transition from large wavelengths to smaller
wavelength as the sedimentation proceeds. No simple dependence of the horizontal
wavelength on the length scales and concentration was observed in the experiments,
suggesting the need for additional analysis. We also report the mean velocities and
velocity fluctuations; the strength of the velocity fluctuations strongly correlates with
the size of the vertical component of the sedimentation structure. Measurements of the
orientation distribution, using an efficient and newly employed technique, agree with
previously published results. A movie is available with the online version of the paper.

1. Introduction
Despite being one of the simplest flows involving suspensions, the sedimentation

of non-Brownian particles at low Reynolds number remains problematic to model.
The difficulty in determining the fundamental properties of a sedimenting suspension,
such as the mean sedimenting velocity, the velocity variance, and the suspension
microstructure, arises from the long-range and multi-body characteristics of the
hydrodynamic interactions between the particles. The hydrodynamic interactions
depend upon the microstructure of the suspension, i.e. the orientation and relative
position of the particles, which is in turn determined by the hydrodynamics. This
entanglement between the evolution of the microstructure and the hydrodynamics
makes the sedimentation problem particularly challenging.

The most studied case is that of a sedimenting suspension of mono-disperse
spheres, see e.g. Nicolai et al. (1995), Segrè, Herbolzheimer & Chaikin (1997) and
Bergougnoux et al. (2003). The sedimentation velocity of the spheres is strongly
hindered by hydrodynamic interactions through the fluid backflow, i.e. there is a
decrease in settling velocity relative to the Stokes velocity of an isolated sphere as
the concentration is increased, see Davis & Acrivos (1985). Moreover, theoretical
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calculations with two-body interactions between particles indicate that a suspension
of spheres is neutrally stable to perturbations in the particle density, see Koch &
Shaqfeh (1989). In contrast, Koch & Shaqfeh (1989) predicted that a suspension
of spheroids is unstable to density perturbations due to the coupling between the
orientation of the non-spherical particles and their sedimentation. The spheroids drift
towards high-density regions because of the orientation induced by the disturbance
flow created by the perturbation in particle density, thus reinforcing the perturbation.
Furthermore, the inhomogeneities produced in the suspension were predicted to lead
to a mean rate of sedimentation larger than the maximum possible value for an
isolated particle, i.e. to an enhancement of the sedimentation velocity.

From early experiments on dilute suspensions of fibres Kumar & Ramarao (1991)
reported the formation of floc-like inhomogeneities settling at large velocities. As
the fibre concentration was increased, the number of flocs increased until hindrance
effects became observable. Hindered sedimentation was also reported by Turney et al.
(1995) using magnetic resonance imaging to track the diffuse interface between the
supernatant and sedimenting rods, but no information was provided concerning the
structure of the suspension. Later, Herzhaft et al. (1996) and Herzhaft & Guazzelli
(1999) confirmed the existence of the instability and the enhanced sedimentation rate
in dilute suspensions by tracking marked fibres in an otherwise index-matched system.
They observed that the fibres aligned strongly in the direction of gravity on average,
but that the fibres also occasionally flipped about this alignment. Visualization of the
suspension structure showed the formation of concentrated packets containing 10–50
fibres. The large velocity differences between the fast-settling packets of fibres and
the regions of backflow of sparse suspension were considered to be the cause of the
flipping motions. As the concentration was increased, the fibres were still oriented
in the direction of gravity, but the mean velocity became hindered and scaled with
particle volume fraction, see Herzhaft & Guazzelli (1999). More recently, Metzger,
Guazzelli & Butler (2005) performed particle image velocimetry measurements in
dilute fibre suspensions, which indicated that the fibres formed clusters which
organized into downwards streamers, or regions of high particle density, balanced by
low-density regions of backflow. The structure of the streamers and backflow regions
evolved from a long-wavelength to shorter-wavelength organization without reaching
a steady state with a definite selected wavelength.

The hydrodynamic instability has also been demonstrated by numerical simulations
of fibres sedimenting in the limit of zero Reynolds number. When using periodic
boundary conditions, the fibres were observed to be oriented in the direction of gravity
and to sediment with an enhanced velocity in excess of that expected for a single
particle aligned with gravity, see Mackaplow & Shaqfeh (1998), Butler & Shaqfeh
(2002), and Saintillan, Darve & Shaqfeh (2005). This enhancement was due to the
instability; direct visualization and quantification using pair probabilities of the centres
of mass showed that the particles formed a single concentrated streamer surrounded
by clarified fluid. Notably, the streamers spanned the height of the periodic cell and
persisted throughout the duration of the simulations. Similar observations have been
made from simulations at non-zero Reynolds numbers by Kuusela, Lahtinen &
Ala-Nissila (2003). Simulations at zero Reynolds number in the presence of a
bottom bounding wall by Saintillan, Shaqfeh & Darve (2006) also predicted a single
large-scale streamer at short times after initiation of the sedimentation process.
However, the structure broke into smaller streamers as time progressed, in qualitative
agreement with the experimental observations of Metzger et al. (2005). Similarly to
the experiments, no steady state was achieved.
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The existence of an instability for the sedimentation of fibres at dilute concentra-
tions, predicted theoretically by Koch & Shaqfeh (1989), has been confirmed through
both experiment and numerical simulation as summarized above. However, no specific
mechanism proposed to cause the instability has yet been proven correct. The linear
stability analysis of Koch & Shaqfeh (1989) predicts that the density perturbation
of longest wavelength should grow the fastest. However, Koch & Shaqfeh (1989)
argued that such long-wavelength perturbations would be unlikely to emerge, since
fibres would perform steady rotations in a Jeffery orbit for long wavelengths and
thus would not induce a growth of the particle density perturbation. They stated that
perturbations with wavelength lp(nl3p)−1/2 would predominate, where lp is the fibre
length and n is the particle number density. This wavelength was clearly not seen in
the experimental characterization of the structure size made by Metzger et al. (2005).
Instead, long wavelengths comparable to the cell size were observed. However, only a
single cell width was studied in those experiments, therefore no definitive conclusion
can be drawn from the results. The evolution of the flow structure towards shorter
wavelengths observed by Metzger et al. (2005) cannot be predicted by the linear
stability analysis, but is found in the numerical simulations with a bottom bounding
wall by Saintillan et al. (2006). However, whether a steady behaviour exists, in which
a wavenumber is selected, remains unclear since the structure in both the experiments
and simulations failed to reach a steady state.

Answering these questions by performing a detailed experimental characterization
of the structures formed during the sedimentation process is the objective of the
present work. To this end, particle image velocimetry measurements were performed
for a sedimenting suspension of rigid fibres. The suspension concentration profile
was also determined to characterize the upper front between the pure fluid and the
suspension. A new method was developed to determine the fibre-orientation distribu-
tion. These experimental techniques are presented in § 2. The experimental results
are provided in § 3. To check whether a steady-state regime could be achieved in
which wavenumber selection can be seen, the flow structure was characterized with
increasing cell height. Then, to check whether the wavenumber selection depends upon
the size of the cross-section of the cell (i.e. width and depth), the volume fraction, and
the fibre and fluid properties, experiments were repeated using sedimentation cells of
different widths and depths, varying volume fraction, and fibres of different sizes and
densities. The results are discussed in § 4.

2. Experimental techniques
2.1. Particles and fluid

The particles were produced from fluorescent nylon fishing line supplied by
Waterqueen (http://www.waterqueen.com/), except for one batch produced from
copper thread. The fishing line was cut automatically into fibres with a specially
designed device able to produce approximately 10 000 rods per hour with an excellent
quality of the cut (no roughness at the fibre ends). Most of the experiments used fibres
having an aspect ratio r ≈ 11 (batch A), see table 1. The fibre length and diameter
distributions of approximately 400 fibres were measured with a digital imaging system.
The length and diameter distributions were approximately Gaussian, with average
length lp and diameter dp as indicated in table 1 (the error corresponds to one
standard deviation). The particle density ρp was determined using the Archimedes
principle.
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Batch Composition ρp (g cm−3) lp (mm) dp (mm) r

A Nylon 1.13 ± 0.02 1.52 ± 0.14 0.140 ± 0.001 11
B Nylon 1.13 ± 0.02 2.96 ± 0.3 0.289 ± 0.001 10
C Nylon 1.13 ± 0.02 6.12 ± 0.3 0.140 ± 0.001 44
D Nylon 1.13 ± 0.02 8.72 ± 0.5 0.540 ± 0.006 16
E Copper 8.9 ± 0.1 2.08 ± 0.2 0.154 ± 0.002 13

Table 1. Properties of the particles used in the experiments.

Fluid Composition µ (cP) ρ (g cm−3)

1 Silicon Oil 47V100 100 ± 1 0.96 ± 0.05
2 25 % U-Oil+75%Water 130 ± 10 1.03 ± 0.01
3 21 % U-Oil+79%Water 50 ± 10 1.02 ± 0.01
4 39 % U-Oil+61%Water 360 ± 10 1.04 ± 0.01

Table 2. Properties of the suspending fluids used in the experiments.

The suspending fluids are viscous enough for inertial forces to be negligible. A
first set of experiments was performed with Silicon Oil 47V100, the properties
of which are given in table 2. However, we suspect that electrostatic interactions
between the particles sometimes affected the experiments. For some experiments,
particularly on very dry days, electrostatic interactions between particles caused fibre-
to-fibre contacts, dense flakes of particles, and particle adherence to the vessel walls.
Similar observations concerning the effect of electrostatic interactions were made
when measuring the rheology of a suspension of nylon fibres in silicon oil, see
Chaouche & Koch (2001). Only those experiments not biased by these electrostatic
effects are reported upon. To confirm the results obtained in Silicon oil (fluid 1) and
to perform further investigations, we carried out a second set of experiments with the
fibres suspended in a mixture of 75 % (by volume) distilled water and 25 % UCON
oil 75H-90000 (fluid 2) supplied by Chempoint. The high percentage of water in the
mixture prevented the accumulation of electric charges that might arise when using a
non-polar fluid. The viscosity of this mixture was very stable in time; ageing effects
due to changes in water concentration, problematic when using glycerol for instance,
were negligible here. The Newtonian behaviour of the mixture was verified with an
ARES LS-1 rheometer. For some experiments, we also used different mixtures of the
UCON oil and water (fluids 3 and 4) to vary the viscosity of the suspending fluid.
The viscosity µ and the density ρ of these different mixtures are listed in table 2.

The settling velocity of a vertical isolated fibre, denoted Vs , is computed with the use
of equation (2.1) in Herzhaft & Guazzelli (1999). The fibre Reynolds number is defined
as lpVsρ/µ. The velocity scale, Vs , can be used to determine the Stokes time scale, ts ,
defined as the time needed for a fibre with vertical velocity Vs to fall a distance of
lp/2. For instance, for fibres of batch A settling in fluid 2, Vs = 40 ± 9 µms−1, ts ≈ 20 s,
and Re ≈ 10−4. Bending and Brownian fluctuations of the fibres were negligible for
these experimental conditions.

2.2. Experimental apparatus

The experimental set-up is sketched in figure 1. We employed five glass-walled cells,
each having different cross-sections with interior widths and depths (W ×D) indicated
in table 3. The sedimentation cell was placed inside a larger vessel filled with quiescent



Sedimenting suspension of fibres 311

Type of W × D H φ n(lp/2)3 Type Batch
experiment (cm2) (cm) ( %) of fluid of fibres

Varying 20 × 4 25, 37, 50 0.5 0.1 2 A
height 75, 100

Varying 10 × 4, 10 × 10 50 0.5 0.1 2 A
section 4 × 4, 20 × 4, 20 × 20 45 0.5 0.1 2 A

Varying 10 × 4 50 0.1, 0.2 0.02, 0.04 1 A
concentration 0.3, 0.7 0.06, 0.1 1 A

0.5, 1 0.1, 0.2 2 A

Varying 20 × 4 45 0.5 0.1, 0.08, 1.5 2 A,B,C
fibre 0.1 4 E

Varying 20 × 4 45 0.5 0.1 2, 3 A
fluid 0.2 2, 4 D

Orientation 10 × 4 50 0.5 0.1 1 A
20 × 4 45 0.1 0.3 2 C

Front 10 × 10 50 0.5 0.1 1 A

Table 3. List of the different experiments undertaken.

Camera

Translation stage

Outer tank

L
as

er
 d

io
de

s

x
z

Figure 1. The nylon fibres sediment in a viscous fluid contained within a glass-walled vessel.
The fibres are illuminated in a vertical plane by two laser diodes and the dynamics are captured
by a digital imaging system.

water for the purpose of stabilizing the sedimenting suspension against the effects of
thermal convection.

The suspension was illuminated by two green laser diodes (5 mW power and
wavelength of 400–750 nm) mounted on opposite sides of the vessel as seen in figure 1.
An optic mounted on both laser outputs formed a light sheet of thickness ≈5 mm to
illuminate a thin vertical plane of the suspension. A translating stage was mounted
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(a) (b)

Figure 2. (a) Image of the fluorescing fibres (in black) within the laser sheet from a subwindow
of size 30 × 30lp/2, and (b) the corresponding velocity field obtained with PIV. Gravity acts
downwards in the images.

under the vessel, so that while keeping the camera settings and alignment of the lasers
fixed, the vessel could be translated and successive planes imaged along the cell depth.

Using fluorescent fibres was essential. For non-fluorescing materials, the light inten-
sity reflected by a single particle in the direction of the camera varies when its orienta-
tion changes. Over a large number of particles, this behaviour creates random
variations of the reflected light which make the results unreliable. Conversely, fluor-
escent particles act as individual light sources and shine with a light intensity which
is independent of their orientation. Another advantage was that the fluorescing fibres
within the laser sheet clearly contrasted with the off-plane fibres and measurements
were thus made possible in the bulk. We used copper fibres (batch E) for some experi-
ments; the data from these experiments are not as reliable as those with fluorescent
fibres, but do provide qualitative information.

The fibres were imaged (with ImageJ available at http://rsb.info.nih.gov/ij/) within
the plane of the laser sheet using a Basler 8-bit digital camera with a resolution of
1300 × 1030 pixels and a wide-angle lens. The camera was placed in front of the cell,
perpendicular to the light sheet, and was focused on the illuminated particles. The
camera aperture as well as the shutter-release time were chosen to ensure the best
contrast between the illuminated particles and the off-plane particles; an example
image is shown in figure 2(a). The depth of field of the imaging system was matched
to the thickness of the light plane (≈5 mm).

2.3. Concentration measurement

To measure the concentration profile over the entire height of the suspension, the
light intensity re-emitted by the fluorescing fibres was recorded by the digital imaging
system. The laser diodes were placed far away from the cell to illuminate a plane
spanning the whole suspension height. The two lasers were adjusted to provide an
homogeneous light plane, even though the lasers had small differences in intensity.

First, the calibration law giving the intensity of the light received by the camera
was established as a function of the mean particle volume fraction φ. The averaged
intensity of the whole image, I , was recorded just after cessation of the suspension
mixing at different volume fractions ranging from 0.05 % up to 0.5 % in increments
of 0.05 %. The light intensity was a linear function of the mean volume fraction φ

with a best-fit law of I/I0 = 1.99φ, where I0 was the intensity measured at 0.5 %.
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Secondly, to obtain concentration profiles versus time, images of the whole cell were
captured at regular time intervals after cessation of mixing. Each image was evenly
divided into 60 horizontal strips, each strip corresponding to a different height. The
first image was taken as the reference intensity image, i.e. each strip of this image
was a reference for the other strips located at the same height. This first image served
as the intensity reference and assisted with correcting the spatial inhomogeneities in
light intensity mentioned above. The averaged intensities were calculated in each strip
of a given image and converted to concentration using the calibration law.

We note that this strip-averaged measurement can be used to determine the average
concentration profile to characterize the upper front of the suspension, but cannot
provide the local concentration in the bulk since the concentration differences are too
small to detect.

2.4. Flow field measurement

Direct determination of the density structures from static images is difficult owing to
the small concentration difference between the dense streamers of particles and the
sparsely concentrated regions of backflow. On the other hand, the velocity maps reveal
a clear boundary between regions flowing in opposite directions (see figure 2b) and
make possible the characterization of the structures that dominate the flow dynamics.

Therefore, particle image velocimetry (PIV) was used to measure the velocity field
of the suspension in the illuminated plane. The PIV code was developed using Matlab
by Meunier & Leweke (2003) (http://www.irphe.univ-mrs.fr/meunier/#PIV). Pairs
of images separated by times much shorter than the Stokes time were captured.
To perform PIV, the images were divided into small interrogation regions equally
separated and overlapping each other. The local velocity field was calculated by
cross-correlating corresponding interrogation regions in a pair of images. The size of
the interrogation regions fixed the spatial resolution, which was chosen small with
respect to the structure size of the flow, but large enough to contain a sufficient
number of particles to perform reliable PIV measurements.

The rotational velocity of the fibres does not affect the PIV measurements, since
the interrogation regions were chosen large enough to follow the correlated motion
of small groups of fibres where the individual rotations are smeared out. In general,
translation strongly dominates the motion. Using this technique, it is not possible to
measure accurately the mean sedimentation rate of the fibres. PIV is inappropriate
for obtaining the absolute sedimentation rate of the particles because of the spatial
inhomogeneities in the suspensions; a direct spatial average of the velocities obtained
from the PIV measurements does not take into account the spatial density fluctuations.
What is actually being measured is the average velocity of fibres over an interrogation
region, i.e. the velocities of a small cluster of particles, though the number of particles
within a cluster is unknown.

From each PIV measurement, we generated a two-dimensional velocity-vector
map, Vx(x, z) and Vz(x, z) where x is the horizontal direction and z the vertical, or
gravitational, direction. The map of the fluctuations in velocity, V ′

x(x, z) and V ′
z (x, z),

was computed by subtracting the mean of the velocity-vector map. This was done
at each time, for different runs, and at different vertical planes across the depth of
the cell for some of the experiments. At each time, we computed the mean velocities,
〈Vx〉 and 〈Vz〉, and the standard deviations, σx and σz, from all velocity data at a
given time. The statistical error was determined as the standard deviation of the data
between each velocity map. The velocity distributions were found to be smooth and
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regular enough to be well represented by the first two moments, i.e. the mean and the
variance.

Characteristic length scales of the structures formed during sedimentation can be
extracted from the velocity maps obtained by computing the spatial correlation func-
tions in the x- and z-directions. For instance, the correlation function of the vertical
velocity fluctuations in the horizontal direction is defined as Czx(x) = 〈V ′

z (x0, z)V
′

z (x0 +
x, z)〉, with the brackets indicating averages over different experimental runs and
positions x0 within the imaging window. Assuming that the data vary randomly with
position x0 and experimental run, different ways of performing the average should
give the same results for sufficiently large sets of data. However, the size of the set
would need to be extremely large since the fluctuations in this system are of the order
of the mean velocity. Owing to the finite number of data sets we can collect, we have
chosen the following options which provide less noisy and more reliable results than
other methods we have tried.

The correlation function Czx was first computed for each individual line on the
flow field map for each run. A minimum of Czx which is negative indicates an anti-
correlation of the vertical velocities; the location of this minimum gives an estimate
of the horizontal correlation length, or the characteristic width of the structure.
Computing the minimum from each Czx gives a smooth but wide distribution of
correlation lengths at a given time. The mean was taken as the correlation length λCzx

.
The standard deviation of this distribution was taken as the error bar and represents
the dispersion in correlation length.

The correlation function in the vertical direction, Czz(z) = 〈V ′

z (x, z0)V
′

z (x, z0 + z)〉,
has been computed in a slightly different way by simultaneously averaging over
different starting positions z0 and runs. This generates a single correlation function
Czz rather than different correlation functions for each line of data. The output was
found to be more reliable since the velocity field in the vertical direction is highly
correlated over the height of the images. A different definition was also proposed for
the vertical correlation length since there is no negative minimum in the windows
explored. We defined the correlation length λCzz

as the length where the correlation
function is equal to 0.7 times its value at the origin: Czz(λCzz

) = 0.7Czz(0). We checked
that other definitions give similar qualitative results.

2.5. Orientation measurement

The orientation distribution was measured by performing a Hough transform on the
static images, see e.g. Storkey et al. (2004). The Hough transform is a standard tool for
pattern recognition in complex images and, in particular for our purposes, recognition
of straight lines. To perform the transform, each pixel in the image with coordinates
(x, y) is parameterized by the form r = x cos(θ) + y sin(θ), with θ ranging over [0, π].
Thus, each point in the image space corresponds to a sinusoidal curve in Hough
space: (r, θ) space. For an ensemble of points there is a corresponding ensemble of
curves. If the points form a straight line in the image space, the corresponding curves
in Hough space all intercept at a single point, known as a Hough accumulator, the
abscissa of which corresponds to the orientation of the line in image space. When
the image comprises several lines (several fibres), the Hough transform shows several
peaks or accumulators, which are simple to detect. An example appears in figure 3.

The set-up was adjusted to obtain sharp images of the fibres (see figure 3) by moving
the camera closer to the vessel to increase the spatial resolution. For these experiments,
a fibre length was typically 80 pixels long. The light plane was also made slightly
thicker (� 1 cm) to illuminate fully the particles oriented off-plane. Note that only
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Figure 3. (a) Fibres in the light plane appear in black. After processing the image (a), the
fibres are reduced to a thin contour as shown in (b). (c) The Hough transform of the processed
image (b). The position of the Hough accumulators (maximum of intensity, circled in grey)
gives the orientation of the fibres. For each fibre there are two corresponding maxima in
Hough space, since each fibre is reduced to two thin lines in real space.

the projection of the fibres onto the image plane is seen and, thus, only the projected
orientation could be measured. Before applying the Hough transform, the raw 8-bit
images were processed using an automated routine. First, we applied edge detection
to highlight sharp changes in intensity and outline the contour of the fibres. Then, the
images were thresholded and extra pixels were removed from the contours until single
pixel-wide skeletons remained. Once this was achieved, the fibre edges appeared as
thin straight lines as illustrated in figure 3 and the Hough transform was applied. The
next step extracted the maxima from the Hough transform images, where the locations
of the maxima correspond to the orientation of the fibres. To avoid difficulties in
detecting the maxima, the transformed image should not contain too many fibres.
Otherwise spurious maxima can appear in Hough space due to interference between
the transforms of the multiple distinct fibres. For that reason, dense suspensions would
be difficult to investigate with this method. We divided the whole image into small
windows containing around five fibres at most. The Hough transform was performed
individually on these small windows, followed by detection of the location of the
maxima, and hence the projected orientations. The data were then accumulated over
the large number of windows to obtain a comprehensive statistical ensemble for the
orientation distribution. We performed 10 complete experimental runs to generate
sufficient data for calculation of the orientation distribution.

Measurement of the orientation distribution and its evolution in time was performed
previously by Herzhaft & Guazzelli (1999) following individual particles and tracking
their projected orientations. The alternative procedure used here is advantageous
since a large amount of data can be collected with only a few experiments.

2.6. Experimental procedure

Before each series of experiments, the particles were carefully washed with soap and
hot water and then with acetone. The particles were subsequently rinsed with distilled
water to remove any surface contamination and finally dried in an oven for one
hour. The particles were introduced to the fluid at the desired concentration of 0.5 %
by volume for most experiments, though other concentrations were used for some
experiments as listed in table 3. The glass-walled sedimentation vessel was aligned
with gravity.
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To initiate a sedimentation experiment, the suspension was first mixed thoroughly
with a propeller to ensure homogeneity of the particle concentration over the height
of the vessel. This was followed by a second stage of mixing by agitating a perforated
plate, of the same cross-section as the cell, up and down within the suspension to
disrupt the horizontal structure imposed by the propeller mixing. Care was taken not
to entrain air bubbles in the suspension. The total mixing time was 5 minutes. Mixing
using only a propeller systematically lead to a strong backflow in the centre region
of the cell. The mixing vortex created by the propeller tends to deplete the centre
region of the cell, causing an initial density perturbation affecting the remainder of the
experiment. Other types of mixing were attempted. Mixing the suspension outside the
vessel and then pouring it back into the vessel creates large oriented-particle domains
which in turn substantially biased the initial flow dynamics. Simulations by Saintillan
et al. (2005) have identified a similar sensitivity of the number of concentrated
streamers and their location to initial density perturbations. The starting time of
the experiment (t =0) corresponded to 15 ± 5 s after cessation of mixing. This time
corresponded to the time needed to stop the mixing and start the image acquisition.

Except for the orientation measurements, the whole cell width was imaged. The
imaging window was placed 10 cm above the cell bottom. The settling of the suspen-
sion lasted between 45 and 120 minutes depending upon cell size and concentration.
The results presented in the next section were taken from different experiments listed
in table 3.

In the remainder of the paper, all velocities have been made dimensionless by the
Stokes velocity Vs . The times have been normalized by the Stokes time ts and the
lengths normalized by lp/2. There are obviously other possible choices for the length
scale and time scale. Consequently, we have also used the width of the cell, W , and
the wavelength scale proposed by Koch & Shaqfeh (1989), lp(nl3p)−1/2, as length scales
of the flow structure and the sedimentation time, tsed =H/Vs , as a time scale when
needed.

3. Experimental results
3.1. Flow structure

To obtain a three-dimensional image of the structure formed during sedimentation,
we performed PIV measurement on eight successive planes sampling the entire cell
cross-section for a window of height 8 cm placed 10 cm above the cell bottom. When
moving the sampling plane through the cell depth, the fluorescing fibres should not
be masked by the fibres located between this plane and the front cell wall. For that
purpose, the experiments were performed in the cell with the smallest depth, i.e. the
10 × 4 cm2 cell.

The translating stage was used to move the cell in the direction perpendicular to
the light plane. First, the light plane was positioned close to the front wall. A pair
of snapshots separated by 2 s was captured, then the cell was moved immediately,
0.5 cm forward and the next pair of snapshots was taken. This was repeated eight
times until the light plane reached the back wall of the cell. The full procedure lasted
approximately 40 s. Since the velocity field does not change substantially over this
time scale, the measurement process is short enough to represent the velocity field of
the suspension at a single moment in time. This scan was repeated every 3 minutes
for a sufficient number of times to obtain the full evolution of the suspension.

Figure 4 illustrates these measurements for fibres of batch A settling in fluid 2
at a volume fraction of 0.5 % and for a fluid height of 50 cm (≈660 lp/2), and is



Sedimenting suspension of fibres 317

t/ts = 20

t/ts = 100

t/ts = 200

h = 105 lp /2 

W = 130 lp/2

D
 =

 5
2 

l p
/2

g

g

3Vs

–1.5Vs

g

g

g
g

(a) (b)

h 
=

 1
05

 l p
/2

 

W = 130 lp/2 

Figure 4. (a) Three successive views of the three-dimensional flow field structure taken in the
10 × 4 cm2 [≈130 × 52 (lp/2)2] cell with a fluid height of 50 cm (≈660 lp/2), at a distance of
10 cm (≈130 lp/2) above the cell bottom, and using fibres of batch A settling in fluid 2. The
entire cell width and depth were sampled. The iso-velocity surfaces equal to 2Vs are represented
in blue; the iso-velocity surfaces equal to −0.5Vs are in red. (b) The vertical component of the
velocity field extracted from the median plane of the cell. The colour scale ranges from −1.5Vs

to 3Vs .

representative of the general observations of the structure evolution. At a given time,
the horizontal and vertical components of the velocity field are known at all points
on a three-dimensional regular array sampling the cell width, 8 cm (≈105 lp/2) of its
height, and its full depth. These data were interpolated to plot the three-dimensional
iso-velocity surfaces corresponding to the different velocity values shown in figure 4(a).
The iso-velocity surfaces equal to 2Vs are plotted in blue; all the points on this surface
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Fluid surface
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t/ts = 0 t/ts = 33 t/ts = 99 t/ts = 132

–2Vs

3Vs

g

Figure 5. Vertical component of the velocity field extracted from the median plane of the
10 × 10 cm2 [≈130 × 130 (lp/2)2] cell with a fluid height of 50 cm (≈660 lp/2) and using fibres
of batch A settling in fluid 2 for different times. The imaging window sampled the whole cell
width and spanned a distance of 66 lp/2 from the fluid top to 130 lp/2 above the cell bottom.
The grey scale ranges from −2Vs to 3Vs .

flow downward with a velocity equal to two times the Stokes velocity. All regions lying
inside flow faster than 2Vs . Red represents the iso-velocity surfaces equal to −0.5Vs .
It clearly indicates the localization of the backflow currents. In figure 4(b), the vertical
component of the velocity field extracted from the median plane is also plotted using
a colour scale. This provides a more quantitative measure of the intensities of the
vertical velocities.

For t/ts =20, the iso-velocity surfaces take the shape of narrow tubes. The plot
of the vertical velocities presents alternating large bands of upward and downward
velocities. The velocities are weak, ranging between −0.5Vs and 2Vs . For t/ts = 100,
the instability is fully developed. The same iso-velocity surfaces now occupy most
of the cell section and are very close to each other, indicating a large shear. The
flow is organized into two large streamers flowing downward surrounded by three
strong backflow columns. At a later time (t/ts = 200), the two large-scale streamers are
disrupted into four smaller streamers and the four backflow columns are less intense.
The two-dimensional streamlines from the velocity field are displayed for t/ts =100
in figure 4(b) to illustrate separation of the flow into regions flowing downward and
regions constituting the backflow flowing upward. In between, are regions of high
shear where the streamlines reveal the presence of recirculations.

To determine the structure over the full height of the cell, PIV measurements were
made at the median plane over most of the height of the vessel. Figure 5 illustrates
that the flow structure spans the full height of the sedimentation cell and goes from
large length scale to smaller length scale as time increases, in agreement with the
observations of figure 4. These results are shown with the same combination of fluid
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Figure 6. (a) Sedimentation front, (b) evolution of the concentration profile versus time,
(c) quartile interfaces versus time, (d) and quartile interface thickness versus position of the
median front.

and fibres (fibres of batch A and fluid 2) at a volume fraction of 0.5 % and for a cell
of 10 × 10 cm2 [≈130 × 130 (lp/2)2] with a fluid height of 50 cm (≈660 lp/2), but this
general behaviour is observed for all heights and widths investigated.

3.2. Spreading sedimentation front

In figure 6(a), the interface between the clear fluid and the suspension of fibres, i.e. the
sedimentation front, is illustrated; it is much wider than in the case of a suspension of
monodisperse spheres, see Bergougnoux et al. (2003). The evolution of the concentra-
tion profile as a function of time is shown in figure 6(b), using the method described
in § 2.3. The experiments displayed were performed with fibres of batch A settling
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in fluid 1 at a volume fraction of 0.5 % and in the cell of cross-section 10 × 10 cm2

[≈130 × 130 (lp/2)2] with a fluid height of 50 cm (≈660 lp/2) as indicated in table 3.
To characterize the spreading of the front, we used the method of Davis & Hassen

(1988), revisited by Bergougnoux et al. (2003). The data can be used to determine the
interface median time, t1/2, as well as the first and third quartile times t1/4 and t3/4,
corresponding to times taken for the iso-concentration planes of φ(t)/φ = 1/2, 1/4,
and 3/4 to reach a height z in the cell. The total height of fluid minus the distance
of the interface from the surface is plotted versus time in figure 6(c). Each curve
is approximately linear, although a small acceleration can be detected. The slopes
of these curves correspond to the velocities of each iso-concentration, v1/4, v1/2, and
v3/4, and are respectively 1.35Vs, 1.78Vs, 2.38Vs . Note that these velocities are always
larger than Vs . The interface thickness grows linearly with the distance of the interface
from the surface. This is represented in figure 6(d) by the quartile interface thickness,
δ = t1/2[(H − z)/t3/4 − (H − z)/t1/4] versus distance of the interface from the surface z.
The relative quartile interface thickness, δ/z ≈ 0.58, is given by the slope of the line
(the correlation coefficient of the linear fit is 0.99).

We can examine whether this linear spreading is caused by the polydispersity in
fibre length (≈9 % for batch A). We begin by assuming that the fibres are all aligned
in the direction of gravity in order to separate the effects of polydispersity from
the effects of distribution in fibre orientation on the spreading of the interface.
The velocities of the first quartile, median, and third quartile interface positions are
simply estimated by the Stokes velocity Vs computed from formula (2.1) in Herzhaft &
Guazzelli (1999) for the first quartile, median, and third quartile lengths deduced from
the measured fibre-length distribution, see Davis & Hassen (1988) and Bergougnoux
et al. (2003). We calculated the first quartile, median, and third quartile velocities
due to polydispersity in fibre length respectively as 0.97Vs, 1.00Vs, 1.03Vs and then
the quartile interface thickness δ/z =(v3/4 − v1/4)/v1/2 ≈ 0.06. Clearly the experimental
value of δ/z ≈ 0.58 is much greater than this prediction. Using the same method to
infer the spreading of the interface arising from the polydispersity in fibre diameter
(≈0.7 % for batch A) predicts an even smaller value, δ/z ≈ 0.02. Distribution in the
fibre orientation from the horizontal to the vertical direction produces variations in
fibre velocity ranging from ≈0.5Vs to Vs at most. These values, which are always
smaller than Vs , cannot account for the large iso-concentration velocities observed.

This large convective spreading of the front was observed in all the experiments
that we performed. These results were primarily used to identify the location of the
front in relation to the position of the imaging window in the following sections;
this information is important for determining whether changes in the observations of
mean velocities, velocity fluctuations, and correlation lengths are due to the arrival of
the front within the imaging window.

3.3. Horizontal correlation length

To investigate whether a definite wavelength selection of the flow structure could be
obtained, the scan of the depth using PIV described in § 3.1 was performed for the
same combination of fibres and fluid (fibres of batch A and fluid 2) at a volume
fraction of 0.5 % and for the same cell cross-section of 10 × 4 cm2 [≈130 × 52 (lp/2)2]
and imaging window, but with different fluid heights ranging from 25 cm (≈320 lp/2)
to 100 cm (≈1320 lp/2), as indicated in table 3. The correlation lengths λCzx

in the
horizontal direction, averaged over all the horizontal lines of the velocity maps for
the eight planes and three different runs, are plotted versus time in figure 7. The error
is computed with the usual propagation of errors (statistical error on the correlation
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Figure 7. Time evolution of the minimum of the auto-correlation functions of the vertical
velocity fluctuations in the horizontal direction across the width of the sedimentation cell, λCzx

,
for different fluid heights.

lengths and experimental error on fibre length). Data obtained from experiments
performed over different heights do not present any specific trend and lie on the
same curve within the error bars. They present a decrease with increasing time, from
≈60 lp/2 to ≈40 lp/2. Clearly, no steady behaviour is observed.

Then we examined the dependence of the correlation length λCzx
in the horizontal

direction upon the cell cross-section, the volume fraction, and the fluid and fibre
properties. In these experiments, the light plane was fixed and positioned at the centre
of the cell, except for the 20 × 20 cm cell for which the light plane was positioned
2.5 cm from the front wall. The camera was placed to image a window located 10 cm
above the cell bottom and to sample the full cell width in all cases. The experiment
was repeated five times and, for each experiment, sixty pairs of images separated in
time by 2 s were captured every 60 s. The correlation lengths λCzx

in the horizontal
direction were averaged over all the horizontal lines of the velocity maps for the five
different runs and the error was computed with the usual propagation of errors using
the statistical error on the correlation lengths.

Figure 8(a) shows the time evolution of λCzx
measured with the same combination

of fibres and fluid (fibres of batch A and fluid 2) at a volume fraction of 0.5 %
but in cells having different cross-sections ranging from 4 × 4 cm2 to 20 × 20 cm2

[≈52 × 52 (lp/2)2 to 260 × 260 (lp/2)2], with heights of either 50 or 45 cm (≈526 lp/2
or 660 lp/2 respectively), as listed in table 3. The correlation length was normalized by
the half-length of the fibre. In the inset figure, we plotted the same data normalized
by the cell width W . In the smallest vessel, 52 × 52 (lp/2)2, the structures were found
to be smaller than for the experiments in larger cells. The typical size of the structure
corresponded to the half-width of the cell, the largest length scale over which the
concentration instability could develop. The structures were thus constrained to this
length scale. In the larger cells, the size of the structures did not depend on the
container size and, similar to the results shown in figure 7, decreased from ≈65 lp/2 to
≈35 lp/2; the data are clearly separated when scaled by the width of the cell (shown in
inset). Also note that λCzx

depends upon the maximum dimension (width) rather than
depth, as seen when comparing the data for cells of cross-sections 130×130 (lp/2)2 and
260 × 260 (lp/2)2 with the cells of cross-section 130 × 52 (lp/2)2 and 260 × 52 (lp/2)2.
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Figure 8. (a, b) For caption see facing page.

Figure 8(b) shows the time evolution of λCzx
measured with the same combination

of fibres and fluid and in the same cell of dimension 10 × 4 cm2 [≈130 × 52 (lp/2)2]
with a filled height of 50 cm (≈660 lp/2), but with six volume fractions as listed in
table 3. The correlation length λCzx

clearly does not depend upon φ or the length scale
proposed by Koch & Shaqfeh (1989), lp(nl3p)−1/2, as shown in the inset. The main
figure shows that λCzx

decreases from ≈60 lp/2 to ≈35 lp/2.
Figures 8(c) and 8(d) present the time evolution of λCzx

measured in the same cell
of cross-section 20 × 4 cm2 and a filled height of 45 cm but with different batches of
fibres and fluids at the same volume fraction of 0.5 %, as indicated in table 3. The
correlation length clearly does not depend on the fibre and fluid properties. All the
curves present a decrease from 0.25W to 0.1W .

3.4. Mean velocity, fluctuations, and vertical correlation length

By averaging over the same set of data as used for calculating the correlation lengths
λCzx

of figure 7, we computed the mean velocity and fluctuations. Figure 9 shows
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normalized by W ), and (d) fluids of different viscosity and different particle properties (λCzx
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fluid (table 2).

the evolution of the normalized vertical mean velocity and fluctuations with time,
normalized either by ts or by tsed. The measured vertical mean velocities, 〈Vz〉, are
independent of the fluid height within error bars. They reached a constant value �Vs

after a Stokes time of 50–75. The horizontal mean velocities (not shown on the figure)
are 〈Vx〉 ≈ 0 for all heights investigated. Conversely, the vertical velocity fluctuations,
σz, strongly depend on the height. Figure 9(b) displays the evolution when time is
scaled by ts . After a rapid decrease due to the damping of the mixing vortices, the
velocity fluctuations increase and reach a maximum value which can be as large as
≈3Vs . The maximum value increases with fluid height and the time at which it is
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Figure 9. Time evolution of (a) the vertical mean velocities and (b, c) fluctuations for different
filled heights (time is scaled by ts in (b) and by tsed in (c)). The arrows indicate the arrival of
the front in the imaging window.

reached also increases for the two smallest fluid heights, while seeming to saturate
for the three largest heights. At later times, we observe a decrease of the velocity
fluctuations without observing a stationary state for the heights investigated. For the
largest height, it is unclear whether there is a small plateau or not. These results
were obtained for an imaging window located 10 cm from the bottom, though the
same behaviour was also observed for different locations along the height of the cell.
In particular, the value and time of occurrence of the maxima were not changed
significantly. Conversely, the horizontal fluctuations (not shown on the figure) reach a
constant value of ≈0.5Vs for all heights explored. The errors in figure 9 are computed
with the usual propagation of errors (statistical error on the mean or fluctuations and
experimental error on the Stokes velocity). Normalizing the time by tsed (see figure 9c)
aligns the maxima for the three smallest fluid heights but not for the largest heights.

The mean intensity of the fluorescence within the imaging window was quantified
as a function of time for these experiments and plotted in figure 10. As reported
in § 2.3, the intensity is proportional to the volume fraction of fibres, consequently
figure 10 is a measure of the average concentration within the imaging window as a
function of time. For the experiments with the largest heights of suspension (1320 lp/2
and 1000 lp/2), the concentration (intensity) remains essentially constant for the time
scales over which data were reported in figures 7 and 9. Thus, there is no significant
influence of the sedimentation front. Conversely, for the shorter heights of suspension,
the average volume fraction noticeably drops over the duration of the experiments.
The front arrives at the imaging window at approximately 60ts , 100ts , and 150ts for
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the heights of suspension of 320 lp/2, 500 lp/2, and 660 lp/2, respectively, if we take
as a criterion a reduction of the intensity by 5 %; arrows in figure 9(b) indicate these
times. Beyond these times, the results are influenced by the sedimentation front. The
influence of the front is not significant for the median fluid height, but both the
fluctuation maxima and the times at which the maximum fluctuations are reached
may be affected by the front arrival for the two smallest fluid heights.

Experiments were performed to investigate the correlation between the strength of
the velocity fluctuations and the vertical organization of the streamers with the same
combination of fibres and fluid inside the same cell, but for the median fluid height
of 50 cm (≈660 lp/2). Data were collected from an imaging window of 10 × 25 cm2

[≈130 × 320 (lp/2)2] located at the median plane 10 cm (≈130 lp/2) above the bottom.
Figure 11(a) shows the correlation functions Czz versus position z as a function of
time. The slow decrease of these functions means that the correlations are strong
for the vertical velocity along the direction of gravity. The correlation function first
becomes less steep with increasing time and then, after a time of 100 ts , the trend
changes as the function becomes steeper with increasing time. From these functions,
we determined the correlation lengths λCzz

, compared them to the velocity fluctuations,
and show that the behaviour is qualitatively similar to figure 11(b). Experiments on
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all fluid heights demonstrate the same trend of a simultaneous occurrence of the
maxima of the correlation lengths and velocity fluctuations.

The dependence of the fluctuations σz upon the cell cross-section, the volume
fraction, and the fluid and fibre properties is summarized in figure 12. Figure 12(a)
compares data for sedimentation at a volume fraction of 0.5 % from cells with square
cross-sections to cells with rectangular cross-sections, demonstrating that the largest
dimension of the cross-section controls the velocity fluctuations. The maximum in
the velocity fluctuations for each cell appears to be smaller for larger cells, but the
velocity fluctuations also depend upon the height as seen in figure 9. The different
heights, as listed in table 3, may be responsible for the observation. Figure 12(b) shows
the time evolution of σz/Vs measured with the same combination of fibres and fluid
and in the same cell of dimension 10 × 4 cm2 [≈130 × 52(lp/2)2] with a filled height
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of 50 cm (≈660 lp/2), but with six different volume fractions as listed in table 3. The
maximum magnitude of the velocity fluctuations depends on the volume fraction,
with stonger dependence for the smaller volume fractions. The time of occurrence of
the maximum also depends upon the concentration. Figure 12(c) presents the time
evolution of σz/Vs measured at a volume fraction of 0.5 % in the same cell of cross-
section 20 × 4 cm2 and a filled height of 45 cm, but with different fibres and fluids
as indicated in table 3. Comparing data for identical particles (batches A and D)
with different fluids shows that viscosity does not affect the fluctuations. Conversely,
the fibre properties do alter the fluctuations, but with no observable trend; using the
times scale tsed instead of ts does not result in a better collapse of the data. Note that
the decrease of the fluctuations in figures 12(a), 12(b), and 12(c) is not due to the
arrival of the sedimentation front. The front arrivals, taken as a 5 % reduction of the
intensity and indicated by arrows, all occur after the maxima of the fluctuations.

3.5. Fibre orientation

In the previous experiments of Herzhaft & Guazzelli (1999) using fibre tracking,
the fibre orientation was shown to reach a steady state quickly with a preferential
alignment along gravity. Thus, we focused the present investigation on the early stages
of sedimentation and explored the transition from the initial stage just after cessation
of mixing to the steady orientation distribution.

The suspension was imaged in a magnified window located in the median plane of
the cell 10 cm above the bottom. Each experimental run was a sequence of 50 images
captured at regular time intervals of ts/2. Using the Hough method described in § 2.5,
we computed the mean absolute value of the projected angle, 〈|φ|〉, by averaging the
orientation distribution obtained over all the subwindows of the image and 10 runs
at each time. Figure 13(a) shows that the mean projected angles 〈|φ|〉 reach a steady
value of ≈1.1 after 12 ts for fibres of batch A settling in fluid 1 at a volume fraction
of 0.5 % and fibres of batch C settling in fluid 2 at a volume fraction of 0.1 %,
as indicated in table 3. The error bar is the standard deviation between the means
obtained for the different runs.

After steady state at t � 12ts as indicated by an arrow in figure 13(a), we invoke
the ergodic hypothesis and assume that angles for different locations in the image
and times are statistically identical. Histograms of the projected angles in figure 13(b)
clearly show that the probability for a fibre to align in the direction of gravity is
large, though there is a small local maximum near the horizontal orientation. Note
also that the distributions slightly flatten at their maxima.
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4. Discussion and concluding remarks
We performed a detailed experimental characterization of the structure of the insta-

bility of a dilute suspension of sedimenting fibres by using PIV measurements. The flow
measurements performed by Metzger et al. (2005) were improved by measuring the
velocity fields in equally spaced planes which sampled the entire cell cross-section. This
scanning provides a tridimensional picture of the flow structure, which was lacking
in previous experiments that sampled only a single vertical plane. The picture clearly
shows structures of streamer and backflow regions which span the whole cell height
and change from large wavelengths to smaller wavelength as the sedimentation
proceeds.

A quantitative measurement of the correlation length of the flow structure in the
horizontal direction was systematically studied as a function of suspension height, cell
cross-section, volume fraction, and properties of the fibres and the fluid. Generally, we
observed a decrease in this correlation length with time, consistent with the qualitative
images of the flow structure discussed in the above paragraph. The correlation
length was found to be independent of suspension height, cell cross-section (for
widths larger than 4 cm), volume fraction, and fibre and fluid properties within the
experimental accuracy. Note that the height was varied by a factor of 4, the width
by 2, the volume fraction by 10, the fibre length by 10, the fibre diameter by 4, the
viscosity by 3, and the fibre density by 8. The problem contains five independent
length scales: lp, dp, W, H, (µ2/ρ2g)1/3. Despite the large dispersion in correlation
length (approximately 50 %), the range of parameters was chosen wide enough to
demonstrate that a simple dependence on one of the aforementioned length scales
could not be observed. Clearly, the scaling of the correlation length is more complex.
The characteristic length scale of the flow structure varies from 4.0 ± 2.0 cm to
3.0 ± 1.5 cm with increasing time. Note also that this evolution of the flow structure
exists not only in the dilute regime, but also persists in the semi-dilute regime as
experiments were performed up to n(lp/2)3 = 1.5.

While the correlation length did not vary in the range explored for each parameter,
the size of the packets varies strongly with the fibre length. For example, figure 14
shows two different batches of fibres settling in fluid 2 in the same cell of 10×10×50
at times corresponding to the maxima of the velocity fluctuations. In this picture, the
distance between two regions of the same flow direction is ≈3 cm while the packet
size is of the order of a few mm for the fibres of length 1.52 mm and of the order
of 1 cm for the fibres of length 6.12 mm. We did not perform a systematic study of
the packet sizes as it is a very difficult measurement. Nonetheless, pictures of the
suspension show that there is a wide distribution in packet sizes and that on average
it is of the order of a few fibre lengths as previously observed by Herzhaft et al.
(1996) and Herzhaft & Guazzelli (1999).

In the previous experiments of Metzger et al. (2005), large-scale streamers spanning
the width of the cell were observed at the early stages of sedimentation. However,
only a single cell of cross-section 10 × 10 cm2 was studied. The present systematic
study shows that the largest wavelengths are not the most unstable, see figure 8(a),
unlike the prediction of the linear theory of Koch & Shaqfeh (1989). This also differs
from the simulations (Mackaplow & Shaqfeh 1998; Butler & Shaqfeh 2002; Saintillan
et al. 2005, 2006) where only a single large-scale streamer was observed at short times
regardless of the boundary conditions used. Note that this may be due to the limited
size of the numerical cell; the largest value of 2W/lp used in simulations was 64, versus
260 in the experiments with the largest sedimentation cells. Koch & Shaqfeh (1989)
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Figure 14. Picture of the suspension for fibres of (a) batch A and (b) batch C settling in fluid
2 in the 10 × 10 × 50 cell imaged over the full width in the median plane of the cell 10 cm
above the bottom. The flow direction is indicated by the black (up) and white (down) arrows
and the separating lines delimitate the regions of upward and downward flows. Illuminated
fibres appear in black.

did not expect that such large wavelengths would in fact develop. They proposed
instead that perturbations of wavelength lp(nl3p)−1/2 should dominate. Again, this
is not seen in the present experiments with varying concentration, see figure 8(b).
Furthermore, Koch & Shaqfeh (1989) assumed that the packet sizes would coincide
with the correlation length of the velocity fluctuations, but the experiments indicate a
large difference between them. Simulations with periodic boundary conditions agreed
with the theory of Koch & Shaqfeh (1989) on this point, but the simulations with
bounding walls by Saintillan et al. (2006) do show a difference between the sizes of
the fibre packets and flow structure, in agreement with the experimental observation.

The three-dimensional scan yields a more consistent measure of the mean velocities
because the velocity field is sampled over the entire cell cross-section. Sampling only
a single plane for a limited number of runs gives an unreliable estimate of the mean
vertical velocity. Since the fluctuations are larger than the mean in this system, a large
number of runs is required to realize a good estimate of the mean. The measured
mean vertical velocity reaches a steady value of the order of the Stokes velocity of an
isolated vertical fibre.

A steady value of the mean sedimentation velocity was also found by Herzhaft
et al. (1996) and Herzhaft & Guazzelli (1999) by tracking individual fibres within a
sampling volume of 1×1×4 cm3 in the centre of the cell. However, the steady value for
an aspect ratio of 11 at a volume fraction of 0.48 % was found to be 1.5Vs . Comparing
that value with the mean vertical velocity measured here is inappropriate. The present
measurement of the mean velocity does not give the average sedimentation rate of
the particles since the PIV method records spatially averaged velocities, i.e. velocities
of clusters of particles without any weighting for the density variations. However, the
measured time to reach a steady mean velocity is approximately the same with both
methods (particle tracking and PIV). Stabilization of the mean velocity in excess of
Vs was found in the simulation with periodic boundary conditions, but not with a
bottom bounding wall, possibly due to the limited size of the simulation.
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PIV measurements of the fluctuations were found to correlate with the correlation
lengths in the vertical direction. These fluctuations provide information about the
difference in velocities between the concentrated streamers and clarified backflow
regions. As the structure becomes more organized over the height of the cell, the
fluctuations increase because the dense regions of particles experience less resistance
as they fall as a whole in a streamer. When the streamers break apart, the particles
must overcome the stronger resistance associated with falling through less-dense
suspension and the fluctuations diminish. This picture is consistent with the fact that
the fluctuations depend strongly upon the height of the suspension. The normalized
fluctuations also depend on the volume fraction and fibre properties. Clearly, the
fluctuations do not reach a steady state and the lack of a steady state is not due to
the arrival of the sedimentation front. For example, the fluctuations begin to decrease
before the sedimentation front arrives at the imaging window for the three highest
suspensions studied.

Large fluctuations were also observed by Herzhaft & Guazzelli (1999) but no
systematic study as a function of time was undertaken. The same feature of an
increase in the fluctuations followed by a decrease was seen in the simulations with
a bottom bounding wall by Saintillan et al. (2006). Note also that Saintillan et al.
(2006) reported a maximum magnitude of the fluctuations which increased with
increasing volume fraction and a time for reaching this maximum which decreased
with increasing volume fraction (see their figure 8) in qualitative agreement with the
experimental data in figure 12(b).

Our study of the front shows that it is very diffuse and that its spreading seems
to be convective, i.e. growing linearly in time. Neither polydispersity in fibre size nor
distribution of fibre orientation can account for this spreading. The large observed
linear spreading is probably a consequence of heavy clusters settling away from
the interface and lighter regions rising above it. This effect is much stronger in
fibre sedimentation than in sphere sedimentation where polydispersity was found
to be dominant for a dilute suspension with a particle polydispersity of 5 %, see
Bergougnoux et al. (2003). A large front spreading has been also observed in the
numerical simulation of Saintillan et al. (2006). Clearly, the study of the front cannot
provide a precise measurement of the sedimentation rate at these volume fractions.

Finally, we proposed a new method to measure the orientation of the fibres.
The fibres quickly align with gravity and the orientation distribution quantitatively
agrees with the previous particle tracking results of Herzhaft & Guazzelli (1999).
For instance, there is a small increase of the distribution near horizontal direction,
a feature which has not been captured in any simulations of the dynamics at zero
Reynolds numbers. However, simulations with a Reynolds number of order one by
Kuusela et al. (2003) predict this feature of the distribution which arises from a
competition between intertial forces acting on individual particles and hydrodynamic
interactions among particles. For extremely dilute systems, inertia rotates the particles
to a horizontal position whereas in sufficiently concentrated systems the interactions
tend to align the particles with gravity. The concentration at which the distribution
transitions between these behaviours decreases as the Reynolds number approaches
zero according to Kuusela et al. (2003). A transition in the orientation distribution
with respect to concentration has not been observed in the present experiments,
probably because of the very small Reynolds number of approximately 10−4.

In conclusion, while the mean velocity and fibre orientation reached a steady value,
the flow structure evolved in time and did not reach a steady state (for the range
of parameters studied). The fibre packets, which form quickly and are of the order
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of a few fibre lengths, organized into downwards streamers balanced by regions of
backflow of clarified suspension, as shown by a movie which is available with the
online version of the paper. These flow structures were shown to be correlated over
the height of the suspension and to evolve from long to shorter wavelengths. Their
characteristic length does not scale solely with one of the independent length scales
of the problem. Additionally, the relevant time scale is neither simply the Stokes time
nor the sedimentation time. More complex mechanisms involving several length and
time scales of the problem should be sought to explain the instability of a sedimenting
suspension of fibres.
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