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The motion of tracer fibers settling in a suspension made optically transparent using
an index-of refraction matching technique is studied as a function of concentration, as-
pect ratio, fluid viscosity, and fiber length distribution. At Re~ O(1), two different
regimes of sedimentation are clearly identified. For small volume fractions we find that
fibers settle with their long-axis preferentially in the horizontal state. With increasing
volume fraction, fibers settle preferentially with their long-axis aligned in the direction
of gravity. These findings are strikingly different than for those conducted with Re —
0 and qualitatively support the numerical simulations reported by Kuusela et al.
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Introduction

The focus of the present work is an experimental study of
the motion of settling non-Brownian glass fibers in a Newto-
nian fluid at Re — O(1). Although the settling process is found
in a number of industrial and natural settings, there are still
many unanswered fundamental questions regarding the mecha-
nism for particle dispersion (mixing) or clumping (flocculation).
A part of the motivation for the present investigation stems
from an interest in the paper-making process. Under normal
processing conditions, these suspensions aggregate naturally
into flocs or clumps, which possess measurable strength.1 Fiber
flocculation is a deleterious effect as it creates paper that
appears cloudy or grainy when examined in light.
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There are large number of studies found in the literature,
which consider sedimentation and particle clumping. In gen-
eral, studies of settling in Stokes’ flow, Re < 1, focus on
understanding the long-range hydrodynamic interactions.
Insight into this can be gained by examining the simplest
case of the motion of a single isolated fiber settling under
Stokes’ flow conditions,> i.e.,

2
Vied = A]p?d [(1n2r+0.193 + 0(In2r) ")
I

+ (ln2r —1.807 4+ 0(ln2r)_1)(p : g)p] 1

where Ap is the difference in density between the fiber p
and surrounding fluid p; ; r is the aspect ratio of the fiber
defined by //d, where d is the diameter of the fiber; u is the
viscosity of the fluid; g is the acceleration due to gravity;
and p is a unit vector that indicates fiber orientation. Unlike
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spheres, fibers can have significant motion perpendicular to
gravity with a drift velocity strongly dependent upon its ori-
entation. To illustrate this behaviour, Jayaweera and Mason”
examined the motion of single particles falling in a large
tank with a viscous liquid. At low Re, Re < 0.01, these
authors report that during descent the cylinders show no pre-
ferred orientation; they tended to fall in the same attitude
with which they were released.

For cases above this dilute limit, this situation becomes
more complex as each individual fiber settles and rotates
under the influence of the long-range hydrodynamic distur-
bances of the other settling particles. This leads to inhomoge-
neous settling rates and local floc formation. This behavior
has been observed by Kumar and Ramarao.” They reported
the existence of flocs for monodisperse glass fibers under
dilute conditions. They also noted that as the fiber concentra-
tion increased, the number of flocs increased and caused
greater hindrance effects. To help understand this behaviour,
Herzhaft et al.%’ visualized the motion of marked glass
fibers, in a suspension of unmarked fibers made optically
transparent by matching the index-of-refraction. By doing so,
they were able to measure both the velocity and orientation
of a particle. They found that in the dilute regime, the en-
semble-averaged settling velocity actually increased with
concentration and at certain concentrations the velocity may
exceed that of an isolated particle. They also observed that
under these conditions most of the fibers were aligned in the
direction of gravity and occasionally “flipped” during
descent. In the semidilute regime, however, the settling ve-
locity decreased monotonically following the phenomenologi-
cal Richardson—Zaki correlation.®

There are only a few theories and simulations available in
the literature, which attempt to describe this process.3’9’10 In
general these works were conducted in the limit of Re — 0,
using slender body theory, and suggest that the settling sus-
pension should segregate into particle clumps. Koch and
Shagfeh® were the first to describe an instability mechanism
that leads to floc formation. They advance an argument that
a “test” fiber in the velocity field far from a sedimenting sin-
gle fiber tends to orient its main axis such that the relative
velocity of the two particles become negative. Thus, the par-
ticles will tend to form clusters until near-field effects or
contact forces intervene. Mackaplow and Shaqfeh3 present
two different numerical results using (i) Monte-Carlo simula-
tions of static fiber assemblies and (ii) point-particle approxi-
mations for the dynamic case. They observed fiber clustering
and velocities greater than that of an isolated particle. In
more recent work Butler and Shaqfeh10 simulated the motion
of swarms of particles and observed fiber clustering. Their
simulations were in good agreement with experimental
results of Herzhaft et al.,’ and Herzhaft and Guazzelli.”

It has been shown that, unlike in the Stokes’ regime, at
Reynolds numbers Re ~ O(1) isolated nonspherical particles
tend to exhibit preferential orientation during settling.“’”’12
In particular, the torque induced on thin cylinders causes the
body to rotate into a stable position with its symmetry axis
aligned horizontally. Furthermore, Feng et al.'' show that
isolated particles migrate towards the center of the channel
because of wall effects. In perhaps the most relevant work
for the case considered here, Kuusela et al.">'* have simu-
lated sedimentation at Re ~ O(1) and confirm that in the
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dilute limit spheroids prefer the horizontal orientation. When
the volume fraction increases, these authors demonstrate that
spheroids begin to align themselves parallel with gravity.
This is an important difference when compared with the sedi-
mentation of fibers under Stokes’ conditions.

To summarize the existing literature, it is well established
through both experimental and simulation results that fibers
tend to clump, and orient themselves in the vertical direction
when settling with Re — 0. In the dilute regime, fiber clump-
ing results in settling rates faster than that of an isolated par-
ticle. At larger Re, i.e., Re ~ O(1), there is evidence gener-
ated from numerical simulations indicating that under dilute
conditions settling particles assume a horizontal orientation;
under semidilute conditions fibers settle preferentially with a
vertical orientation. These findings have yet to be confirmed
experimentally and it is our intention in this work to do so.

In this work we extend the results reported by Herzhaft
and Guazzelli by examining the motion of settling glass
fibers over a wider range of Reynolds numbers (3 X 10~* <
Re < 9) and investigate the effect of volume fraction, aspect
ratio, and fiber length distribution (mono-and bidispersed sus-
pensions). Of special interest is the range Re ~ O(1) that is
relevant, e.g., paper-making applications.'” In particular, we
intend to confirm two aspects of Kuusela’s numerical simula-
tions'* in this Reynolds number regime, namely that (i) in
the dilute limit spheroids tend to adopt a vertical orientation,
and (ii) with increasing concentration spheroids prefer the
horizontal state.

Experimental Techniques

Our apparatus resembles the experimental systems used by
Nicholai et al.'® for spheres and Herzhaft and Guazzelli’ for
rods. What sets our system apart from these previous studies
is that we acquire the full three-dimensional motion of the
particles, i.e., position, orientation, and velocity in both the
(x, z) and (y, z) planes. This modification was necessary as
we study bidispersed suspensions that have two different
fiber length fractions. The length of each particle can only be
determined, using a 3D reconstruction method.

The experiments were performed in a square cross-sec-
tional Plexiglas'\l{;‘ cell (100 X 100 mm2) with ~2.0 1 of sus-
pension. Two sets of cylindrical glass fibers (www.mo-
sci.com) of dimensions 2.3 X 0.1 mm? and 5 X 0.1 mm?
were employed. The glass fibers had a density of ~2250 kg/m3.
The index of refraction of these fibers was measured
commercially and found to be 1.4719 (=0.0005) (www.inte-
grextesting.com). Approximately 2% of the fibers in each
suspension were silvered using Tollen’s solution, a mixture
of 5 ml of 0.1 M AgNO; with ~10 ul (5 drops) of 0.4 M
NaOH. Before silvering, the fibers were washed in detergent,
rinsed in alcohol and then in distilled water. After silvering
the fibers were again washed in a similar manner to remove
any loosely adsorbed AgNOs;. Finally the tracer fibers were
inspected, using a microscope, and all of the damaged fibers
were removed.

A listing of the experimental systems studied is shown in
Table 1. In Series 1 and 2, we measure the motion and orien-
tation of monodispersed suspensions as a function of Re near
the dilute limit. The Newtonian fluids used in these series
were created by mixtures of glycerine and water. In Series
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Table 1. The Experimental Conditions Studied

Series Fluid Properties u, Pa s, 23°C Aspect Ratio r Concentration ¢, % vol Re
1 0.015-1.12 23 37 x107% 0.0004-2
2 0.015-1.12 50 3.7 X 107* 0.001-9
3 0.036 23 0.01-0.4 0.07
4 0.036 50 0.01-0.4 0.23
5 0.036 Bidispersed* 0.07-0.5 0.01 < Re < 0.237

*Equal mixture (by mass) of each fiber type.

A range for Re is given here as we do not have one characteristic fiber length.

3-5, we investigate the effect of concentration. In this case
the fluid used was a mixture of Drakeol 35 and Penrico 6970
mineral oils (p = 858 kg/m3) (Polygon). In Series 5, the sus-
pension was composed of an equal mass of both fiber types;
this implies that the number density of each component is
different. A minimum of nine concentration or viscosity lev-
els were performed in each series. At each experimental
point, three separate measurements were conducted.

The experimental procedure was composed of a period of
mixing followed by a period of settling. The particles were
forced into suspension by agitating the fluid with an impeller.
The impeller speed was kept low to prevent breakage of the
glass fibers. The impeller was then removed from the tank
and a waiting period of 15-20 s was required to ensure that
all impeller-induced motion had subsided. Imaging com-
menced at this point. For each series of experiments, the
imaging rate was adjusted so that the mean fiber displace-
ment between images and the number of acquired images
were constant. By this the total fiber displacement during
image acquisition sequence was kept constant and independ-
ent of the mean sedimentation velocity. It should be noted
that the testing proceeded in a temperature controlled room
and no convection currents resulting from heating from the
lamps were observed.

Our visualization system consisted of a progressive scan
Basler A201b monochrome CCD camera (10 bit grey scale
and 1008 X 1018 pixel spatial resolution with a maximum
framing rate of 30 frames per second), mounted with an F-
mount Micro-NIKKOR 105-mm lens. A system of first sur-
face mirrors were employed so that two perpendicular faces
of the sedimentation jar could be imaged simultaneously
using only one camera (see Figure 1). With the optical setup
described the imaged volume is 60 X 60 X 70 mm® (length
X width X elevation). Since the width of the sedimentation
jar is 100 mm there is a 20-mm gap between jar wall and
imaged volume. This ensures that walls have no effect on
our results. The volume imaged is also far from the bottom
of the sedimentation jar (50 mm) and from the air—oil surface
(80 mm).

For particle tracking, the lens aperture and focus, backlight
intensity and camera exposure time were chosen so that the
whole imaged volume was within the depth of field of the
lens. The sedimentation jar was transilluminated, using
Schott-Fostec fiber optic dual backlight. The images were
captured and saved, using a Matrox Meteorll digital frame
grabber. Fiber sedimentation velocity is calculated using an
in-house fiber tracking algorithm and consists of the follow-
ing subroutines:

(1) Image enhancement: Performed using the method out-
lined by Kellomaki et al.'” This method allows for correc-

1918 DOI 10.1002/aic

Published on behalf of the AIChE

tions due to unevenness in the illumination field and removes
all static grey-scale variations (e.g., dirt).

(2) Particle identification: Performed using the built-in
edge detection algorithm (gradient method) in MATLAB.
This routine includes morphological operations to exclude all
moving elements, which do not match the dimensions of the
tracer particles.

(3) Velocimetry: Performed by measuring the vertical, hor-
izontal, and orientational displacements of the fibers between
sequential binary images. We do so using a cross-correlation
with a window, which has been specially selected to have
only one matched particle. Special care was required for
cases, in which the fibers appeared as crossed. From these
images, the position, velocity, and orientation of each tracer
fiber could be determined.

(4) 3D Reconstruction: Performed by searching both
images to find the corresponding fibers with identical veloc-
ities and elevations.

(5) Particle identification: Performed as we used bidis-
persed suspensions in Series 5. In this case, once the 3D
reconstruction was completed, the length of each fiber was
determined and then sorted according to size.

Results and Discussion

Before proceeding to the main findings of this section, it is
instructive to ascertain whether steady state has indeed been
achieved by the time of commencing the measurement. To
this end, we plot the mean drift velocity (V) and settling
velocity (V) and velocity functions (V\perp’) and ( T|> as a
function of time, see Figure 2. At each time step, between 30
and 120 instantaneous velocity measurements were used in
the ensemble-average. The error bar represents the 95% con-
fidence interval for this mean. It should be noted that the
results have been made dimensionless by scaling the ensem-
ble-average velocity with the velocity of an isolated particle
settling in the vertical orientation v |)- This value was deter-
mined experimentally and for the monodispersed case it

MIRROR;——

—— CAMERA REGION OF
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TOP VIEW

SEDIMENTATION.— _\pc
JAR WALL “LIGHT
SOURCE

Figure 1. lllustration of the experimental set-up.
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Figure 2. On the left panel the dimensionless mean drift (V,)* and settling (V))* velocities versus dimensionless
time t* for ¢ = 1 x 1073% and fiber aspect ratio r = 50 (Re = 0.23).

The uncertainty in the data is reported at the 95% confidence interval (open symbols for settling velocity fluctuations and hatched symbols
for drift velocity fluctuations). On the right panel dimensionless velocity fluctuations in the settling velocity versus dimensionless time is

shown for the same data.

equals the estimate given by Eq. 1. The Reynolds number
quoted in this work are based upon the length of the fiber
and (V). Time has been scaled using //V’|. All starred varia-
bles (*) from this point forward represent dimensionless
quantities. In this example, t* = 0 represents the point in
time where the mixer was removed from the sedimentation
jar. We find that at this point there was an initial swirl
induced by the impeller that dampened quickly. Imaging
commenced at * > 4. In the region in time sampled, we
conclude that steady state was achieved as the drift velocity
fluctuated about zero and that there were no statistical differ-
ences between the means of (V|)* for each time step
recorded. We found this for all cases tested. A similar con-
clusion has been drawn for the velocity fluctuations. These
results differ strongly from previous results at Re — 0 by
Herzhaft et al.,® and Herzhaft and Guazzelli,” who find that
steady state was achieved at a Stokes’ time of 50-200. As a
result the apparent steady state, for which we present evidence
for, may really only be a transient plateau or that there may
be a steady behavior of some parameters and not others. To
illustrate this point we estimate, roughly, the angular velocity
0 of a settling isolated particle at Re ~ 1. To do so we use

(a)

5k

04

034 2l

Probability

[N

-
0.5 0 0.5 1 1.5
Dimensionless Velocity

the expressions developed by Khayat and Cox, as summar-
ized by Shin et al.,'® to estimate the force and torque acting
on the particle. For an isolated particle in an unbounded fluid
whose angle 0 measured relative to the horizontal is small,
the approach of the angle to zero is estimated to be

i@ B 75Re9
dt ~  8lnr

(@)

This indicates that under some experimental conditions
steady state may not be reached in this variable. In any case,
imaging proceeded in a period in which the settling, drift,
and fluctuating components appeared essentially steady.

The histograms of the velocities for each time step were
then superimposed and found to be smooth and clustered
around a definite value. Like Herzhaft and Guazzelli,/ we
find that the velocity distribution was clustered near zero
(see the left panel of Figure 3). For each concentration
tested, the mean velocity was determined from the ensemble-
average of all time steps. This is shown in the right panel of
Figure 3. The first observation that can be made from this

(h)

s
e

:
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10 1)
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Figure 3. On the left panel an example of velocity distribution histogram (r = 23, ¢ = 0.001%).

The dark bars represent the settling velocity, while the grey bars represent the drift velocity. On the right panel the dimensionless mean
settling velocity (V|)* versus volume concentration ¢, for fiber aspect ratio r = 50 ([J) and r = 23 (Q). The uncertainty in the estimate
is reported as the 95% confidence interval (Re,—»3 = 0.07 and Re,—50 = 0.23).
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Figure 4. The dimensionless mean settling o/(V)) and drift ¢,/(V}) velocity fluctuations versus volume concentra-
tions ¢ for: (@) r = 23, Re = 0.07 (Series 3); (b) r = 50, Re = 0.23 (Series 4); (c) r = 23 (Series 5); and

(d) r = 50 (Series 5).

The unfilled symbols represent the settling fluctuations whilst the filled ones represent drift fluctuations. The hatched lines (-) indicate ¢'*

behavior.

figure is that a maximum settling velocity occurs at ¢ =
0.05% for both types of fibers tested. The average velocity at
this point exceeds the settling velocity of an isolated particle.
This behavior has also been reported by other research-
ers.®”'* In these studies, however, the concentration where
the maximum is observed is much higher than that reported
in our work. In addition to the ensemble average, we exam-
ined the spread in the velocity histograms and represent this
as the standard deviation, o, see Figure 4. We find that that
both the drift and settling velocity fluctuations are approxi-
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mately proportional to q51/3. Next, we examine the ratio of
the velocity fluctuations in the horizontal and settling direc-
tion, i.e., o)/c, and define this measure as the fluctuation
anisotropy, see Figure 5. Our results indicate that the fluctua-
tion anisotropy varies in the range of 1.5-3. For the mono-
dispersed case, the fluctuation decreases over the concentra-
tion range tested, whereas it is approximately constant for
the bidispersed case. Finally, we examined the settling veloc-
ity of the particles as a function of orientation, i.e., (V}(0))*.
The superimposed data were sorted according to its orienta-

Figure 5. The anisotropy in the velocity fluctuations ¢/6, versus volume concentration ¢ for: (a) the monodis-
persed cases (Series 3 Re = 0.07 and Series 4 Re = 0.23); and (b) the bidispersed case (Series 5).

The cases with fibers with an aspect ratio of r = 23 are shown as circles (O) and fibers with an aspect ratio r = 50 are shown as squares

(.
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Figure 6. The dimensionless mean drift (V,)* and settling (V)* velocities versus fiber angle 6 measured relative to

the horizontal for ¢ = 0.01%.

The figure on the left (a) represents experimental Series 3 (Re = 0.07), while (b) represents experimental Series 4 (Re = 0.23). The uncer-
tainty in the estimate is reported as the 95% confidence interval. The variations in confidence levels are due to different number of fibers

found in each angle bin.

tion and the velocity of all particles at each angle was en-
semble-averaged. The results are shown in Figure 6 for the
case ¢ = 0.01%. Included in this figure is a solid line repre-
senting Eq. 1. This result may be interpreted as an indication
that (i) fiber—fiber interactions are small at this relatively low
concentration, (ii) steady-state has been achieved during
imaging, and (iii) our tracking algorithm is producing correct
results. At higher concentrations the agreement between the
data and Eq. 1 diminishes.

We now turn to the main findings of this work, namely
the orientation distribution. As with the velocity measure-
ments, the data from each time step were superimposed to
create a probability distribution for fiber orientation. Follow-
ing Herzhaft and Guazzelli and Kuusela et al.,14 we charac-
terize these distributions using an “order parameter” ¥
defined as W = (2cos® 0 — 1), where 0 is the orientation
angle measured from horizontal direction. To illustrate the
behavior of this function, ¥ = —1 implies that all of the
fibers are oriented in the direction of gravity. If ¥ = 1, the
fibers are aligned horizontally; ¥ = 0 represents an isotropic
distribution. The results in the dilute limit are shown in Fig-
ure 7. The first observation that can be made from this figure
is that there are three distinct regions namely (a) Re < 1072,
(b) 1072 < Re < 0.5, and (c) Re > 0.5. The first region, Re
< 1072, has been documented by Jayaweera and Mason,4
and it is well established that in the dilute limit fibers tend to
fall in the same attitude with which they were released. As a
result, the distributions reported in this region reflect the ori-
entation state of the suspension at the cessation of mixing. In
the second region, 1072 < Re < 0.5, we find that the order
parameter is constant and clustered around a value of ~0.3.
In the third region, i.e., Re > 0.5, the fibers preferentially
align themselves with their axes aligned in the vertical direc-
tion. Our results in this region are qualitatively similar to
those reported by Jianzhong et al.,'? and Kuusela et al."*

Above this dilute limit, the effect of concentration on WV is
shown in Figure 8. For Series 3 and 5, shown as Figures
8a,c, the results indicate that the suspension was preferen-
tially oriented in the horizontal state at low concentrations
and then adopted an increasing proportion of fibers in the
vertical state as concentration increased. These results tend
to qualitatively confirm the numerical results of Kuusela
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et al.'"* A more rigorous comparison can not be made at this
point as there are differences between the Re number and
volume fraction in this study and our experimental work. We
also compared our findings with that reported by Herzhaft
and Guazzelli’ for the case most similar to our work, i.e.,
r = 20. This result is shown as black circle in Figure 8.
Although the value of the order parameter is quite similar for
these two studies, our observations of the settling fibers are
different. We found that fibers rotate slowly during the
descent. Instead, we did not observe particular “flipping”
motion.

It is difficult to ascertain if the result reported in Figure 8b
displays the same trend as that in Figures 8a,c. What is evi-
dent here is that there are two clusters of data. The first clus-
ter is at the lower end of the concentrations measured and is
centered around W ~ 0.15. The second cluster of data, at the
higher end of the concentrations measured, is clustered
around ¥ ~ —0.05. The two clusters are statistically differ-
ent from each other at the 95% confidence level. What is

[1R.]
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1w i o 1" 10
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Figure 7. The effect of Reynolds number on the aver-
age fiber orientation YV in the dilute limit.

In this case the concentration of the suspension was ¢ =
3.7 X 10%% vol.
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Figure 8. The order parameter ¥ versus volume concentration ¢ for: (a) Series 3 (r = 23, Re = 0.07); (b) Series 4

(r equals; 50, Re = 0.23); and (c) Series 5.

The @ in (a) represents a result by Herzhaft and Guazzelli’ for r = 20, Re < 0.001.

clear from the literature is that for settling spheres the veloc-
ity fluctuations are very sensitive to the ratio of vessel size
to particle size. There is no reason to believe that this would
not occur with rigid rods also. In this figure, this ratio has
not been held constant and perhaps represents the reason
why the trend in order parameter is not as clearly defined as
in the other two cases reported.

Summary and Conclusions

In this work we measured the motion of individual tracer
particles in settling non-Brownian glass fiber suspensions
with Re — 1. We employed a three-dimensional tracking
system whereby the full motion of the particles could be cap-
tured. We show that the steady-state settling velocity has a
maximum at small volume fractions. This maximum which
was found to exceed the velocity of an isolated particle has
been previously attributed to cluster formation. Our results,
however, reveal that this is accompanied by a change in av-
erage fiber orientation namely, (i) in the dilute limit the
fibers preferentially orient themselves in the horizontal posi-
tion with Re > 0.5 and (ii) with increasing concentration, the
r = 23 and bidispersed suspension fiber adopt a vertical ori-
entation. We believe that this results stems from increasing
fiber—fiber collisions destabilizing the horizontal state. Finally
we find that these observations qualitatively support the nu-
merical simulations of Kuusela et al.'*
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