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ABSTRACT

An experimental study concerning the
orientation of fibres in a shear flow has
been performed. The shear flow is gen-
erated, by letting gravity drive a fibre sus-
pension down an inclined plate. It is shown
possible to influence the fibre orientation
by modifying the surface structure of the
inclined plate.

INTRODUCTION

The main intention of this study is to
experimentally investigate the orientation
of fibres, in a fibre suspension flowing close
to a solid boundary. The fibre orientation
has been determined in a plane parallel to
the solid surface upon which the suspen-
sion flows. Apart from performing exper-
iments on a plain smooth surface, experi-
ments has also been performed on a mod-
ified structured surface, in order to see if
this is a possible way of affecting the fibre
orientation.

The motion of an ellipsoid suspended
in a laminar simple shear flow has been
solved theoretically!. The expressions de-
termining the motion are

b= —@1 (r2sin’6 + cos’d) (1)

: r2—1\¢ ,
0= <7’§ n 1) Zsm2¢sm29, (2)

and are usually referred to as Jefferys equa-
tions. The angles ¢ and ¢ are defined in

Fig. 1. The shear rate is denoted by ¥ and
r. is the aspect ratio of the ellipsoid, i.e.
the length to diameter ratio. The motion
is periodic and determined by the initial
conditions. The period of the motion is

T:2l<7§+1>. (3)
fy TB

It has been shown possible to extend Jef-
fery’s equations to be valid for any body
with a fore-aft symmetry?, provided that
an equivalent aspect ratio is found. In
other words a relation must be found be-
tween the aspect ratio of the particle r,
and r.. It is thus possible to use the ex-
pressions also for fibres. Experiments have
been performed and have shown a good
agreement with Jeffery’s equations® % °.
However, no fibre-fibre interactions have
been taken into account in Jeffery’s anal-
ysis and there are no solid boundaries
present.

Experiments on a simple shear flow
with a solid surface present have been
performed®. In these studies the fibre ori-
entation was measured in a plane perpen-
dicular to the solid surface. In a region
closer than one fibre length from the sur-
face, it was concluded that Jeffery’s equa-
tions could still be applied, provided that
an effective increased shear rate was used.

To the authors knowledge there is still a
lack of experimental data dealing with the
orientation of fibres in the plane parallel to
a solid surface.




Figure 1. Coordinate system.

EXPERIMENTAL SETUP & PROCE-
DURE

To create a well-defined shear layer, a
fibre suspension was set to flow down an
inclined plate. To be able to visualize the
flow the plate is constructed of glass and
a CCD-camera is used to capture images
of the flow. Depending on the objective,
whether to find the velocity profile or to
find the orientation of the fibres, the cam-
era was mounted at different positions.

Fibre suspension

The liquid phase of the fibre suspen-
sion, used in the experiments, was a mix-
ture of polyethyleneglycole (PEG-400) and
glycerine. The temperature during the ex-
periments was 295 + 0.5 K. The kinematic
viscosity was measured to v = (383 £
10) - 1075 m?/s and the density to p; =
1210 £ 15 kg/m?3.

Cellulose acetate fibres of length [ =
0.5 mm and diameter d = 50 pm was sus-
pended into the viscous liquid. The fibres
had a density of p, ~ 1300 kg/m3. The
density variation between the liquid phase
and the fibres results in a sedimentation
speed of the fibres with an order of magni-
tude of 107% m/s. The fibre concentration
expressed as the number of fibres within a
volume of I? was nl® = 0.48.

Figure 2. Schematic figure illustrating the
experimental setup. P1 - P4 show the
camera positions used for different
objectives.

Experimental setup

The fibre suspension was allowed to
flow down an inclined glass plate to gen-
erate a shear layer. A sketch of the ex-
perimental setup is shown in Fig. 2. The
suspension flows in the z—direction in a
1200 mm long channel. From z = 0 mm
to x = 150 mm the width of the chan-
nel changes from 400 mm to 100 mm. In
the remainder of the channel the width is
kept constant at 100 mm. In the initial
contracted part the fibres align themselves
with the flow, due to the acceleration in
the flow.

Experiments were performed on two
different surface structures. One plain
smooth surface obtained by placing a (1200
x 100) mm? acrylic plate of height 6 mm
in the channel, on top of the glass plate
and another structured surface with ridges.
The region in the channel from x =
400 mm to x = 800 mm was easily replaced
by four (100 x 100) mm? acrylic plates
of height 6 mm. On the surface facing
the flow, the plates contained ridges. The
ridges were oriented 30 degrees counter-
clockwise to the flow direction. The shape




of the ridges was square formed with a
height and width of 0.5 mm.

To visualize the flow, for orientation
studies, a CCD-camera (SONY DFW-
X700, 1024 x 768 pixels) was mounted un-
derneath of the flow at = 750 mm (cam-
era position P4 in Fig. 2). A stroboscope
(Drelloscop 200) was synchronized to the
CCD-camera to illuminate the fibres.

Flow situation

For a viscous Newtonian fluid flowing
down an inclined plate, the theoretical ex-
pression determining the velocity of the
fluid is given by®

u = iy(2h —y)sina, (4)
2v

where g is the acceleration due to grav-
ity, v is the kinematic viscosity, h is the
thickness of the fluid film, ¥ is the distance
from the solid surface and « is the inclina-
tion of the inclined plate with respect to
the horizontal.

In the experiments the tilt angle o =
2.60 0.1 degrees. The film thickness was
measured to A = 17.0 £ 0.2 mm in the
region between xr = 650 mm and z =
850 mm. It can thus be established that
there was no global acceleration of the fluid
in this region.

In order to determine the velocity pro-
file of the fibres, the CCD-camera was
mounted at the side of the flow at z = 650,
750 and 850 mm (camera positions P1, P2
and P3 in Fig. 2). Image analysis com-
bined with a particle-tracking algorithm
was used to determine the velocity of in-
dividual fibres, by using a series of sub-
sequent images. In the experiments per-
formed to determine the velocity profile,
fibres of length [ = 2 mm and diameter
d = 50 pym was used. The concentration
of fibres was nl®> = 0.31. The liquid con-
taining the fibres was essentially the same
as the liquid used for the orientation stud-

ies. The experiments were only performed
with a smooth surface.

X =650 mm
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Figure 3. Velocity profiles measured at
xr = 650 mm, x = 750 mm and
x = 850 mm. The dots represent
experimental data and the solid line the
theoretical expression, Eqn. 4.

In Fig. 3 the measured velocity profiles
are presented. The dots in the figure rep-
resent individual fibres and the solid line is
the theoretical expression defined in Eqn.
4. The velocity has been normalized with
the theoretical velocity at the surface of
the liquid film U, and the distance from
the wall is normalized with the film thick-
ness h. Most of the dots coincide very well
with the theoretical profile. However there
are also dots deviating substantially from
the solid line. It is believed that these dots
are mismatches in the particle-tracking al-
gorithm. If the deviating dots are disre-
garded it can be concluded that the veloc-
ity of the fibres strongly correlates with the
distance from the solid surface.

Image Analysis

To find the orientation and position
of all the fibres in a captured image, the
concept of steerable filters is used”. The
particular filter used is a 2nd order ridge
detector®. Steerable filters is a powerful
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Figure 4. Fraction of fibres oriented at
different angles before particle-tracking
analysis has been performed.

tool, which allows the orientation of fibres
to be detected in a computationally effi-
cient way. Once the orientation and po-
sition of the fibres are found, the velocity
of individual fibres can be computed in a
particle-tracking algorithm. The fibres are
tracked in three subsequent images, cap-
tured with a frequency f = 10.27+0.05 Hz.

In between every set of three images a
delay of Ty = 12 s is implemented, allowing
the majority of the fibres to leave the field
of view. For fibres moving to slow, in order
to pass the field of view in T}, the area were
the fibres have to be detected in the images
is reduced in the flow direction. The size
of the area is set so that no fibre will be
detected more than once.

The total number of captured images
per measuring series was 900, i.e. the ve-
locity of the fibres is computed at 300 dif-
ferent times.

RESULTS & DISCUSSION

In Fig. 4 the probability density func-
tion of the measured fibre orientation val-
ues is presented, both for the experiments
performed on the smooth surface and the
surface with ridges. The angle [ is de-

fined as the angle from the flow direction
in the zz—plane, see Fig. 2. Fig. 4 shows
the fibre fraction, before the velocity of
the fibres has been computed. It is thus
not possible to see how far from the solid
surface the fibres are located and one fi-
bre may be represented more than once.
The number of fibres detected before the
particle-tracking algorithm has been ap-
plied is 99760 for the smooth surface and
100483 for the case with ridges.

Although no information can be ex-
tracted about how far from the surface
the fibres are located, it can be seen that
most fibres stay aligned with flow near
6 = 0. Apart from the peak around § = 0,
present at both surfaces, there is also a
peak around 3 = 90 present only for the
smooth surface.

Figure 5. Orientation of fibres divided
into two regions. One region around the
flow direction —45 < 3 < 45 and one
region closer to perpendicular to the flow
direction 45 < G < 135.

Since there are only two peaks seen
in Fig. 4, the orientation of fibres is di-
vided into two different regions for fur-
ther analysis. The regions are illustrated
in Fig. 5 where one region is defined as
—45 < 3 < 45 and the other is the region



45 < 8 < 135. That is one region around
the flow direction # = 0 and one region
around the direction perpendicular to the
flow 3 = 90.

The strong correlation between the ve-
locity and the distance from the solid sur-
face of the fibres, makes it possible to con-
vert the velocity computed in the particle-
tracking algorithm to a distance from the
surface. It is thus possible to determine
the orientation of fibres at different dis-
tances from the surface. In Fig. 6 the
fraction of fibres oriented within the region
—45 < 3 < 45, i.e. close to the flow direc-
tion, is shown. The distance from the sur-
face y has been normalized with one fibre
length .
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Figure 6. Fraction of fibres located in
region —45 < [ < 45, for different
distances from the solid surface.

Closer to the wall than [/4 basically no
fibres seem to align themselves with the
flow, for the smooth surface. More than
90% of the fibres are oriented in the re-
gion 45 < ( < 135. As the distance from
the wall increases the amount of fibres ori-
ented close to the flow direction increases
up to about one fibre length from the wall.
Further away from the wall than y = [ the
fraction of fibres oriented at —45 < 3 < 45
seems to be close to constant and about

80%.

As for the structured surface with
ridges the fraction of fibres located in the
region close to the flow direction, is also
here about 80% for distances from the
wall larger than one fibre length. How-
ever, closer to the surface than about /2,
the dashed line, corresponding to the sur-
face with ridges, deviates from the solid
line corresponding to the smooth surface.
The fraction of fibres located in the region
—45 < # < 45 is always more than 60%
for the case with ridges.

No analysis has been carried out to de-
termine whether there are fibres perform-
ing Jeffery orbits. Nevertheless, through
observations it has been seen that there
are fibres that spend most of their time
aligned with the flow to occasionally flip
180 degrees around the z—axis. This is
one possible solution to Eq. 1 and Eq. 2,
when 6§ = 7/2. However the period of the
motion was not measured and compared
with Eq. 3.

The smallest distance to the wall where
a fibre, oriented in the flow direction, could
rotate around the z—axis without interfer-
ing with the solid surface is [/2. It is possi-
ble that this is the reason to why the lines
in Fig. 6 deviates for y < [/2.

Another issue that has not been men-
tioned is how the concentration varies with
the distance from the wall. In Fig. 7 the
amount of detected fibres at each distance
from the surface is presented. The con-
centration is expressed as the number of
fibres present within a volume [ and the
distance from the surface y is normalized
with (.

A large peak in detected fibres is found
close to the wall for the smooth surface.
In the same region basically no fibres are
found for case with the ridges. Although
there seems to be more fibres located just
outside y = [ for the case with ridges, the
amount is to small to balance all the fi-
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Figure 7. Variation in detected fibres for
different distances from the solid surface.

bres found for y < /4 for the smooth sur-
face. The decrease in concentration, found
as the distance from the surface increases,
is believed to be due mainly to that the
image analysis fails to detect many of the
fibres in this region. The focal point of the
camera is located at y = 0. The further
away from the focal point a fibre is located
the blurrier it will appear in the captured
image. A blurry fibre is harder to detect
in the image analysis.

It is possible to show that the size of
the peak in concentration, found for the
smooth surface, is about the size one could
expect if sedimentation is taken into ac-
count. It is however unexpected that there
are basically no fibres detected close to the
surface with ridges. The most probable
reason for this is that the particle-tracking
algorithm fails to detect the fibres in this
region.

The total number of fibres detected
in the region 0 < y < 2[, after the
particle-tracking algorithm is 6932 for the
smooth surface and 5375 for the surface
with ridges. Before the particle-tracking
algorithm the amount of detected fibres
was essentially the same, for both surfaces.
Thus, the reason for not finding the peak

is not that the ridges distort the captured
images to reduce the number of detected
fibres. It has been observed that some fi-
bres get caught in the ridges and follow
them for some time to escape again later
on. Since, the particle-tracking algorithm
only searches for fibres in the flow direc-
tion, it fails to detect these fibres.

Although there are a substantial
amount of fibres that are not detected close
to the surface with ridges, it can be con-
cluded that the fibres in this region do not,
to a large content, orient themselves per-
pendicular to the flow. If they were, this
would give rise to a peak in Fig. 4 around
8 =90.

CONCLUSIONS

The fibre orientation in a shear flow,
close to a solid surface, has been studied
experimentally. A fibre suspension of con-
centration nl® = 0.48 flowed down an in-
clined plate to form a shear layer. The sur-
face of the inclined plate was changed from
a plain smooth surface to a surface con-
taining ridges, oriented 30 degrees counter-
clockwise to the flow direction.

The flow was visualized with a CCD-
camera located underneath the flow, for fi-
bre orientation studies in the plane parallel
to the solid surface. To measure the veloc-
ity profiles of the fibres the camera was also
mounted at the side of the flow. By doing
this it could be concluded that there was
no acceleration in the flow and that there
was a strong correlation between the veloc-
ity and the distance from the solid surface
of the fibres.

For distances larger than one fibre
length from the solid surface, more than
80% of the fibres were oriented in the re-
gion —45 < < 45, where 3 = 0 when a
fibre is oriented in the flow direction. This
was seen for both different surfaces, upon
which the experiments were performed on.

As the distance from the wall decreased



more fibres oriented themselves in the re-
gion 45 < (# < 135, for the smooth surface.
For distances from the wall closer than a
quarter of a fibre length more than 90%
was oriented in this region.

The particle-tracking algorithm, used
to determine the velocity of individual fi-
bres, fails to detect many of the fibres close
to the surface with ridges. Although it
is not perfectly clear how the fibres be-
have, it has been possible to conclude there
were not many fibres located in the region
45 < [ < 135, as was the case for the
smooth surface.
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