
PEER-REVIEWED MEASUREMENT

The properties of paper depend on the
structural characteristics of the wood

fibers that comprise it.The cell wall thick-
ness is one such important characteristic.
In papermaking, fibers with thinner cell
walls (earlywood) collapse readily into
ribbons during sheet formation. Fibers
with thicker cell walls (latewood) resist
collapse and their smaller area of contact
with other fibers means that they do not
bond as strongly as fibers with thin cell
walls. The thicker-walled fibers tend to
produce an open, absorbent, bulky sheet
with low burst/tensile strength and high
tearing resistance. In contrast, thin-walled
fibers produce a closed, thin, strong
sheet.There is a strong desire in industry
to separate pulp fibers with different
properties depending on those desired in
the finished product.

One industrial approach for achieving
fiber fractionation is to use hydrocy-
clones. In a hydrocyclone, pulp slurry is
fed tangentially to the wall at the top of
the inverted conical vessel that comprises
a hydrocyclone. This imparts a rotating
motion to the pulp slurry. As the slurry
travels in a spiral down the vessel, the
centrifugal acceleration, which is typical-
ly several hundred times that of gravity,
forces the fibers or particles that are
denser than the fluid to migrate to the
walls of the vessel. The motion may be
characterized by the radial velocity of the
fibers with respect to the surrounding
fluid: the fiber “radial settling rate.” This
“radial settling rate” is an important
parameter in hydrocyclone fractionation.

C
D
is the drag coefficient, where F

D
is the

drag force, ρ
fluid

is the fluid density, U is
the flow velocity past the cylinder, L is
the cylinder length, and D is the cylinder
diameter. Re is the Reynolds number
defined by:

where µ is the fluid viscosity.Cox [2] con-
sidered the creeping flow around a long
slender solid body that may or may not be
straight and developed a general theory
to find the hydrodynamic force exerted
on such body when it is placed in an
undisturbed flow field. He found that:

.

Aidun [3] pioneered the experimental
study of the hydrodynamics of fibers. He
carried out free settling experiments with
different types of fibers (nylon, rayon,
dacron, orlon, and cotton) and deter-
mined a general expression to predict the
drag on fibers for aspect ratios L/D>90:

.

The conventional definition of the drag
coefficient, given above, is most useful at

Fibers with a higher radial settling rate
become entrained in a downward flow
that takes them to the reject outlet at the
bottom of the vessel. Pulp fibers with a
lower radial settling rate remain in the
bulk of the swirling flow, where they are
likely to be carried upward to the accept
stream outlet at the center of the top of
the hydrocyclone.

The hydrodynamic properties of pulp
fibers in a centrifugal field have not been
studied previously. Most numerical mod-
els and analytical studies of hydrocy-
clones tend to simulate the pulp fibers as
simple rigid or flexible cylinders or
chains of ellipsoids or spheroids. This
paper presents an experimental proce-
dure and the first experimental results
documenting the hydrodynamics of pulp
fibers in a simple rotating flow.

LITERATURE REVIEW
No one has previously measured the
hydrodynamics of pulp fibers at elevated
Reynolds numbers. Others have analyti-
cally and experimentally determined the
drag on objects similar to pulp fibers. A
rigid two-dimensional circular cylinder is
similar to a pulp fiber. Lamb [1] derived a
theoretical equation to predict the drag
of such a cylinder placed in a stream of
fluid with its axis normal to the flow. He
showed that:

.

In this equation:
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high Reynolds numbers where inertial
forces are dominant and where, as a con-
sequence, the drag coefficient,C

D
, is near-

ly independent of Re. At low Reynolds
numbers viscous forces, not inertial
forces, are dominant, and therefore a dif-
ferent form of drag coefficient, named
here the creeping flow drag coefficient
(see, for example, reference 4), is more
appropriate. This drag coefficient is
defined by:

The relationship between the creeping
flow drag coefficient and the more famil-
iar inertial flow drag coefficient is:

As an example, the Stokes flow around a
sphere of diameter D produces a drag

force F
D 

= 3πµUD. With the definitions

above, the inertial drag coefficient is
therefore:

whereas the creeping flow drag coeffi-
cient is:

The creeping flow drag coefficient is
obviously much more appropriate for
this flow than is the conventional drag
coefficient, the latter of which implies a
Reynolds number dependence of the
flow where, in fact, none exists.

ROTATING TANK 
HYDRODYNAMOMETER

In order to achieve a range of Reynolds
numbers in the water flow around a
fiber, a novel device, called the rotating
tank hydrodynamometer (RTH), has
been developed to study the hydrody-
namics of pulp fibers.The tank has been
validated with glass spheres, copper
wires, and nylon fibers. The basic con-
cept of the RTH is to generate a simple
solid-body-rotation fluid motion. Once
this solid body rotation is developed,
fibers or other objects for testing can be
inserted in the flow, and their motion
observed. Since the flow field is known,
measurements of the fiber motion may
be used to infer the fiber hydrodynamic
characteristics. In particular, a fiber inside
the rotating tank is subject to a centrifu-
gal force, a drag force, and a buoyant
force (FFiigg..  11). The radial equation of
motion of a fiber in the rotating tank will
be exactly the same as during gravita-
tional settling, except the centrifugal
acceleration replaces the gravitational
acceleration:

During testing in the tank, the fiber
acceleration term is three orders of mag-
nitude less than the other terms. The
equation of motion of the fiber can there-
fore be rewritten to express the drag
coefficient at “radial terminal velocity”as:

(1)

In the above expressions, D is the fiber
diameter, ρ

fluid
is the fluid density, ρ

fiber
is

the fiber density,r is the radial position of
the fiber, Ω is the angular speed of the
tank, µm is the fluid viscosity, and
U=dr/dt is the fiber velocity, which we
will refer to as the radial settling velocity,
or simply the “settling velocity.”

The rotating tank we constructed is a
cylindrical, transparent container driven
by an electric motor.The rotating tank is
constructed from two circular plexiglas
plates and a plexiglas tube (FFiigg..  22). The
tank is 30.5 cm in diameter and 9.5 cm
high, with a vertical axis. The cavity
inside for fluids is 25.4 cm in diameter
and 4.4 cm in depth.The tank was assem-
bled and balanced in a lathe to minimize
vibration during high-speed rotation. A
one inch diameter hole was drilled in the
center of the top plate for the introduc-
tion of fluids and objects. We marked
concentric circles 1 cm apart on both the
top and bottom plates for measuring dis-
tances and aligning the camera.

In order to freeze the motion of the
tank, we placed a strobe light
(StroboTac® 1531-AD General Motor)
underneath the tank and aligned it with
the camera. The strobe light was syn-
chronized with the tank by a retro-reflec-
tive optical sensor (MPL1 Honeywell®).

1. Schematic of forces acting on a fiber. The fiber is a distance r away from the

center of the tank and has diameter D, length L, and average density rfiber.

2. Rotating Tank Hydrodynamometer.

I. Effect of Orientation Angle on

Settling Velocity.

ORIENTATION AVERAGE  

ANGLE, SETTLING

degrees VELOCITY, cm/s

0-30 1.96
31-60 2.36
61-90 2.66
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diffusion box were needed to give the right exposure.We posi-
tioned a high-speed video camera (HSV-1000 NAC, Inc.) with a
macro lens above the tank and aligned it with the strobe. We
adjusted the camera to be exactly perpendicular to the top sur-
face of the tank in order to accurately measure the distance trav-
eled by an object.

We focused the camera on a region 7 cm radially from the
center of the tank and at the mid-depth of the tank, with a
depth of field of ±5 mm.The camera image was calibrated by
focusing it on a millimeter scale.The area in the flow that could
be viewed by the camera was 1 cm x 1.5 cm.We qualitatively
checked the flow in the tank by dropping dye into the center
of the tank rotating at a fixed angular speed.With the strobe set
to freeze the motion of the tank,we observed the pattern of dye
moving in the tank to be a radial straight line.This observation
implies that the fluid was in solid body rotation (the dye moves
radially owing to its slightly elevated density).We found that 15
min of constant speed rotation was sufficient for the tank to
achieve solid body rotation.

VALIDATION
In order to validate the use of the tank, glass spheres with diam-
eters of 2 and 3 mm were tested in the RTH when it was filled
with pure glycerin.We performed the experiments at three dif-
ferent angular speeds to produce a range of Reynolds numbers
from 0.1 to 0.5,which is in the Stokes’ flow regime for a sphere.
As shown in FFiigg..  33, the results agree well with Stokes’ Law,
which confirms that the tank is operating according to expec-
tations. In the Stokes regime, even boundaries 10 or more diam-
eters away affect the flow.In Fig.3 we have applied the wall cor-
rection due to Ladenburg [5] to correct for the presence of the
top and bottom walls of the tank.No correction to allow for the
cylindrical outer wall of the tank has been applied, although
owing to the relatively greater distance of the spheres from this
outer wall, the correction should be small.

A long copper wire with uniform diameter of 0.25 mm was
cut into pieces 6 mm long to give an aspect ratio of 23. We
chose this aspect ratio because it is similar to that of pulp fibers.

FFiigguurree  44 shows the results of testing the wires  in the RTH filled
with glycerin and spinning at 365 and 458 rpm. The mean
creeping flow drag coefficient,C, is 76.6,which is only 4.4% dif-
ferent from that (73.3) predicted by Cox’s (1970) theory for 3-
D cylinders.Two further observations about this figure warrant
mention. Since the settling velocity appears in the denominator
of the creeping drag coefficient definition (C=F

D
/µUD), for

identical cylinders and rotation rates (and thus identical drag
forces), any variation in settling velocity causes a plot of C ver-
sus U to be hyperbolic in shape rather than to be randomly scat-
tered. Furthermore, much of the variation of settling velocity
was due to the settling orientation of the copper wire, as wires
did not settle solely with their axes perpendicular to the direc-
tion of radial motion. Rather, the settling orientation can be any-
thing from totally perpendicular (0o) to totally parallel (90o) to
the direction of radial motion.The settling orientation of slen-
der bodies in the rotating tank was dependent on their initial
orientation upon release and was largely unchanged as they set-
tled from the center of the RTH to the outside. TTaabbllee  II demon-
strates that fibers with their axis parallel to the direction of 
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3. Drag coefficients of glass spheres in the RTH. The best

fit curves for the 2 mm and 3 mm spheres, when corrected

for wall interference effects, are in close agreement with

Stokes' Law. The raw data are not shown, but the error in

each measurement of CD is ±15% and in each measure-

ment of Re is ±10%.
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4. Creeping flow drag coefficient versus velocity for copper

wires measured in the RTH. The experimental points are

scattered along a line of slope -1, owing to the definition

of the creeping flow drag coefficient (see text).

C
R

E
E

P
IN

G
F
L
O

W
 D

R
A

G
 

C
O

E
F
F
IC

IE
N

T
, 
C

180

160

140

120

100

80

60

40

20

0

VELOCITY, m/s
0               0.005            0.01            0.015             0.02           0.025

RTH experiments
Aidun's experiments [3]
Cox's theory [2]

5. Creeping flow drag coefficients of nylon fibers tested in

the RTH at 400, 600, and 900 rpm. As explained in refer-

ence to Fig. 4, the results for each rpm cluster along a

hyperbola.



22 TTAAPPPPII  JJOOUURRNNAALL    MARCH 2003

MEASUREMENT

radial motion travel faster than those perpendicular to the radi-
al direction. These findings are consistent with the theoretical
results of Happel and Brenner [6], who show that for a very
large aspect ratio cylinder the drag with the cylinder axis paral-
lel to the flow is half that when the axis is perpendicular to the
flow.

Dyed nylon fiber, 8 denier in thickness and 1 mm long, were
tested in the RTH filled with distilled water, at angular speeds of
about 400,600, and 900 rpm. FFiigguurree  55 shows a comparison with
both the experiments of Aidun and the theory of Cox.The agree-
ment with the results of Aidun (who carried out experiments at
a different L/D ratio) is very good (within 10%), except at the
lowest velocities, where the data trend toward the theoretical
prediction of Cox.We would anticipate that at the low velocities
(V=0.005 m/s corresponds with a Reynolds number of 0.17) the
creeping flow theory of Cox would be more accurate; Aidun’s
empirical correlation obviously ceases being valid at very low
Reynolds numbers because it predicts an unreasonable depend-
ence of C on Re. The generally good agreement with both
Aidun’s results at higher Reynolds numbers and Cox’s theory at
low Reynolds numbers lends further credence to the use of the
RTH for hydrodynamic measurements.

HARDWOOD KRAFT PULP
After validation of the RTH, we performed some initial tests on
hardwood kraft pulp fibers.FQA measurements showed that the
fibers had a mean length of 0.795 mm with a standard deviation
of 0.4 mm from a sample size of 10,000 fibers.The average diam-
eter measured with a microscope was 22.3 mm.The average wet
density of the fibers was determined by immersing them in
sugar solutions of varying density, until the majority were neu-
trally buoyant. Based on these tests, we estimated the wet den-
sity of the fibers to be 1330 kg/m3. It is possible in the RTH to
measure the length of fibers as they pass through the device.
One may therefore determine the settling velocity of the fibers
both as a function of fiber length and angular acceleration (rω2).
There is an enormous spread in the experimental results plotted
in FFiigg..  66 for several reasons. The fiber diameters measured for
this pulp varied by a factor of 8.With everything else held con-
stant, the diameter variation alone would explain a factor of

nearly 8 spread in the radial settling velocity.A second source of
the spread in results is the varied orientation of fibers in the
tank, which we have shown has a significant influence on the
settling velocity of fibers.There are also likely to be significant
differences in wetted fiber density, which will affect settling
velocity. For all fiber lengths, the settling rate increases with
angular acceleration, as one would anticipate.

The regression lines of Fig. 6 show there is a statistically sig-
nificant effect of fiber length on settling velocity. Long fibers set-
tle about 15% faster than very short fibers. FFiigguurree  77,,  which is a
plot of drag coefficient per unit length (C/L) against fiber
length, more clearly illustrates this fiber-length dependence of
settling velocity.The significant negative slope of the regression
curve through the data confirms that longer fibers settle more
rapidly than shorter fibers.Whether this effect is a true one-to-
one dependence, or a reflection that fiber length might be cor-
related with, for example, fiber diameter, is not known. The
decrease in C/L is consistent with the Stokes flow theoretical
results [6]. However, the magnitude of C/L is about 2 times larg-
er experimentally than for the theoretical results (about 300,000
m-1 versus 130,000 m-1).This difference may be indicative of the
fact that wood fibers are not simple cylindrical bodies, but
rather contain fibrils and other structures that enhance the drag.
Alternatively, it may be a consequence of the fact that at these
Reynolds numbers (about 0.3) the flow does not have the neg-
ligible inertia required by the theory.

CONCLUSION
A novel instrument for measuring the hydrodynamics of fibers,
called the rotating tank hydrodynamometer (RTH), has been
successfully developed and validated with spheres, copper
wires, and nylon fibers. The validation tests are in excellent
agreement with previous work.The RTH can be used with con-
fidence to study wood fibers under similar centrifugal force con-
ditions (several hundred times that of gravity) to those existing
in a hydrocyclone. Hardwood kraft pulp has been tested with
the RTH, and the results show an enormous spread in the radial
settling rate of pulp fibers,which is caused by the large variation
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Regression lines through the results show that the settling

rate increases with fiber length. The regression lines for

the two shortest groups of fibers lie atop one another.
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in both length and diameter from fiber to
fiber. For angular accelerations of 120
m/s2 in water, the fibers have a mean radi-
al settling velocity of about 2 mm/s. At
higher centripetal accelerations
(700m/s2) the mean settling velocity
increases to about 7mm/s. The settling
velocity increases (i.e., the drag per unit
length decreases) with increasing fiber
length. TJ
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INSIGHTS FROM THE AUTHORS
We chose this research topic because we wished to
understand how pulp fibers move in a hydrocyclone. 
It is the first study of the hydrodynamics of pulp fibers
under conditions simulating those that exist in a hydro-
cyclone. 

The research was quite challenging as it involved
complex experiments. Developing a “paradigm flow
field” resembling that in a hydrocyclone and conduct-
ing experiments on individual pulp fibers were both
very difficult. 

The most interesting finding for me was that pulp
fibers behave quite differently from cylinders of identi-
cal density, length, and diameter in creeping flow. We
believe that both microfibrils attached to the fiber and a
Reynolds number dependence may cause this 
difference. 

This research is of a very basic character. It will help
hydrocyclone manufacturers develop better devices,
and guide mills on how best to use their hydrocy-
clones. 

Now that we have established a “proof of concept,”
the next step will be to test different types of pulp to
see what sort of variations show up between, for
example, hardwood and softwood pulps. 
— Sheldon Green
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