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Abstract

Velocity profile of fiber suspension flow in a rectangular channel is measured by pulsed ultrasonic Dopp-
ler velocimetry (PUDV), and the effect of fiber concentration and Reynolds number on the shape of the
velocity profile is investigated. Five types of flow behavior are observed when fiber concentration increases
or flow rate decreases progressively. The turbulent velocity profiles of fiber suspension can be described by a
correlation with fiber concentration, nl3, and Reynolds number, Re as the main parameters. The presence of
fiber in the suspension will reduce the turbulence intensity and thus reduce the turbulent momentum trans-
fer. On the other hand, fibers in the suspension have the tendency to form fiber networks, which will
increase the momentum transfer. The relative contribution of these two types of momentum flux will deter-
mine the final shape of the velocity profile.
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1. Introduction

Many industrial processes involve flow of fiber suspension in channels and pipes with various
size and shape. In the paper manufacturing industry, for example, flow of dilute to concentrated
fiber suspension takes place in circular pipes, straight and converging channels. The properties
of the final product often depend on the flow characteristics, such as the velocity profile and the
wall shear stress. In order to understand the flow characteristics, it is important to know the
effect of fiber concentration and flow rate on the velocity profile. Because there is limited optical
access in fiber suspension flows, particularly in the non-dilute regime, velocity profile measure-
ments are not trivial. Because fibers tend to staple on the probe surface and lack of optical ac-
cess, techniques developed for velocity measurements in single-phase flows, such as laser
Doppler velocimetry (LDV) and hot-wire anemometry are generally not effective. Even in the
dilute wood fiber suspension, it is found that the penetration depth of LDV measurements is
severely limited because of the light-scattering properties of wood fibers (Kerekes and Garner,
1982).

In their studies of fiber suspension flow, Forgacs et al. (1958) and Daily and Bugliarello
(1958) showed three basic types of flow regime, namely plug, mixed, and turbulent flow. At
low flow rates, a plug region exists in which the core is a coherent plug of fiber network with
no movement of the fibers relative to one another. Outside the plug, there is essentially fiber-free
water annulus near the wall. These investigators explain that at higher flow rate, in the mixed
flow regime, the turbulent stress becomes higher than the yield stress of fiber network, resulting
in progressive disintegration of the plug. In this mixed flow regime, there is turbulent-like flow
near the wall and plug-like flow at the center of the flow field. With further increases in flow
rate, the entire fiber network will be broken and the flow becomes turbulent across the entire
cross-section of the channel. Some early experiments by Daily and Bugliarello (1958), using a
special impact probe with a wide flat-faced tip, to prevent clogging of fibers, show that the
velocity profile in a pipe flow becomes �sharper� (less blunt) with an increase in flow rate. Also,
for a specified range of fiber concentration and mean velocity, the velocity profile becomes blun-
ter as concentration increases. Using an annular purge impact tube, Mih and Parker (1967)
measured the local mean velocities for the turbulent fiber suspension flow in a pipe and found
that, at low turbulent flow rates, a central plug region will develop. This plug region shrinks as
the flow rate increases, and perhaps finally vanishes. In the turbulent flow regime, they found
that the profile appears to be similar to single phase flow. They found that the apparent von
Kármán constant (defined as the inverse of slope of the velocity profile in a semi-log coordinate,
see Eq. (2) below) is lower for the fiber suspensions than for single phase Newtonian fluids, and
varies with fiber concentration. In contradiction to results by Mih and Parker (1967), using the
same measurement technique, Seely (1968) found that the von Kármán constant increases in a
systematic manner throughout the damped turbulent regime and approaches the single phase
Newtonian value (�0.41) at high flow rates. Sanders and Meyer (1971) report that the von Kár-
mán constant decreases with increasing concentration and decreasing flow rate. By the similar
purge impact tube, Lee and Duffy (1976) investigated the velocity profiles of fiber suspension
over a wide range of bulk velocities. They found that the fully turbulent velocity profiles be-
come steeper as fiber concentration increases. The reduced local velocity (u+ as defined in the
next section) for fiber suspension in the turbulent flow regime is greater than that of single
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phase flow, such as water, under the same conditions. In the low flow rate turbulent regime, the
von Kármán constant decreases with the flow rate, while at high flow rate regime the behavior
is reversed.

During the last twenty years, different methods have been used to study the flow behavior of
fiber suspension. Of the non-intrusive techniques, NMR imaging has been demonstrated to be
an effective tool for measurement of the mean velocity profile of cellulose fibers suspended in
water. Li et al. (1994) and Powell et al. (1996) used this technique to measure the average velocity
of fiber suspension flow at flow rates up to 1 m/s. They show that, at the flow rates and concen-
trations studied, the suspension undergo mixed flow in which there is plug in the center of tube
and a high shear region near the wall. The size of the plug decreases as the mean flow rate in-
creases. However, because of the limitation of NMR technique, it is very hard to obtain the veloc-
ity profile of suspension flow at higher flow rates.

Using an LDV system, Steen (1989) measured the mean velocity and turbulent fluctuations in
glass fiber suspension flow in a pipe by matching the index of refraction in a mixture of ethanol
and benzyl alcohol. He measured the mean and fluctuating components of velocity and the tur-
bulence spectra with glass fiber concentration of 1.2 and 12 g/l in ethanol and benzyl alcohol.
His measurements show that turbulent intensity increases with the decreasing of fiber concentra-
tion and fiber length. With the same index-matching technique, Andersson and Rasmuson (2000)
studied the transition of fiber suspension to turbulent flow in a rotary shear tester and found that
the fluctuation velocity approaches that of single-phase flow with increasing rotational speed. In
their experiments, they used glass fibers with 9 lm diameter and 1.5 and 3 mm lengths. The fiber
concentration was varied from 3% to 20% by weight in ethanol benzyl having a density ratio 2.4
(2475/1022).

In addition to the change of velocity profile and turbulence intensity, another characteristic of
fiber suspension flow is the non-uniform distribution of fiber concentration in the flow field. In
an early study by Sanders and Meyer (1971), it was found that the concentration increases from
the wall to the center of the pipe. This behavior is in agreement with the behavior of particulate
flow in pipes and channels where particles migrate from the higher shear region near the wall to
the lower shear region near the center (see for example Hookham, 1986, and Koh et al., 1994,
who used a modified laser-Doppler technique to measure the velocity and concentration profiles
for the flow of concentrated suspensions in a rectangular channel). It is found that the concen-
tration becomes more uniform with increasing flow rate and with decreasing the average concen-
tration. Olson (1996) investigated the distribution of fiber concentration for a range of fiber
lengths in a channel flow. In his study, the fiber concentration is less than 5000 fibers/l, so that
the fiber–fiber interaction is negligible. He shows that the variations in concentration show a lin-
ear region near the wall and an almost constant region above a height of about half fiber length
from the wall. A maximum peak between the linear and constant concentration regions is
observed.

The rheology of fiber suspension including the bulk stress in a suspension of rigid rods
(Batchelor, 1970, 1971; Hinch and Leal, 1976; Shaqfeh and Fredrickson, 1990), the orientation
distribution of fibers (Shaqfeh and Koch, 1988; Rahnama et al., 1995), the effective viscosity of
the fiber suspension (Batchelor, 1971; Hinch and Leal, 1976; Shaqfeh and Fredrickson, 1990;
Yamamoto and Matsuoka, 1994), and the particle concentration profile in the flow (Kallio
and Reeks, 1989; Kroger and Drossinos, 2000; Dong et al., 2003) have been investigated. How-
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ever, the above analyses of fibers or slender rods are limited to infinite dilution or semi-dilute
concentrations. The former completely neglects fiber–fiber interactions and therefore requires
nl3 � 1, where n is fiber number density and l is fiber half-length. The latter accounts for inter-
actions among the fibers and assumes nl3 � 1 and /� 1, where / is the volume fraction of the
fiber materials. Although some of the simple properties of fiber suspension (e.g., viscosity) can be
predicted from theoretical analyses, it is very difficult to model the velocity profile of fiber sus-
pension flow, especially in the concentrated fiber suspension regime where fiber network forma-
tion, non-uniform distribution of fibers in the flow field, variations in effective viscosity, and fiber
deformation are considered.

Because of the entanglement of fiber and subsequent floc formation, it is difficult to obtain the
velocity profile of fiber suspension at higher concentrations using existing traditional techniques.
Some inconsistent results on how fibers affect the velocity profile of fiber suspension flow have
been reported. To clarify the discrepancies in the velocity profile data reported in the literature,
pulsed Doppler ultrasonic velocimetry (PUDV) is used in this study to measure the velocity pro-
file of fiber suspension flow in a rectangular channel. This technique is based on the echography
for position information and Doppler shift relationships for velocity detection (Takeda, 1986).
During the measurement, an ultrasound pulse is emitted from the transducer along the measur-
ing line, and the same transducer receives the echo reflected from the surface of particles sus-
pended in the liquid. Information on the position from which the ultrasound is reflected can
be extracted from the time delay after the start of the pulse burst. The instantaneous velocity
information is derived from the Doppler shift. Earlier studies have shown that PUDV is an effec-
tive technique for fiber suspension velocity measurement (Xu and Aidun, 2001; Johan et al.,
2001).

In the following sections, results obtained through PUDV measurement of flow of wood fiber
suspension in a rectangular channel are presented. The flow characteristics of fiber suspension
flow are studied and a model is presented to describe the turbulent velocity profile as a function
of Reynolds number and fiber concentration.
2. Experimental setup

Fiber is dispersed in water at the desired concentration and pumped immediately through a
Moyno pump into the flow loop where it is recirculated for 15 min to eliminate fluctuations
due to initial transients. To reduce the pressure fluctuation in the flow loop, two surge suppressors
are installed. The flow rate is measured by a Micro-Motion mass flow meter.

The fiber used in the experiments is natural flexible cellulous wood fiber with an average length
of 2.3 mm and average diameter of about 35 lm. After the fiber is saturated with water, its density
is similar to that of water. Therefore, the fiber is dispersed uniformly in the suspension without
sedimentation during the entire experiment.

The experimental setup consists of a rectangular Plexiglas channel, shown in Fig. 1. One end of
the channel is connected to a Plexiglas box 20 cm long, 12.7 cm wide, and 5.7 cm high. This box
serves as a distributor to connect the feeding circular pipe with the rectangular channel. The fluid
flows into the distributor from bottom and flows out through the side into the channel. The
Plexiglas channel is 150 cm long, 5.08 cm wide and 1.65 cm high. At the end of the channel, as



Fig. 1. Schematic of the fiber suspension flow in the channel.
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shown in Fig. 1, a 2 cm diameter hole is cut in the center. The hole does not go all the way through
the channel wall. It stops at 2 mm from the other side of the wall such that the wall thickness at
the base of the hole reduces to 2 mm. During the velocity profile measurement, the ultrasonic
transducer is inserted in this hole. Its position and inclination angle are adjusted by a precision
X–Y–h rotation positioner. The hole is filled with water to establish a coupling medium between
the transducer and the Plexiglas wall (see Fig. 2).

The measuring system used for velocity profile measurements is pulsed ultrasonic Doppler velo-
cimeter (Model 1032) with basic frequency of 4 MHz. The ultrasound transducer has an active
diameter of 5 mm and the measuring volume is a thin-disc shape element with 5 mm diameter
and 0.9 mm thick. The basic frequency is 4 MHz and the pulse repetition frequency ranges from
1812 Hz to 15.6 KHz depending on the magnitude of the velocity measured.

To characterize the fiber suspension flow, velocity profile measurements are carried out in a
wide range of fiber concentrations and flow rates. The detailed test conditions at different flow
rates and fiber concentrations are shown in Table 1, where the corresponding mean velocity,
the Reynolds numbers based on water density and viscosity, and the parameter, nl3, using average
fiber length of l = 2.3 mm and aspect ratio of 60, are listed.
x

y
b/2 

Fig. 2. Layout of the instrumentation and the channel coordinate system.



Table 1
Experiment conditions for velocity profile measurements

Flow rate (m3/s · 10�3) Uavg (m/s) Re Fiber concentration (%)/nl3

0.05/0.33 0.1/0.67 0.15/1.0 0.3/2.0 0.5/3.3 0.75/5.0 1.0/6.7

0.14 0.16 2000 h h h h h

0.21 0.23 3000 h h h h h h

0.41 0.45 6000 h h h h h h

0.82 0.91 12,000 h h h h h h h

2.52 2.90 37,000 h h h h h h h

4.10 4.56 60,000 h h h h h h h

5.05 5.60 73,000 h h h h h h h

6.31 7.00 92,000 h h h h h h h
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3. Results and discussion

3.1. Effect of flow rate (Reynolds number) and fiber concentration on velocity profile

The two dominant parameters in this flow are the fiber concentration, presented here in terms
of weight ratio, /, or parameter, nl3, and the Reynolds number, Re, based on the viscosity of
water. In this study, Re represents a measure of the flow rate since the length scale, that is channel
height, and the fluid viscosity remains constant. The experiments cover a range of fiber concen-
tration from / = 0.0 to 1.0 (i.e., nl3 = 0–6.7) and Re = 2000–92,000 from laminar to turbulent
flow. The velocity is scaled with the velocity at the centerline, Umax, and length by the half channel
height, b/2.

We are interested in capturing the variations in velocity profile as a function of Re and the fiber
concentration. To that end, same data are plotted in Figs. 3 and 4 in terms of variations in Re and
concentration. Here y is the distance from the channel wall and u is the mean stream-wise velocity
profile. For comparison purposes, the velocity profile for single phase turbulent flow between infi-
nite parallel planes (Pai, 1953), given by
u
Umax

¼ 1� 0:3293 1� y
b=2

� �2

� 0:6707 1� y
b=2

� �32

; ð1Þ
is plotted in Figs. 3 and 4 along with the laminar parabolic velocity profile.
As shown in Fig. 3a and b, as Re increases, the velocity profile changes from laminar flow to

turbulent transitional flow and finally to fully developed turbulent flow when nl3 is less than or
equal to 1. At this range of concentration, the presence of fibers has less effect on the flow behav-
ior and the velocity profiles are similar to that of single phase flow. When nl3 increases to 2.0 (Fig.
3c), the velocity profile depends strongly on the Reynolds number. An important characteristic is
the formation of a blunt plug in the center of the channel at low flow rate (Re = 2000 and 3000).
At higher flow rate, the plug is disrupted and the velocity profile becomes sharper (Re = 6000,
9000). With further increase in flow rate, this trend is reversed and velocity profiles become more
flat as flow rate increases (Re = 12,000). At very high flow rate (Re = 73,000–92,000), velocity
profiles overlap the fully developed turbulent velocity profile for single phase flow. At higher fiber
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concentrations, the effect of Reynolds number on the shape of the velocity profile remains similar
to the case with nl3 = 1.0. The only difference is that with the increase of fiber concentration, the
size of the central plug becomes larger at the same flow rate and the plug can be formed at higher
Reynolds number (Fig. 3d–f).
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To show the effect of fiber concentrations on the flow behavior, the dimensionless velocity pro-
files in Fig. 3 are grouped by fiber concentration and redrawn in Fig. 4. The fiber concentration
affects the shape of the velocity profile in two ways depending on the Reynolds number. At low
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flow rate (Re 6 12,000), the core part of the velocity profile becomes flat and a central plug forms
for nl3 greater than 1.0. At fixed flow rate, the plug size increases with the fiber concentration.

At a higher flow rate (Re P 37,000), fiber concentration does not have a significant effect on the
shape of the velocity profile (Fig. 4d and e). However, the velocity profile becomes sharper when
compared with the velocity profile of single phase flow at the same flow rate. The deviation from
the velocity profile of single phase flow becomes larger as fiber concentration increases. Also, the
deviation is higher at low flow rate. If the flow rate is high enough, the effect of fiber concentration
becomes so small that there is virtually no difference between the velocity profiles of fiber suspen-
sion and that of single phase flow (Fig. 4f).

3.2. Turbulent intensity

There have been several attempts to measure turbulent fluctuation intensity in fiber suspension
flow using impact probes and various diffusion techniques. However, because of the low frequency
response of the measuring systems and heavy fiber buildup on the probe tip, these approaches can
only measure large scale variations. A more promising approach is with the pulsed ultrasonic
Doppler velocimetry, where instantaneous velocity at a relatively short sampling time can be mea-
sured. Therefore, the fluctuation of local instantaneous velocities will be reflected in the measuring
results. It is possible to calculate the turbulent intensity based on fluctuations in the instantaneous
velocity measurements. Fig. 5 shows the turbulent fluctuation intensity

ffiffiffiffiffiffi
u02

p
=U throughout the

channel in the turbulent regime with Re = 12,000–92,000. Here,
ffiffiffiffiffiffi
u02

p
is the standard deviation

of 256 instantaneous velocity measurements at a fixed position in the probe direction, and U is
the average velocity at that point. The turbulent intensity measurements are for the component
of velocity along the probe axis. The effect of the measurement volume and the relation between
the various Reynolds stress components in the measured volume can be derived based on simple
geometrical reasoning, as explained by Kikura et al. (2004).

In the laminar regime, the fluctuation intensity of the PUDV only represents the signal noise.
For example, at Re = 3000 and fiber concentration 0.13 (nl3 = 1.0), the signal fluctuation intensity
is less than 0.005 everywhere except very close to the wall. The manner by which different factors
affect the �measured turbulent intensity� can be summarized as follows.

From the center of channel to the wall region, the turbulence intensity increases gradually. With
the increase of fiber concentration, the turbulence intensity is reduced. With the increase of flow
rate, the effect of fiber concentration on the turbulent intensity decreases gradually, and finally, if
the flow rate is high enough, fiber concentration has almost no effect on turbulence intensity.

The turbulent intensity will be significantly lower in the region where a plug forms at the center
of the channel (Fig. 5a). In the region outside the plug, the intensity is much higher than that of
the plug region.

Because of the limitation of the measuring method, different sampling times are used when mea-
suring velocity profiles at different flow rates. For example, the sampling time is 51.2 ms and
18.4 ms for the cases with Re = 12,000 and 92,000, respectively. Because of the large sample vol-
ume used during measurement (5 mm in diameter, 0.9 mm in length), the turbulent intensity in
Fig. 5 represents the average velocity fluctuation in the sampled volume.

Results from the turbulent intensity measurements confirm the results reported by previous
investigators (Daily and Bugliarello, 1958). The presence of fibers in the flow will reduce turbulent
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intensity. These results also provide insight into understanding the structure and flow mechanisms
for fiber suspensions.
3.3. Characterization of fiber suspension flow

In their fundamental studies of fiber suspension flow, Forgacs et al. (1958) and Daily and
Bugliarello (1958) showed that fiber suspensions exhibit three basic types of flow profiles––turbu-
lent, mixed, and plug flow. In another study, Seely (1968) was unable to distinguish the velocity
profiles he obtained for dilute fiber suspensions at high flow rates from those he obtained for pure
water. He further divided the fully turbulent regime into two subregimes––‘‘damped turbulent
flow’’ and ‘‘Newtonian turbulent flow’’. However, the transitions between the different types of
flow, especially from mixed flow to the damped turbulent flow, and then to fully turbulent
flow have not been well established. In our experiments, five types of flow behavior have been
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distinguished in the range of Reynolds numbers and fiber concentrations considered. These and
their corresponding flow regimes in the fiber concentration and Reynolds number parameter
space are shown schematically in Fig. 6a and b, respectively.

In the first type of flow (Fig. 6b, Region 1), the velocity profile is the same as the turbulent
velocity profile for single phase Newtonian flow. The shape of the velocity profile will not change
with Reynolds number and fiber concentration. Similarities in flow behavior between dilute sus-
pension flows and single phase flow have been suggested and experimentally verified by Seely
(1968). In the second type of flow (Fig. 6b, Region 2), the velocity gradient is larger than that
of flow in Region 1. In this type of flow, velocity profile becomes gradually sharper by increasing
the fiber concentration and/or decreasing the Reynolds number. With further increase of fiber
concentration and/or decrease of Reynolds number, in Region 3, this trend reverses and the shape
of the velocity profile becomes blunter. The flow behavior in Region 4 is termed �mixed flow� in the
literature (Forgacs et al., 1958; Daily and Bugliarello, 1958). This term is used here to describe the
transition regime between plug flow (Region 5) and fully developed turbulent profile. It is simply
the flow of a central plug region at uniform velocity with a turbulent flow region between the plug
boundary and the channel wall. The plug region may be thought of as more or less a continuous
fluid saturated fiber network, which is capable of supporting the shear stress applied to it. Since
the transition from the third region to mixed flow is smooth, it is impossible to discern visually
when the plug begins to form.

At low flow rate and high fiber concentration, in Region 5, the fibers in the suspension form
interlocking coherent network in the entire flow field. Such networks have well-defined mechanical
strength properties. A thin water layer exists between the plug and the wall.

The various flow profiles in Fig. 6a, and the corresponding flow regions in the parameter space
of Fig. 6b, are determined based on the shape of the velocity profile and the manner in which the
velocity profile changes with flow rate and fiber concentration. There is no obvious sharp transi-
tion point between different types of flow. With the increase of fiber concentration or decrease of
flow rate, the flow gradually changes from the first type to the fifth type. The different types of
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flow behaviors and velocity profiles observed in this study can explain some of the inconsistent
results reported in the literature. For example, the flow behavior in Region 3 is in agreement with
Daily and Bugliarello�s (1958) observation that velocity profile becomes blunter as fiber concen-
tration increases. The flow behavior in Regions 1 and 2 are consistent with Seely�s observation
that the von Kármán constant increases in a systematic manner throughout the damped turbulent
regime and approaches the single phase value at very high flow rate. Lee and Duffy (1976) inves-
tigated the velocity profiles of fiber suspension over a wide range of bulk velocities. They found
that the fully turbulent velocity profiles become steeper as fiber concentration increases. The re-
duced local velocity (u+ as defined in the next section) for fiber suspension in the turbulent flow
regime is greater than that of single phase flow, such as water, under the same conditions. In the
low flow rate turbulent regime, the von Kármán constant decreases with the flow rate, while at
high flow rate regime the behavior is reversed. These two opposing observations are consistent
with the flow behavior in Regions 2 and 3, respectively.

The variations in fiber suspension flow behavior and velocity profile with Reynolds number and
fiber concentration can assist in understanding the complex internal flow mechanism of fiber sus-
pensions. In the next section, we provide a model to predict the effect of fiber concentrations and
Reynolds number on the velocity profile in turbulent fiber suspension flow.
3.4. Turbulent velocity profile for fiber suspension

Although the effect of fiber concentration and flow rate on the velocity profile has been reported
in the literature, quantitative descriptions of this effect are not available. In order to quantify the
effect of fiber concentrations and flow rates on fiber suspension flow, the velocity profiles
(Re P 37,000, nl3 P 2.0) are redrawn in the non-dimensional wall-layer coordinates, u+ = U/Us

and y+ = yUs/m, and shown in Fig. 7. Here, the wall shear velocity, Us, is defined as (sw/q)
1/2,

where q is the fluid density, and m is the kinematic viscosity. The wall shear stress, sw, is obtained
from the pressure drop measurements. The solid line in Fig. 7 is the theoretical velocity profile for
single phase flow between infinite parallel plates, given by:
uþ ¼ 1

0:41
lnðyþÞ þ 4:69: ð2Þ
Coles (1956) estimated the velocity profile by combining the log law and a wake function
uþ ¼ 1

j
lnðyþÞ þ BþP

j
w

y
0:5b

� �
ð3Þ
in which the von Kármán constant j and B are determined by using the data measured in the re-
gion y/(0.5b) < 0.15, and the wake coefficient, P, is calibrated with the data in the outer flow.
Here, we will use the form of Eq. (3) to describe the velocity profile of turbulent fiber suspension
flow. As shown in Fig. 7, the velocity profiles are overlapped to that of single phase flow in the
inner wall region. Therefore, we can assume the value of j and B will be the same as that for single
phase flow––that is 0.41 and 4.69, respectively. In the outer wall region, however, the profiles devi-
ate from Eq. (2) and the magnitude of the deviation can be described by the third term in Eq. (3).
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From Fig. 7, it is clear that the deviation is a function of fiber concentration (nl3), flow rate (Re)
and position (y+). Fig. 8 shows the deviation from log law at different Reynolds number and fiber
concentration. Since the maximum deviation happens at y/(0.5b) = 0.9 in most of the velocity pro-
files, we use the following function to curve fit the deviation in Fig. 8:
f Re; nl3;
y

0:5b

� �
¼ P

j
w

y
0:5b

� �
¼ 2P

j
sin2 P

2

y
0:5b

1

0:9

� �
: ð4Þ
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In the above equation, w y
0:5b

� �
is a universal function independent of Reynolds number and fiber

concentration. P is a function of Reynolds number and fiber concentration––its value can be ob-
tained through curve fitting for the deviation curve in Fig. 8. Fig. 9 presents the value of P at dif-
ferent Reynolds number and fiber concentrations.
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In order to describe P in terms of Reynolds number and fiber concentration, the following
equation is used for curve fitting the data points in Fig. 9:
P ¼ k1 expðk2ðnl3Þ � k3 � ReÞ: ð5Þ

Here, k1, k2, and k3 are constants that could be obtained through curve fitting.
Rewriting the equation in the following form,
lnðPÞ ¼ lnðk1Þ þ k2 � ðnl3Þ � k3 � Re: ð6Þ

It can be shown from Eq. (6) that there is a linear relation between ln(P), nl3 and Re. The con-

stants in this equation, obtained through linear regression for the data points in Fig. 9 are found
to be k1 = 0.98, k2 = 0.14 and k3 = 1.9 * 10�5.

The solid line in Fig. 9 gives the predicted value of P at different fiber concentrations and Rey-
nolds number using Eq. (5) and the above constant values. As seen in this plot, the predicted P
value fits quite well with the experimental data.

Combining Eqs. (3)–(5), the velocity profile of fiber suspension flow could be rewritten in the
following form,
uþ ¼ 1

0:41
lnðyþÞ þ 4:69þ P

0:41
sin2 y

0:9b
p

� �
ð7Þ
where
P ¼ 0:98 expð0:14nl3 � 1:9 � 10�5 � ReÞ ð8Þ

Fig. 10 gives an example of the reduced velocity profiles at different Reynolds number

(nl3 = 5.0), where the predicted velocity profile based on Eqs. (7) and (8) are shown in the solid
line. As shown in Fig. 10, the predicted velocity profiles correlate quite well with the experimental
data. Therefore, the velocity profile of turbulent fiber suspension flow can be described by Eqs. (7)
and (8). However, it should be noted that these two equations can only apply to the turbulent sus-
pension flow in the turbulent regime.
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3.5. Mechanism of fiber suspension flow

In fiber suspension flow, fibers tend to entangle with each other forming networks, sometimes
referred to as flocs. Similar to the fiber concentration parameter nl3, Kerekes and Schell (1992)
defined a crowding factor N (=5nl3/q, where q is the fluid density) to characterize the level of
fiber–fiber contact, and the tendency of fibers to form flocs. At N � 1, fiber mobility is high
and it is hard to form a floc. As N increases, fiber mobility decreases significantly and coherent
flocs of sufficient strength form. This parameter is therefore a good practical measure of the ten-
dency of the fiber suspension to form floc. In a turbulent fiber suspension flow, the amount of
flocculation is determined by a dynamic equilibrium between the growth of flocs by collision pro-
cesses and their breakdown by shear stress (Robertson and Mason, 1954). Fiber dispersion is
found to be promoted by increasing the velocity gradient and by decreasing fiber concentration.
On the other hand, fiber flocs are stated to affect momentum transfer in two opposing ways in the
flow field: they tend to lower it by damping the turbulence of the suspending phase, and also tend
to enhance the momentum transfer by providing a solid link between adjacent fluid layers
(Norman et al., 1977). Because the local shear stress is related to the local velocity gradient
through local momentum transfer, the forming of flocs will affect the momentum transfer, and
thus affects the shape of the velocity profile.

In the first type of flow, as defined in the previous sections, because of the high shear stress and
turbulent stress, it is difficult for fibers to interlock with each other, therefore less flocculation. In
this type of flow, momentum transfer is dominated by turbulence and the addition of fibers to the
suspension has less effect on the turbulent intensity, as proved in the previous measurements (Fig.
5d). Therefore, the velocity profile is about the same as that of single phase Newtonian fluid. In
the second type of flow, part of the fibers in the suspension will interlock and form flocs with
increasing fiber concentrations or decreasing shear stress (Reynolds number) as observed by
Robertson and Mason (1954). The presence of fiber and formation of flocs will reduce the
momentum transfer through decreasing turbulence intensity (as shown in Fig. 5) and, on the other
hand, increase momentum transfer through fiber interlocking. The overall momentum transfer is
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determined by the combination of these two effects. Reduction of momentum transfer caused by
turbulence in the flow of the second type, when compared to single phase flow, is higher than the
gain of momentum transfer caused by fiber interlocking. Therefore, the total momentum transfer
is less than that of water flow, which leads to a sharper velocity profile in comparing with the
velocity profile of a single phase flow.

With further increase of fiber concentration or decrease of flow rate, in the third type of flow,
the contribution to the momentum transfer by fiber interlocking increases. The evidence of this
change is that the central part of the velocity profiles becomes blunter with the increase of fiber
concentration or decrease of flow rate.

The third type of flow is characterized by more significant influence of fiber network formation
on momentum transfer than the effect of turbulence, when fiber concentration increases or flow
rate decreases. This explains the blunter velocity profile at higher fiber concentration or lower flow
rate.

In plug-turbulent mixed flow (Region 4), because of the low turbulence and shear stress, a fiber
network forms in the center of the channel and provides a solid link between adjacent fluid layers.
In this part of the flow, momentum transfer is dominated by the fiber interlocks. Outside the fiber
network region, there is a layer of turbulent fiber suspension area and the turbulence intensity has
been suppressed greatly (Fig. 5a) by the presence of fiber flocs. With further decrease of flow rate
or increase of fiber concentrations, the size of the plug increases and eventually the plug will fill
the entire flow region (Region 5).
4. Conclusions

Pulsed ultrasonic Doppler velocimetry has been used to measure the velocity profiles of fiber
suspension flow in a rectangular channel. Five different types of flow behavior have been observed
by varying the fiber concentration and the Reynolds number. In the first type, the velocity profile
is the same as that of single phase flow. In the second type, the velocity profile becomes sharper
with decreasing the flow rate and/or increasing the fiber concentration. With further decrease in
flow rate and/or increase in fiber concentration, the velocity profile becomes blunter again in the
third type of flow. At low flow rate and/or high fiber concentration, a plug will form in the center
of the channel and fill the whole flow field if Reynolds number is low and/or fiber concentration is
high enough.

The velocity profile of fiber suspension flow in turbulent flow can be predicted by a correlation
given by
uþ ¼ 1

0:41
lnðyþÞ þ 4:69þ P

0:41
sin2 y

0:9b
p

� �
; ð9Þ
where b is the height of the channel and P is the wake constant which is a function of fiber con-
centration nl3 and Reynolds number Re.

The presence of fibers or fiber flocs in the suspension will reduce the turbulence intensity. This
effect will decrease gradually when flow rate increases.
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