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Effect of fiber type on gas holdup in a cocurrent air–water–fiber
bubble column
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Abstract

An experimental investigation of the effect of fiber type on gas holdup in a cocurrent air–water–fiber bubble column is presented. Three
types of cellulose fibers (i.e., hardwood, softwood, and bleached chemithermomechanical pulp (BCTMP)) and three different lengths of
Rayon fibers are used in the investigation. The results indicate fiber type has a significant influence on the gas holdup in the air–water–fiber
bubble column. Mechanisms by which fibers influence gas holdup in gas–liquid–fiber bubble columns are summarized and used to explain
the experimental results. Fiber physical properties, including fiber length, coarseness, and flexibility are proposed to be the main factors
responsible for the fiber type effects on gas holdup.
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. Introduction

A bubble column is a contactor in which a discontinu-
us gas phase, in the form of bubbles, moves relative to
continuous phase, which can be a liquid or a suspension

1]. It is widely used to affect gas–liquid or gas–liquid–solid
ransport processes, which are found in many process indus-
ries. Recently, it was proposed to use a bubble column to
ffect flotation deinking[2–4], a key stage in paper recy-
ling traditionally carried out in flotation cells involving
as–liquid–fiber flows. While some of the proposed flotation
einking columns are counter-current[2,4], cocurrent flows
offer the potential for increased interfacial area and higher
as holdup by reducing floc-induced coalescence” and should
e “further exploited as a design principle in the future”[5]. In

he pulp and paper industry, there are many other unit opera-
ions involving gas–liquid–fiber flows[6]. Furthermore, it has
een shown that the addition of fibers into a process stream
an provide advantages like drag reduction[7,8], fouling mit-

gation[9], and gas holdup enhancement[10,11], which may
ead to new fiber applications. Thus, this study focus only on

the effects of fiber type on gas holdup and other influen
like surface tension or surfactant usage, are minimized.

Gas holdup is defined as the volume fraction occupie
the gas phase in the total volume of the two or three-p
mixture. It is an important parameter in many gas–liqui
gas–liquid–solid transport processes. In the flotation dein
process, a higher gas holdup and smaller bubble size
erally imply a larger interfacial area between the gas
liquid and/or a larger gas residence time, both of which
to higher ink removal efficiency[5,12]. Bubble size distribu
tion in gas–liquid–fiber flows and its variation with fiber m
fraction and fiber type have been investigated in semi-b
[13–15] and cocurrent bubble columns[16]. Gas holdup
in gas–liquid–fiber systems has also been studied in
semi-batch[5,17–22]and cocurrent[5,10,11,23,24]bubble
columns. Effects of superficial gas and liquid velocity, fi
mass fraction, and gas distribution method on gas ho
were studied in these investigations. However, only Wa
ley[21] and Su and Heindel[19,22]reported fiber type effec
on gas holdup in a semi-batch bubble column. A thoro
investigation on fiber type effects on gas holdup in a cocu
∗ Corresponding author. Fax: +1 515 294 3261.
E-mail address:theindel@iastate.edu (T.J. Heindel).

gas–liquid–fiber bubble column will add essential knowledge
to the related industrial applications. It is acknowledged that
the air–water–fiber flow studied here does not include the full
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complexities of the actual flotation deinking process, where
(i) contaminants (e.g., ink particles and stickies) exist and (ii)
flotation chemicals (e.g., proprietary surfactants) are usually
added[3,25].

This paper focuses on fiber effects in gas–liquid–fiber slur-
ries and extends the work of Tang and Heindel[23,24]. The
effects of fiber type on gas holdup in a cocurrent air–water–
fiber bubble column are investigated experimentally using
three types of cellulose fibers (i.e., hardwood, softwood,
and bleached chemithermomechanical pulp (BCTMP)) and
Rayon fiber of three different lengths. The mechanisms
behind the experimental results are discussed in detail.

2. Experimental methods

The experiments for this study are conducted in a cylindri-
cal cocurrent bubble column, which consists of four 0.914 m
tall acrylic tubes with 15.24 cm internal diameter. Five delrin
collars, each 5.1 cm tall, and 11 buna-n gaskets are used to
connect the acrylic tubes for a total column height of 4 m.
Fig. 1shows a schematic of the entire system. Filtered air is
supplied by a compressor and enters the bubble column from
the bottom via a spider sparger. The air flowrate is adjusted
with a regulator and measured with one of three gas flowme-
ters, each covering a different flowrate range. The fiber sus-
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Fig. 1. Schematic of the cocurrent bubble column experimental facility.

of 50 mg/100 m, which corresponds to a fiber diameter of
20.6�m.

All cellulose fibers are disintegrated from dry lap fiber
sheets. The fiber sheets are originally torn into small pieces
and then a specified mass of oven-dry fiber is weighed. It
is then soaked in tap water for 24 h before the pieces of
fiber sheet are disintegrated in a Black-Clawson laboratory
hydropulper. The concentrated fiber suspension is then trans-
ferred to the reservoir and additional tap water is added to
adjust the fiber mass fraction to a predetermined level. Rayon
fibers are prepared slightly differently from the cellulose
fibers. First, a specified mass of oven-dry fiber is weighed.
Then the fiber is soaked in tap water for 24 h before it is repeat-
edly washed and soaked using tap water until the surface
tension of the filtered water reaches a steady value of about
70 mN/m. This process removes a majority of the proprietary
ension from a 379 L reservoir is pumped into the colu
he pump is connected to the reservoir with a 2.44 m
.62 cm diameter PVC pipe. A 2.85 m long 2.54 cm diam
VC pipe connects the pump to the column. The fiber
ension flowrate is measured with a magnetic flowmete
aried via a pump power frequency controller. The fiber
ension enters the column through a flow expander loc

mmediately below the spider sparger. A gas–liquid sep
or is located on top of the column where air is separ
rom the fiber slurry while the slurry returns to the res
oir through a PVC pipe. Along the column, five press
ransducers (labeled as P1, P2, P3, P4, and P5 in Fig. 1) are
nstalled, one in each of the five delrin collars. Each ac
ube section is numbered 1–4 from the bottom of the colu
wo type-T thermocouples are also located at the bottom
op of the column, respectively.

The spider sparger, shown inFig. 2, has eight arms made
2.7 mm diameter stainless steel tubes. Thirty-three 1.6
iameter holes are located on one side of each arm an

ributed as shown inFig. 2. The arms are soldered to t
enter cylinder of the sparger such that all the holes fac
ame direction. Air enters the spider sparger from the ce
ylinder and exits from the arm holes. The sparger is inst
ith the holes facing upward.
Three types of cellulose fibers and Rayon fiber of t

engths are used in this study. The cellulose fibers
ardwood, softwood, and bleached chemithermomecha
ulp (BCTMP). Their key physical properties are listed
able 1. The Rayon fibers used in this study have a nom

ength of 1, 3, or 6 mm. All Rayon fibers have a coarse
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Table 1
Cellulose fiber properties

Properties Fiber type

Hardwood Softwood BCTMP

Wood species Eucalyptus 65–75% Northern Black Spruce,
20–25% Jackpine, 5–10% Balsam Fir

Softwood (northern pine)

Length—PAFL (mm) 0.69 1.2 0.8
Length—LWAFL (mm) 0.78 2.31 1.91
Coarseness (mg/100 m) 6.9 13.08 29.5
Number of fibers per gram (millions) 21.4 6.37 4.25

PAFL: particle average fiber length, LWAFL: length weighted average fiber length.

additives attached to the fiber surface, which are gradually
released into the fiber suspension and may affect the bub-
ble column hydrodynamics. The washed Rayon fiber is then
added into the reservoir and additional tap water is added to
adjust the fiber mass fraction to a predetermined level.

During data acquisition, surface tension and pH of the
water filtrate from the fiber suspensions are measured with
a Sigma 703 digital tensiometer and a Milwaukee SM 802
pH/EC/TDS meter, respectively.

All experiments in this study are carried out under atmo-
spheric pressure and ambient temperature. The superficial
gas velocity range is 0≤Ug ≤ 20 cm/s, and the superficial
liquid velocity range is 0≤Ul ≤ 10 cm/s. Fiber mass fraction
C is defined as the ratio of the oven-dry fiber mass to the
suspension mass. In this study, the fiber mass fraction range
is 0≤C≤ 1.5% for all fiber types except 6 mm Rayon fibers,
which wasC≤ 0.4% because of clogging in the 2.54 cm PVC
pipe at fiber mass fractions higher than 0.4%.

To acquire gas holdup data at a givenUg andUl , 4800
readings are collected by a computer data acquisition system
from each instrument every 10 ms and averaged after quasi-
steady conditions are reached. With five pressure signals, the
time-averaged gas holdup in each section is calculated from

εi = 1 − �pi

�p0,i

(1)

where�pi =pL,i −pH,i is the pressure difference between the
lower (pL,i) and higher (pH,i) ends of column sectioni (i = 1,
2, 3, 4);�p0,i is the corresponding pressure difference when
the column is filled only with the specified water–fiber sus-
pension flowing at the sameUl . Eq. (1) accounts for the
effects of wall shear stress but neglects the effect of liq-
uid acceleration due to void changes that may influence gas
holdup in cocurrent bubble columns[26–28]; however, these
effects are estimated to be negligible for the conditions of
this study[29]. The overall column gas holdup is defined as
ε = (ε1 + ε2 + ε3)/3, the average gas holdup in the three lower
sections. The gas holdup in the top section is not included in
the overall gas holdup because of measurement error due
to the void caused by large bubbles escaping the column
top, which is significant during some experimental condi-
tions[24].

Measurement uncertainties are estimated following the
method provided by Figliola and Beasley[30] and details can
be found in Tang[29]. The typical uncertainties associated
with superficial velocities are±2–4% forUg and±1.5–5%
for Ul , respectively. The corresponding absolute gas holdup
uncertainty is estimated to be�ε ≈ ±0.005–0.01.

3. Unique characteristics of fiber suspensions
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Fig. 2. Schematic of the spider sparger.
.1. Fiber physical properties

Cellulose fibers are reduced from wood (or other fibr
aw materials) via different pulping methods, includ
echanical, chemical, or semichemical pulping proce

ystematically rupturing the bonds within the wood struc
31]. A major difference between mechanically and che
ally pulped fibers is that a mechanical fiber retains a maj
f the lignin, while a chemical fiber is primarily lignin-fre
he hardwood and softwood fiber in this study are che
ally pulped, while the BCTMP fiber uses a combinatio
echanical and chemical means to produce fiber.
Cellulose fibers from different sources have different m

hological and mechanical properties[32,33]. For example
he average length of softwood fiber is up to two times lon
han that of hardwood fiber[31]. The pulping, bleaching
nd beating processes in the pulp and paper industry

n additional differences between fibers[34,35]. It has bee
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shown that cellulose fibers are more flexible when lignin
is removed[36]. Rayon fibers are synthetically produced
from regenerated cellulose and have much more uniform
physical properties (e.g., fiber length and diameter). Other
differences between Rayon and cellulose fibers include: (i)
cellulose fibers have hollow centers called a “lumen”, while
Rayon fibers are flexible solid cylinders; (ii) cellulose fibers
have locations along the fiber attributed to biological charac-
teristics or mechanical damages resulting from processing
operations (i.e., beating), producing “hinges” or “knees”,
while Rayon fibers usually lack such nonuniformity[37];
and (iii) cellulose fibers are usually subject to external fibril-
lation and micro-compressions in mechanical treatment and
thus have surfaces morphologically different from those of
smooth Rayon fiber surfaces[38]. These differences make
cellulose fibers much more flexible than Rayon fibers, and
the fiber–fiber contact mechanisms for cellulose fibers differ
from those of Rayon.

3.2. Fiber suspension properties

A fiber can move in translation and rotation and sweep
out a much larger volume than itself when suspended in a
liquid, resulting in a large probability of contact with other
fibers[39]. Furthermore, fibers are flexible and have a density
close to that of water. Thus, fiber suspensions have a tendency
t late)
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Table 2
Major mechanisms influencing gas holdup in a gas–liquid–fiber bubble
column

Mechanism Influence Effect on gas holdup

I Suppression of bubble coalescence Increase
II Increased bubble residence time Increase
III Enhanced bubble coalescence Decrease
IV Gas channeling Decrease
V Suppression of bubble breakup Decrease
VI Fluid property change Increase

four methods by which bubbles escaped from fiber networks.
Based on detailed observations and available literature cita-
tions, six major mechanisms are proposed by which fibers
influence gas holdup in a bubble column; they are summa-
rized inTable 2and details are provided below.

3.3.1. Mechanism I—suppression of bubble coalescence
Fibers can work as separation “walls” between bubbles,

reduce their contact opportunity, and thus suppress bubble
coalescence. This effect is particularly significant when bub-
bles are uniformly distributed in a fiber suspension at a high
fiber mass fraction where continuous fiber networks form
[24]. The ability of the fiber network to separate bubbles
increases with increasing fiber mass fraction, but decreases
with increasing bubble size and flow disturbance. Hence,
in heterogeneous flows, characterized by large bubbles and
turbulent mixing, Mechanism I has little influence on the
large bubbles. However, small bubble coalescence can still
be reduced by Mechanism I. This agrees with Heindel[16],
who observed more small bubbles in a fiber suspension than
an air–water system operating under the same condition. Bub-
ble coalescence can still be reduced even when the fiber mass
fraction is not high enough to form continuous fiber networks.
Temporary fiber flocs usually form under this condition[40].
The fiber flocs remain between bubbles and reduce their col-
l lly
r

3
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r l-
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v n
p t “air
b steps
a d from
t se
v atch
a bub-
b and
t was
o form regions where the fibers aggregate (i.e., floccu
hen a critical fiber mass fraction is reached. The cri
ber mass fraction is lower for a suspension made of lon
ore flexible, and less coarse fibers; it is also a functio

ow conditions[40–42].
When continuous fiber networks form, they posse

ertain level of tensile and shear strengths[40]. One impor
ant parameter to characterize fiber network strength is
tress, which is defined as the stress needed to cause r
otion in a fiber suspension. With a yield stress, a fiber
ension can be described by Bingham plastic models[43] or
ield-pseudoplastic models[7,44–46]. The yield stress of
ber suspension depends on fiber mass fraction, averag

ength, lignin content, fiber type, and amount of entrained
44,46–48].

The presence of fibers in a suspension can signific
uppress small-scale velocity fluctuations[36,49–51]. Nor-
an et al.[49] suggested fibers damp turbulence inten
y supplying a force-bearing link between nearby fluid
ents moving at different velocities, and thus suppres

he velocity difference. It was also reported that increa
he fiber mass fraction, length, and flexibility resulted
igher reduction in the turbulence intensity[36,51].

.3. Fiber suspension influences on gas holdup

When fibers are added to an air–water bubble colu
ubble behavior will change due to the presence of fib
almsley[21] illustrated four bubble motion modes in flo

ulated fiber suspensions. Ajersch and Pelton[52] identified
r

ision probability. In a bubble column, Mechanism I usua
esults in an increase in gas holdup.

.3.2. Mechanism II—increased bubble residence time
Fiber addition in a bubble column can increase bu

esidence time. Fibers can form flocs or continuous fiber
orks at high fiber mass fractions. The fiber networks
inder bubble motion, especially when bubbles are s
nd the fiber suspension velocity is lower than the bu
ise velocity. Walmsley[21] observed that fiber-bubble co
isions in a semi-batch bubble column slowed bubble
elocity. Ajersch and Pelton[52] reported that a commo
henomenon in flocculated fiber suspensions was tha
ubbles migrated upwards in a series of random discrete
s these bubbles became repeatedly trapped and release

he pulp flocs.” Reese et al. [18] recorded that the bubble ri
elocity decreased with fiber mass fraction in a semi-b
ir–water–fiber bubble column. They also reported that
le rise velocity was higher near the column bottom,

he velocity difference between two fixed axial locations
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larger at higher fiber mass fractions. These observations were
attributed to the resistance and tortuosity of bubble rise paths,
both of which increased with increasing fiber mass fraction.
The fiber network can also entrain small bubbles and make
them move with the network[52]. This further enhances the
bubble residence time because the residence time of a fiber
suspension in a bubble column is typically longer than the
gas phase residence time. One extreme example is that small
bubbles stay in the fiber network even after the fiber suspen-
sion leaves the bubble column and is pumped back to the
bubble column, causing a positive gas holdup even when no
gas is released to the bubble column[5]. In semi-batch bub-
ble columns or at low superficial liquid velocities in cocurrent
bubble columns, Mechanism II causes a gas holdup increase
in a bubble column, especially when small bubbles dominate
the flow.

3.3.3. Mechanism III—enhanced bubble coalescence
When fibers form continuous networks, the fiber network

can slow down and trap smaller bubbles, allowing coales-
cence with trailing bubbles[21,52]. This mechanism domi-
nates the bubble behavior when three conditions are satisfied:
(i) the diameter of the leading bubble is larger than the fiber
spacing in the network; (ii) the leading bubble is not too large
such that the buoyant force is not sufficient to break through
the fiber network; and (iii) the bubble approaches the fiber
n en-
s and
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confined in the network near the path are released into the
low fiber mass fraction channel, following behind the fast ris-
ing large bubble[21,52]. When the fiber suspension is very
dense (e.g.,C�3.5%), a different type of channel forms. It
becomes difficult for discrete bubbles to rise through the sus-
pension and discrete semi-static gas channels are formed to
allow the gas to pass. These channels remain active for peri-
ods of time ranging from a few seconds to a few minutes[53].
Both types of channels severely shorten the gas phase resi-
dence time. Mechanism IV results in a gas holdup decrease
in a bubble column.

3.3.5. Mechanism V—suppression of bubble breakup
The presence of fibers in a bubble column can also sup-

press bubble breakup. It is very common that bubble breakup
and coalescence occur simultaneously in a bubble column
[54,55]. The bubble size distribution in the bubble column
is determined by the dynamics of these two processes. It
is widely accepted that only velocity fluctuations over a
distance approximately equal to the bubble diameter are capa-
ble of causing bubble deformation and breakup while larger
eddies merely transport the bubble[56,57]. Several studies
have shown that the presence of fibers significantly changes
velocity fluctuations in a turbulent flow field[36,49–51]. For
most situations, turbulence intensity is reduced and turbu-
lence damping occurs mainly at small length scales[50].
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etwork with a velocity higher than the local fiber susp
ion velocity. These three conditions hinder bubble rise
llow coalescence with trailing bubbles. One situation w

hese conditions are easily satisfied is in a bubble column
tion zone where gas is directly distributed into the colu
y a sparger[24] or perforated plate[18,19]. Condition (i)

s satisfied whenC is high enough to form a fiber netwo
or a suspension having a fiber mass fraction between
nd 1.0%, most fiber spacing is on the order of 10�m and it
ecreases with increasing fiber mass fraction[52]. Bubbles
enerated in the aeration zone are generally much larg

he order of several millimeters[13,16]. Condition (ii) is sat
sfied whenC is high enough such that the fiber networ
ufficiently strong to hold a newly generated bubble. Co
ion (iii) is always satisfied in a semi-batch bubble colu
nd easily satisfied in the entrance region of a cocurrent
le column, where bubbles are released at relatively
peed from the gas distributor. Mechanism III causes a
ificant decrease in gas holdup, which is more evide
igher fiber mass fractions.

.3.4. Mechanism IV—gas channeling
When the fiber mass fraction is high, gas channe

ccurs, significantly reducing the gas phase residence
hanneling can occur at high fiber mass fractions (
≈ 1.5%) when small bubbles are still found; in this ca
large bubble having a sufficient buoyancy force bre

hrough the fiber network and a non-static channel of
ubble rise resistance forms behind the bubble[53]. As the

arge bubble cleaves the fiber network, many small bub
hus, the addition of fibers can affect bubble shape and re
ubble breakup. Mechanism V decreases gas holdup.

.3.6. Mechanism VI—fluid property changes
Fiber addition can modify fluid properties, such as

ace tension, when surface-active agents leach from the
nto the liquid. Surfactants may also be added to the s
or desired process characteristics (e.g., foam forma
2,3,25]. Changes in the fluid properties can affect bub
ize and bubble behavior. This can occur with certain t
f cellulose[58] or synthetic[20] fibers. The surface-activ
gents usually cause a decrease in liquid surface tensio
roduce a smaller, more stable bubble (i.e., one less pro
oalescence). Mechanism VI will increase gas holdup.

Mechanisms I–V are all functions of fiber suspens
roperties, which are in turn affected by fiber mass f

ion and fiber physical properties. In a bubble column fi
ith a suspension made of longer, more flexible, and
oarse fibers, Mechanisms I–V tend to be stronger, prov
ther conditions (including fiber mass fraction, flow con

ions, and lignin content, etc.) are similar. Since fiber phys
roperties vary with fiber type, gas holdup can change
ificantly in different fiber suspensions.

It is important to note that Mechanisms I–VI are
qual in their influence on gas holdup. Only a few of
echanisms influence gas holdup for a given condition

heir importance changes with operating conditions. In m
ases with semi-batch or cocurrent gas–liquid–fiber bu
olumns, Mechanism III will dominate the flow; Mechanis
, II, and V may also affect bubble behavior, but are less sig
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icant. However, if the fiber suspension has a vertical velocity
larger than the bubble rise velocity of newly released bub-
bles, Mechanism III is negligible. Also, if the bubbles are
distributed within a fiber suspension before they enter a bub-
ble column, Mechanism I will dominate the bubble behavior
in the lower region of the bubble column[5,10,11,24]. Finally,
if surfactants are present, Mechanism VI may dominate the
entire system[58].

4. Results

4.1. Fiber suspension surface tension and pH

There is no significant change in pH for the various oper-
ational conditions and fiber mass fractions addressed in this
study. The pH for the different fiber types is in a range of
7.0–8.5, which is close to that of tap water.

The surface tension (σ) of softwood and BCTMP fiber sus-
pensions as a function of fiber mass fraction are compared
in Fig. 3, where the error bars show the standard deviation
of multiple measurements. The surface tension of the soft-
wood fiber suspensions does not significantly vary with fiber
mass fraction, staying in a range of 63–69 mN/m. This is not
far from that of tap water (∼70 mN/m). Measurements in
hardwood fiber suspensions at both low and high fiber mass
f soft-
w ions,
h ass
f e
c
r the
r d in
t the
r hing,
i nce

F ction.

lignosulfonate is water-soluble and a soap, it is believed that it
was responsible for the foam that was produced with BCTMP
fiber. The surface tension of the Rayon fiber suspensions is
similar to that of water because it is the goal of the Rayon
fiber processing procedure.

Since only BCTMP fiber suspension surface tension is
significantly different from the other fibers, Mechanism VI
will be considered in the following discussion only when
BCTMP results are mentioned.

4.2. Gas holdup variation with fiber mass fraction

Typical gas holdup variation with fiber mass fraction
in different fiber suspensions are presented inFig. 4 for
Ul = 8 cm/s andUg = 20 cm/s. Similar data have also been
taken at other superficial gas and liquid velocities and show
similar trends. These data can be found in[29].

An overview ofFig. 4and data in[29] indicate that the gas
holdup for softwood and 6 mm Rayon fiber suspensions are
very similar for all studied conditions. Gas holdup similarity
between hardwood and 3 mm Rayon fiber suspensions is also
observed. It is not fully understood why the gas holdup for
the two pairs of fiber types are similar. However, it is possi-
ble that the effects of longer, stiffer Rayon fibers are offset by
shorter, more flexible cellulose fibers. Additionally, cellulose
fi ding
“ d on
F ll
b MP,
a mm)
R od)
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t hen

F n in
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ractions show similar surface tension values to that of
ood fiber. The surface tension of BCTMP fiber suspens
owever, decreases significantly with increasing fiber m

raction in the range 0.05%≤C≤ 0.8% and remains relativ
onstant at about 50 mN/m when 1.0%≤C≤ 1.5%. This is
eflected by a noticeable amount of foam observed in
eservoir and pump suction line. The BCTMP fiber use
his study was produced using sodium sulfite. Although
esulting pulp was washed and neutralized after beac
t may still contain a small amount of lignosulfonates. Si

ig. 3. Variation of fiber suspension surface tension with fiber mass fra
bers are hollow and have surface nonuniformities inclu
hinges” or “knees”, as well as smaller diameters. Base
ig. 4and Tang[29], in the following, fiber type effects wi
e analyzed mainly between hardwood, softwood, BCT
nd 1 mm Rayon fibers, assuming the effects of 3 mm (6
ayon fiber are similar to those of hardwood (softwo
ber.

When a very small amount of fiber is added (C= 0.05%)
o the bubble column, gas holdup increases slightly w

ig. 4. Variation of overall average gas holdup with fiber mass fractio
ifferent fiber suspensions whenUg = 20 cm/s andUl = 8 cm/s.
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compared to an air–water system (C= 0%) operating under
the same superficial gas and liquid velocities. This result
was also observed by Walmsley[21]. The slight increase
is attributed primarily to Mechanism I. The gas holdup
increase in the BCTMP fiber suspension is larger, because
Mechanism VI also contributes to the gas holdup increase,
whereas it is not significant for the other fiber types.

As fiber mass fraction increases, gas holdup eventually
decreases in a nonlinear fashion. For softwood fiber suspen-
sions, gas holdup starts to decrease with increasing fiber
mass fractions atC= 0.1%. This is because in softwood
fiber suspensions, fiber networks begin to form and Mech-
anisms III and V begin to contribute to the influence on gas
holdup. For hardwood, 1 mm Rayon, and BCTMP fiber sus-
pensions, the maximum gas holdup reached atC= 0.05% is
relative unchanged with increasing fiber mass fraction until
C= 0.4% (for hardwood and 1 mm Rayon fibers) orC= 0.6%
(for BCTMP fibers), where gas holdup begins to decrease
sharply with increasing fiber mass fraction. The gas holdup
at first remains constant because negligible fiber flocculation
is observed in this fiber mass fraction range for these fiber
types and the effect of Mechanism III is negligible. Once the
fiber mass fraction reaches a critical value where significant
fiber networks form, Mechanism III dominates the flow and
the gas holdup decreases with increasingC.

The fiber mass fraction at which the gas holdup starts to
d s
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Fig. 5. Variation of overall average gas holdup with superficial gas velocity
in different fiber suspensions whenUl = 8 cm/s: (a)C= 0.1%; (b)C= 1.0%.

fiber suspension is similar to other fiber suspensions. Foam
in BCTMP suspensions begins to appear at a lower super-
ficial gas velocity atC= 1.0% thanC= 0.1%, because there
is more foam producing material (i.e., lignosulfonate) in the
suspension whenC= 1.0%. Note that backmixing is observed
for other fiber types under these conditions, but no foam is
produced to enhance the gas holdup.

Extrapolating the gas holdup versus superficial gas
velocity curves toUg = 0 cm/s can be used to estimate if
there is significant gas entrainment in the fiber suspen-
sion [5]. Hence,Fig. 5a indicates no air entrainment at
C= 0.1% for all fiber types. However, a nonzero gas holdup
(ε ≈ 0.005) atUg = 0 cm/s in Fig. 5b indicates a notice-
able amount of gas entrained for BCTMP, hardwood, soft-
wood, and 3 mm Rayon fibers whenC= 1.0%. Extrapo-
lating the 1 mm Rayon fiber data toUg = 0 yields ε ≈ 0,
implying no gas entrainment in this fiber suspension, even
atC= 1.0%.

Fig. 6. Variation of gas holdup with superficial liquid velocity in different
fiber suspensions whenUg = 20 cm/s andC= 0.6%.

4.4. Gas holdup variation with superficial liquid velocity

Tang and Heindel[24] have shown that gas holdup
decreases with increasing superficial liquid velocity due to
a reduced bubble residence time, and the decrease is more
significant in hardwood fiber suspensions whenC�0.6%.
This trend is generally true for all fiber types investigated
in this study except BCTMP fiber (Fig. 6). As shown in
Fig. 6 for C= 0.6% andUg = 20 cm/s, gas holdup in the
BCTMP fiber suspension increases whenUl is increased
from 0 to 2 cm/s, reaching a maximum atUl = 2 cm/s, and

F P
fi

ig. 7. Variation of gas holdup with superficial liquid velocity in BCTM
ber suspension at different fiber mass fraction whenUg = 20 cm/s.
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then decreases with increasingUl . This general BCTMP
trend is also found at other fiber mass fractions. However,
as shown inFig. 7, the superficial liquid velocity at which
the gas holdup reaches a local maximum varies with fiber
mass fraction. This behavior is the result of the foam forma-
tion in BCTMP fiber suspensions. Visual observations reveal
foam forms inside the reservoir and at the top of the bub-
ble column. The bubble column gas holdup increase from
foam can be attributed to: (i) part of the foam formed in
the reservoir is entrained in the fiber suspension and trans-
ferred into the bubble column by the pump whenUl > 0 cm/s;
and (ii) the foam formed in the bubble column is entrained
in the fiber suspension at the column top and transferred
back to the bubble column due to backmixing. The com-
plex interaction between these two effects, the superficial
liquid velocity, and fiber mass fraction is not yet fully under-
stood. More work is needed to fully understand why the gas
holdup variation with superficial liquid velocity for BCTMP
fiber suspensions deviates from the trends for other fiber
suspensions.

5. Conclusions

An experimental program was completed to study
the effect of fiber type on gas holdup in a cocurrent
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