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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.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the effects of fiber type on gas holdup and other influences,
like surface tension or surfactant usage, are minimized.
A bubble column is a contactor in which a discontinu- Gas holdup is defined as the volume fraction occupied by

ous gas phase, in the form of bubbles, moves relative tothe gas phase in the total volume of the two or three-phase
a continuous phase, which can be a liquid or a suspensionmixture. It is an important parameter in many gas-liquid or
[1]. Itis widely used to affect gas—liquid or gas—liquid—solid gas-liquid—solid transport processes. In the flotation deinking
transport processes, which are found in many process indusprocess, a higher gas holdup and smaller bubble size gen-
tries. Recently, it was proposed to use a bubble column toerally imply a larger interfacial area between the gas and
affect flotation deinking2—4], a key stage in paper recy- liquid and/or a larger gas residence time, both of which lead
cling traditionally carried out in flotation cells involving to higher ink removal efficiencyp,12]. Bubble size distribu-
gas-liquid—fiber flows. While some of the proposed flotation tion in gas—liquid—fiber flows and its variation with fiber mass
deinking columns are counter-currg@t4], cocurrent flows fraction and fiber type have been investigated in semi-batch
“offer the potential for increased interfacial area and higher [13-15] and cocurrent bubble columr46]. Gas holdup
gas holdup by reducing floc-induced coalescence” and shouldin gas—liquid—fiber systems has also been studied in both
be “further exploited as a design principle in the fut&g’ In semi-batch5,17—-22]and cocurrenf5,10,11,23,24pubble
the pulp and paper industry, there are many other unit opera-columns. Effects of superficial gas and liquid velocity, fiber
tionsinvolving gas—liquid—fiber flow§]. Furthermore,ithas  mass fraction, and gas distribution method on gas holdup
been shown that the addition of fibers into a process streamwere studied in these investigations. However, only Walms-
can provide advantages like drag reducfio®g], fouling mit- ley[21] and Su and Heind§l9,22]reported fiber type effects
igation[9], and gas holdup enhancemgtd,11], which may on gas holdup in a semi-batch bubble column. A thorough
lead to new fiber applications. Thus, this study focus only on investigation on fiber type effects on gas holdup in a cocurrent
gas-liquid—fiber bubble column will add essential knowledge
* Corresponding author. Fax: +1 515 294 3261. to the related industrial applications. It is acknowledged that
E-mail addresstheindel @iastate.edu (T.J. Heindel). the air-water—fiber flow studied here does not include the full
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complexities of the actual flotation deinking process, where A
(i) contaminants (e.g., ink particles and stickies) exist and (ii) i gas exit
. . . i Py~Ps: pressure transducers g
flotation chemicals (e.g., proprietary surfactants) are usually | Ty ~T,: thermocouples [
added3,25] *liquid line gas-liquid
This paper focuses on fiber effects in gas—liquid—fiberslur- | wwigasine 1| S
ries and extends the work of Tang and Hein@a,24] The T, Ps
effects of fiber type on gas holdup in a cocurrent air—water— ':,00"00
fiber bubble column are investigated experimentally using _ 0:000
three types of cellulose fibers (i.e., hardwood, softwood, mxer L od
and bleached chemithermomechanical pulp (BCTMP)) and A Pa
Rayon fiber of three different lengths. The mechanisms v 000
: . . . . 008 | \oojiar
behind the experimental results are discussed in detail. 00
00 %g
4m AVAU P3
2. Experimental methods reservor 0050
100
. . . N bubble col
The experiments for this study are conducted in a cylindri- .S;wZZzummn Moooo
cal cocurrent bubble column, which consists of four 0.914m o P2
tall acrylic tubes with 15.24 cm internal diameter. Five delrin , %
spider sparger 0’ o
collars, each 5.1 cm tall, and 11 buna-n gaskets are used to 0%
connect the acrylic tubes for a total column height of 4m. 099
Fig. 1shows a schematic of the entire system. Filtered air is yim (p,
supplied by a compressor and enters the bubble column from flow expander i
the bottom via a spider sparger. The air flowrate is adjusted _
with a regulator and measured with one of three gas flowme- R:)am?;ee‘t';r
ters, each covering a different flowrate range. The fiber sus- :
. .. . 3-way valve 1 [Mee
pension from a 379 L reservoir is pumped into the column. tap water valve H

The pump is connected to the reservoir with a 2.44 m long

7.62 cm diameter PVC pipe. A 2.85m long 2.54 cm diameter dryin  Pump  checkvalve

PVC pipe connects the pump to the column. The fiber sus-
pension flowrate is measured with a magnetic flowmeter and
varied via a pump power frequency controller. The fiber sus-
pension enters the column through a flow expander located
immediately below the spider sparger. A gas—liquid separa-
tor is located on top of the column where air is separated
from the fiber slurry while the slurry returns to the reser-

low range gas flowmeter !
gas regulator ;

andfilter medium range gas flow meter

R e Sl S

high range gas flowmeter

voir through a PVC pipe. Along the column, five pressure valve
transducers (labeled ag,AP;, Ps, P4, and R in Fig. 1) are
installed, one in each of the five delrin collars. Each acrylic
tube section is numbered 1-4 from the bottom of the column.
Two type-T thermocouples are also located at the bottom andof 50 mg/100 m, which corresponds to a fiber diameter of
top of the column, respectively. 20.6pm.

The spider sparger, shownfig. 2, has eight arms made of All cellulose fibers are disintegrated from dry lap fiber
12.7 mm diameter stainless steel tubes. Thirty-three 1.6 mmsheets. The fiber sheets are originally torn into small pieces
diameter holes are located on one side of each arm and disand then a specified mass of oven-dry fiber is weighed. It
tributed as shown irFig. 2 The arms are soldered to the is then soaked in tap water for 24 h before the pieces of
center cylinder of the sparger such that all the holes face thefiber sheet are disintegrated in a Black-Clawson laboratory
same direction. Air enters the spider sparger from the centralhydropulper. The concentrated fiber suspension is then trans-
cylinder and exits from the arm holes. The sparger is installed ferred to the reservoir and additional tap water is added to
with the holes facing upward. adjust the fiber mass fraction to a predetermined level. Rayon

Three types of cellulose fibers and Rayon fiber of three fibers are prepared slightly differently from the cellulose
lengths are used in this study. The cellulose fibers are fibers. First, a specified mass of oven-dry fiber is weighed.
hardwood, softwood, and bleached chemithermomechanicalThen the fiber is soaked in tap water for 24 h before itis repeat-
pulp (BCTMP). Their key physical properties are listed in edly washed and soaked using tap water until the surface
Table 1 The Rayon fibers used in this study have a nominal tension of the filtered water reaches a steady value of about
length of 1, 3, or 6 mm. All Rayon fibers have a coarseness 70 mN/m. This process removes a majority of the proprietary

Fig. 1. Schematic of the cocurrent bubble column experimental facility.



C. Tang, T.J. Heindel / Chemical Engineering Journal 111 (2005) 21-30 23

Table 1
Cellulose fiber properties
Properties Fiber type
Hardwood Softwood BCTMP
Wood species Eucalyptus 65-75% Northern Black Spruce, Softwood (northern pine)
20-25% Jackpine, 5-10% Balsam Fir
Length—PAFL (mm) 69 12 0.8
Length—LWAFL (mm) Q78 231 191
Coarseness (mg/100 m) .% 1308 295
Number of fibers per gram (millions) A 6.37 425

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

additives attached to the fiber surface, which are gradually whereAp; =p i — pn, is the pressure difference between the
released into the fiber suspension and may affect the bub-lower (o ;) and higher 4 ;) ends of column section(i = 1,
ble column hydrodynamics. The washed Rayon fiber is then 2, 3, 4); App; is the corresponding pressure difference when
added into the reservoir and additional tap water is added tothe column is filled only with the specified water—fiber sus-
adjust the fiber mass fraction to a predetermined level. pension flowing at the samig|. Eq. (1) accounts for the

During data acquisition, surface tension and pH of the effects of wall shear stress but neglects the effect of lig-
water filtrate from the fiber suspensions are measured with uid acceleration due to void changes that may influence gas
a Sigma 703 digital tensiometer and a Milwaukee SM 802 holdup in cocurrent bubble colum{6—-28} however, these
pH/EC/TDS meter, respectively. effects are estimated to be negligible for the conditions of

All experiments in this study are carried out under atmo- this study[29]. The overall column gas holdup is defined as
spheric pressure and ambient temperature. The superficiak = (e1 + &2 + £3)/3, the average gas holdup in the three lower
gas velocity range is 8 Ug <20 cm/s, and the superficial ~ sections. The gas holdup in the top section is not included in
liquid velocity range is G< U} < 10 cm/s. Fiber mass fraction  the overall gas holdup because of measurement error due
C is defined as the ratio of the oven-dry fiber mass to the to the void caused by large bubbles escaping the column
suspension mass. In this study, the fiber mass fraction rangeop, which is significant during some experimental condi-
is 0< C < 1.5% for all fiber types except 6 mm Rayon fibers, tions[24].
which wasC < 0.4% because of clogging inthe 2.54 cm PVC Measurement uncertainties are estimated following the
pipe at fiber mass fractions higher than 0.4%. method provided by Figliola and Beasl@p] and details can

To acquire gas holdup data at a giveg and U;, 4800 be found in Tand29]. The typical uncertainties associated
readings are collected by a computer data acquisition systermwith superficial velocities are-2—4% forUg and+1.5-5%
from each instrument every 10 ms and averaged after quasifor Uj, respectively. The corresponding absolute gas holdup
steady conditions are reached. With five pressure signals, theuncertainty is estimated to ks ~ +0.005-0.01.
time-averaged gas holdup in each section is calculated from

Ap;
Apo,i

ei=1— Q) 3. Unique characteristics of fiber suspensions

3.1. Fiber physical properties
15.24 cm prossessssoqressooseeeeeny

A
A
o

12.7 cm Cellulose fibers are reduced from wood (or other fibrous
= raw materials) via different pulping methods, including
O O O|§ mechanical, chemical, or semichemical pulping processes,
a / systematically rupturing the bonds within the wood structure
oo O [31]. A major difference between mechanically and chemi-
N\ cally pulped fibersis that a mechanical fiber retains a majority
| of the lignin, while a chemical fiber is primarily lignin-free.
1.6 mm - P , The hardwood and softwood fiber in this study are chemi-
orifice i o7 i cally pulped, while the BCTMP fiber uses a combination of
‘ : ’ mechanical and chemical means to produce fiber.
Cellulose fibers from different sources have different mor-
phological and mechanical properti@2,33] For example,
b ubbie column . S o diameter the average length of soﬁwood fiberis up tp two times _Ionger
inside wall | 2SIt inless steel ube than that of hardwood fibej81]. The pulping, bleaching,
and beating processes in the pulp and paper industry result
Fig. 2. Schematic of the spider sparger. in additional differences between fibd&1,35]. It has been
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shown that cellulose fibers are more flexible when lignin Table 2 S _ . S
is removed[36]. Rayon fibers are synthetically produced Major mechanisms influencing gas holdup in a gas—liquid—fiber bubble
from regenerated cellulose and have much more uniform U™

physical properties (e.g., fiber length and diameter). Other Mechanism _ Influence Effect on gas holdup
differences between Rayon and cellulose fibers include: (i) ! Suppression of bubble coalescence  Increase
cellulose fibers have hollow centers called a “lumen”, while !! Increased bubble residence time Increase

Rayon fibers are flexible solid cylinders; (ii) cellulose fibers '{'/ E’;Za:h‘:;:nzlﬁﬁb'e coalescence Dg;gfsaese

have locations along the fiber attributed to biological charac- \, Suppression O?bubble breakup Decrease
teristics or mechanical damages resulting from processingvi Fluid property change Increase

operations (i.e., beating), producing “hinges” or “knees”,

while Rayon fibers usually lack such nonuniform[B7]; i ,
and (iii) cellulose fibers are usually subject to external fibril- four methods by which bubbles escaped from fiber networks.

lation and micro-compressions in mechanical treatment and Based on detailed observations and available literature cita-

thus have surfaces morphologically different from those of tONS. Six major mechanisms are proposed by which fibers
smooth Rayon fiber surfacé3g]. These differences make nfluénce gas holdup in a bubble column; they are summa-
cellulose fibers much more flexible than Rayon fibers, and rized inTable 2and details are provided below.

the fiber—fiber contact mechanisms for cellulose fibers differ

from those of Rayon. 3.3.1. Mechanism |—suppression of bubble coalescence
Fibers can work as separation “walls” between bubbles,
3.2. Fiber suspension properties reduce their contact opportunity, and thus suppress bubble

coalescence. This effect is particularly significant when bub-

A fiber can move in translation and rotation and sweep bles are Uniformly distributed in a fiber SUSpenSion ata hlgh
out a much larger volume than itself when suspended in afiber mass fraction where continuous fiber networks form
liquid, resulting in a large probability of contact with other [24]. The ability of the fiber network to separate bubbles
fibers[39]. Furthermore, fibers are flexible and have a density increases with increasing fiber mass fraction, but decreases
close to that of water. Thus, fiber suspensions have a tendencyVith increasing bubble size and flow disturbance. Hence,
to form regions where the fibers aggregate (i.e., flocculate) in heterogeneous flows, characterized by large bubbles and
when a critical fiber mass fraction is reached. The critical turbulent mixing, Mechanism | has little influence on the
fiber mass fraction is lower for a suspension made of longer, large bubbles. However, small bubble coalescence can still
more flexible, and less coarse fibers; it is also a function of be reduced by Mechanism I. This agrees with Heirjdié],

flow conditions[40—42] who observed more small bubbles in a fiber suspension than
When continuous fiber networks form, they possess a an air—WatersyStem Operating under the same condition. Bub-
certain level of tensile and shear streng#]. One impor- ble coalescence can still be reduced even when the fiber mass

tant parameter to characterize fiber network strength is yield fractionis not high enough to form continuous fiber networks.
stress, which is defined as the stress needed to cause relativéemporary fiber flocs usually form under this condit[df].
motion in a fiber Suspension_ With a y|e|d stress, a fiber sus- The fiber flocs remain between bubbles and reduce their col-
pension can be described by B|ngham p|astic qua]sor lision probablllty In a bubble COlUmn, Mechanism | Usua”y
yield-pseudoplastic mode[g,44—46] The yield stress of a  results in an increase in gas holdup.

fiber suspension depends on fiber mass fraction, average fiber

length, lignin content, fiber type, and amount of entrained gas 3.3.2. Mechanism ll—increased bubble residence time

[44,46-48] Fiber addition in a bubble column can increase bubble
The presence of fibers in a suspension can significantly residence time. Fibers can form flocs or continuous fiber net-
suppress small-scale velocity fluctuatid8s,49—51] Nor- works at high fiber mass fractions. The fiber networks can

man et al.[49] suggested fibers damp turbulence intensity hinder bubble motion, especially when bubbles are small
by supplying a force-bearing link between nearby fluid ele- and the fiber suspension velocity is lower than the bubble
ments moving at different velocities, and thus suppressing rise velocity. Walmsley21] observed that fiber-bubble col-
the velocity difference. It was also reported that increasing lisions in a semi-batch bubble column slowed bubble rise
the fiber mass fraction, length, and flexibility resulted in a velocity. Ajersch and Peltofb2] reported that a common

higher reduction in the turbulence intengig6,51] phenomenon in flocculated fiber suspensions was that “air
bubbles migrated upwards in a series of random discrete steps
3.3. Fiber suspension influences on gas holdup asthese bubbles became repeatedly trapped and released from

the pulp flocs.” Reese et.&l8] recorded that the bubble rise
When fibers are added to an air—water bubble column, velocity decreased with fiber mass fraction in a semi-batch
bubble behavior will change due to the presence of fibers. air—water—fiber bubble column. They also reported that bub-
Walmsley[21] illustrated four bubble motion modes in floc-  ble rise velocity was higher near the column bottom, and
culated fiber suspensions. Ajersch and PeJ&#] identified the velocity difference between two fixed axial locations was
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larger at higher fiber mass fractions. These observations wereconfined in the network near the path are released into the
attributed to the resistance and tortuosity of bubble rise paths,low fiber mass fraction channel, following behind the fast ris-
both of which increased with increasing fiber mass fraction. ing large bubblg21,52] When the fiber suspension is very
The fiber network can also entrain small bubbles and makedense (e.g.C 2 3.5%), a different type of channel forms. It
them move with the networ62]. This further enhances the  becomes difficult for discrete bubbles to rise through the sus-
bubble residence time because the residence time of a fibepension and discrete semi-static gas channels are formed to
suspension in a bubble column is typically longer than the allow the gas to pass. These channels remain active for peri-
gas phase residence time. One extreme example is that smatbds of time ranging from a few seconds to a few min{6&$.
bubbles stay in the fiber network even after the fiber suspen-Both types of channels severely shorten the gas phase resi-
sion leaves the bubble column and is pumped back to thedence time. Mechanism IV results in a gas holdup decrease
bubble column, causing a positive gas holdup even when noin a bubble column.

gas is released to the bubble colufdh In semi-batch bub-

ble columns or at low superficial liquid velocities in cocurrent  3.3.5. Mechanism V—suppression of bubble breakup

bubble columns, Mechanism Il causes a gas holdup increase The presence of fibers in a bubble column can also sup-
in a bubble column, especially when small bubbles dominate press bubble breakup. It is very common that bubble breakup

the flow. and coalescence occur simultaneously in a bubble column
[54,55] The bubble size distribution in the bubble column
3.3.3. Mechanism lll—enhanced bubble coalescence is determined by the dynamics of these two processes. It

When fibers form continuous networks, the fiber network is widely accepted that only velocity fluctuations over a
can slow down and trap smaller bubbles, allowing coales- distance approximately equal to the bubble diameter are capa-
cence with trailing bubblef21,52] This mechanism domi-  ble of causing bubble deformation and breakup while larger
nates the bubble behavior when three conditions are satisfiededdies merely transport the bublp6,57] Several studies
(i) the diameter of the leading bubble is larger than the fiber have shown that the presence of fibers significantly changes
spacing in the network; (ii) the leading bubble is not too large velocity fluctuations in a turbulent flow fie[86,49-51] For
such that the buoyant force is not sufficient to break through most situations, turbulence intensity is reduced and turbu-
the fiber network; and (iii) the bubble approaches the fiber lence damping occurs mainly at small length scqe.
network with a velocity higher than the local fiber suspen- Thus, the addition of fibers can affect bubble shape and reduce
sion velocity. These three conditions hinder bubble rise and bubble breakup. Mechanism V decreases gas holdup.
allow coalescence with trailing bubbles. One situation where
these conditions are easily satisfied is in a bubble column aer-3.3.6. Mechanism VI—fluid property changes
ation zone where gas is directly distributed into the column  Fiber addition can modify fluid properties, such as sur-
by a spargef24] or perforated plat¢18,19] Condition (i) face tension, when surface-active agents leach from the fiber
is satisfied whelC is high enough to form a fiber network. into the liquid. Surfactants may also be added to the slurry
For a suspension having a fiber mass fraction between 0.5%for desired process characteristics (e.g., foam formation)
and 1.0%, most fiber spacing is on the order ofib®and it [2,3,25] Changes in the fluid properties can affect bubble
decreases with increasing fiber mass fracfii?]. Bubbles size and bubble behavior. This can occur with certain types
generated in the aeration zone are generally much larger, orof cellulose[58] or syntheti20] fibers. The surface-active
the order of several millimetef$3,16] Condition (ii) is sat- agents usually cause a decrease in liquid surface tension, and
isfied whenC is high enough such that the fiber network is produce a smaller, more stable bubble (i.e., one less prone to
sufficiently strong to hold a newly generated bubble. Condi- coalescence). Mechanism VI will increase gas holdup.
tion (iii) is always satisfied in a semi-batch bubble column, Mechanisms |-V are all functions of fiber suspension
and easily satisfied in the entrance region of a cocurrent bub-properties, which are in turn affected by fiber mass frac-
ble column, where bubbles are released at relatively hightion and fiber physical properties. In a bubble column filled
speed from the gas distributor. Mechanism Il causes a sig-with a suspension made of longer, more flexible, and less
nificant decrease in gas holdup, which is more evident at coarse fibers, Mechanisms |-V tend to be stronger, providing

higher fiber mass fractions. other conditions (including fiber mass fraction, flow condi-
tions, and lignin content, etc.) are similar. Since fiber physical
3.3.4. Mechanism IV—gas channeling properties vary with fiber type, gas holdup can change sig-

When the fiber mass fraction is high, gas channeling nificantly in different fiber suspensions.
occurs, significantly reducing the gas phase residence time. It is important to note that Mechanisms |-VI are not
Channeling can occur at high fiber mass fractions (e.g., equal in their influence on gas holdup. Only a few of the
C~ 1.5%) when small bubbles are still found; in this case, mechanisms influence gas holdup for a given condition, and
a large bubble having a sufficient buoyancy force breaks their importance changes with operating conditions. In most
through the fiber network and a non-static channel of low cases with semi-batch or cocurrent gas—liquid—fiber bubble
bubble rise resistance forms behind the buljbgj. As the columns, Mechanism Il will dominate the flow; Mechanisms
large bubble cleaves the fiber network, many small bubbles|, Il, and V may also affect bubble behavior, but are less signif-
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icant. However, if the fiber suspension has a vertical velocity lignosulfonate is water-soluble and a soap, itis believed that it
larger than the bubble rise velocity of newly released bub- was responsible for the foam that was produced with BCTMP
bles, Mechanism Il is negligible. Also, if the bubbles are fiber. The surface tension of the Rayon fiber suspensions is
distributed within a fiber suspension before they enter a bub- similar to that of water because it is the goal of the Rayon
ble column, Mechanism | will dominate the bubble behavior fiber processing procedure.
inthe lower region of the bubble colurfi® 10,11,24]Finally, Since only BCTMP fiber suspension surface tension is
if surfactants are present, Mechanism VI may dominate the significantly different from the other fibers, Mechanism VI
entire systen58]. will be considered in the following discussion only when
BCTMP results are mentioned.

4. Results 4.2. Gas holdup variation with fiber mass fraction

4.1. Fiber suspension surface tension and pH Typical gas holdup variation with fiber mass fraction

here i anifi h . for th ) in different fiber suspensions are presented-ig. 4 for
T elre '5(;1.9 signi '%aptt)c ange 'P pH fort 3(\1/arlouzc')pe;—. U =8cm/s andUg=20cm/s. Similar data have also been
ational conditions and fiber mass fractions addressed in thisy e gt other superficial gas and liquid velocities and show

study. The pH for the different fiber types is in a range of

L similar trends. These data can be foundi8)].
7.0-8.5, which is close to that of tap water.

) i An overview ofFig. 4and data if29] indicate that the gas
Th_e surface tensu_m;[ of S,OﬂWOOd and BC_TMPflbersus- holdup for softwood and 6 mm Rayon fiber suspensions are
Pensions as a function of fiber mass fraction are com.pa}redvery similar for all studied conditions. Gas holdup similarity
In Fig. 3 where the error bars show the stan_dard deviation between hardwood and 3 mm Rayon fiber suspensions is also
of multiple measurements. The surface tension of the soft- observed. It is not fully understood why the gas holdup for
woad fiber.suspens.ion_s does not significantly vary W,ith_ fiber the two pairs of fiber types are similar. However, it is possi-
mass fraction, staying in a range of 63-69 mN/m. ThiS is N0t 0 44t the effects of longer, stiffer Rayon fibers are offset by
far from that of tap water70mN/m). Measurements in shorter, more flexible cellulose fibers. Additionally, cellulose

hard_wood fiber suspensions at bOt_h low and high fiber massg e < are hollow and have surface nonuniformities including
fractions show similar surface tension values to that of soft- “hinges” or “knees”, as well as smaller diameters. Based on

wood fiber. The surface tension of BCTMP fiber suspensions, Fig. 4and Tang29], in the following, fiber type effects will

however, decreases significantly with increasing fiber massp . analyzed mainly between hardwood, softwood, BCTMP
fraction in the range 0.05% C < 0.8% and remains relative and 1 mm Rayon fibers, assuming the effects of 3mm (6 mm)

constant at about ,50 mN/m when 1.09€ < 1.5%. This 'is Rayon fiber are similar to those of hardwood (softwood)
reflected by a noticeable amount of foam observed in the ..

fiber.
reservoir and pump suction line. The BCTMP fiber used in When a very small amount of fiber is adde@i<0.05%)
this study was produced using sodium sulfite. Although the to the bubble column, gas holdup increases slightly when
resulting pulp was washed and neutralized after beaching,

it may still contain a small amount of lignosulfonates. Since
0.24 _ —
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Fig. 4. Variation of overall average gas holdup with fiber mass fraction in

Fig. 3. Variation of fiber suspension surface tension with fiber mass fraction. different fiber suspensions whéty = 20 cm/s andU; =8 cm/s.
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compared to an air-water syste@=0%) operating under  the amount of entrained gas in the fiber suspension increases
the same superficial gas and liquid velocities. This result with increasing fiber mass fraction and compensates for the
was also observed by Walmsl¢g1]. The slight increase  decrease in gas holdup due to increasing fiber mass frac-
is attributed primarily to Mechanism |. The gas holdup tion; and (ii) enhanced bubble coalescence (Mechanism 1)
increase in the BCTMP fiber suspension is larger, becauseis not as significant because the fiber network strength is
Mechanism VI also contributes to the gas holdup increase, strong enough to make most newly generated bubbles coa-
whereas it is not significant for the other fiber types. lesce in the aeration zone, especially for softwood fiber
As fiber mass fraction increases, gas holdup eventually suspensions.
decreases in a nonlinear fashion. For softwood fiber suspen- For 1 mm Rayon fibers, gas holdup decreases with increas-
sions, gas holdup starts to decrease with increasing fibering fiber mass fraction more gradually when &.€ < 1.5%
mass fractions aC=0.1%. This is because in softwood (Fig. 4). No significant slope change is found because this
fiber suspensions, fiber networks begin to form and Mech- Rayon fiber is short compared to the others, and Rayon is
anisms lll and V begin to contribute to the influence on gas less flexible than cellulose fibers. Additionally, Rayon fiber
holdup. For hardwood, 1 mm Rayon, and BCTMP fiber sus- surface morphology is smoother than cellulose, allowing
pensions, the maximum gas holdup reache@=a0.05% is the relatively short 1 mm Rayon to slide over each other
relative unchanged with increasing fiber mass fraction until as opposed to forming flocs in cellulose and longer Rayon
C=0.4% (for hardwood and 1 mm Rayon fibers)or 0.6% fiber suspensions. Hence, the addition of 1 mm Rayon fibers
(for BCTMP fibers), where gas holdup begins to decrease into the suspension produces a much smaller enhancement of
sharply with increasing fiber mass fraction. The gas holdup the fiber network strength when compared to the other fiber
at first remains constant because negligible fiber flocculation types.
is observed in this fiber mass fraction range for these fiber
types and the effect of Mechanism Ill is negligible. Once the 4.3. Gas holdup variation with superficial gas velocity
fiber mass fraction reaches a critical value where significant
fiber networks form, Mechanism Il dominates the flow and Typical results on gas holdup variation with superficial gas
the gas holdup decreases with increasing velocity in different fiber suspensions at lo®@£ 0.1%) and
The fiber mass fraction at which the gas holdup starts to high (C=1.0%) fiber mass fractions and a fixed superficial
decrease with increasing@ varies for different fiber types  liquid velocity (U; =8 cm/s) are shown ifig. 5. Air—water
because fiber flocculation is affected by fiber physical prop- data under similar operating conditions are also presented
erties including fiber length, coarseness, and flexibility. A for reference. Additional data at other fiber mass fractions
suspension with longer or more flexible fibers begins to and superficial liquid velocities can be found29]. A gen-
form flocs and fiber networks at lower fiber mass fractions eral trend for all fiber types is that gas holdup increases
and Mechanism Il begins to dominate the flow. However, with increasing superficial gas velocity without a local maxi-
gas holdup in a BCTMP fiber suspension does not follow mum. This is consistent with previous studj&$,18,21,24]
this trend because Mechanism VI dominates the flow until Hence, fiber type does not have an effect on the pattern of
C=0.6%, when Mechanism Il becomes significant. gas holdup trends with superficial gas velocity in this study.
When the gas holdup begins to decrease for all the fiber Other studies using semi-batch bubble colufi2@s22] have
types except 1 mm Rayon fiber, the decline is very steep until concluded that fiber type and fiber length can influence gas
C~0.8-1.0%. The sharp decrease in gas holdup is attributedholdup trends. The difference is primarily due to the gas dis-
mainly to Mechanism Ill whe€ < 0.8%. As fiber mass frac-  tributors used in these studies.
tion increases, fiber network strength increases and the gas Gas holdup in all fiber suspensions is compared in the
holdup decrease resulting from Mechanism lll increases. Therange O< Ug < 20 cm/s Fig. 5a and b). Superficial gas veloc-
decline in gas holdup with increasing fiber mass fraction is ity does not affect gas holdup trends among the different fiber
steeper for softwood fibers than for hardwood or BCTMP suspensions. However, ifg. 5a, the difference between the
fibers, while the slope for the latter two fiber types are similar gas holdup in the BCTMP fiber suspension and that of the
(Fig. 4). This is attributed to fiber physical properties. Soft- hardwood and 1 mm Rayon fiber suspensions is more sig-
wood fiber will cause more flocculation and increase fiber nificant atUg>15cm/s than alg<15cm/s. Similarly, in
network strength more effectively than hardwood fiber at the Fig. S, the difference between the gas holdup inthe BCTMP
same mass fraction because softwood fiber is much longerfiber suspension and that of the hardwood fiber suspension
than hardwood fiber. Although BCTMP fiber is longer than is more significant alg>8 cm/s than allg<8cm/s. This
hardwood fiber, itis less flexible because of the lignin content, is explained by the fact that at high superficial gas velocities
which offsets the fiber length effect. (i.e.,Ug>15cm/s aC=0.1%, otlUg>8 cm/s aC=1.0%), a
WhenC 2> 1.0%, the gas holdup decrease is less severenoticeable amount of foam is generated in the BCTMP sus-
than wherC < 0.8% (ig. 4). For softwood fiber, gas holdup  pension at the bubble column top and it is entrained into the
does not significantly change with increasing fiber mass frac- bubble column due to backmixing, resulting in an additional
tion. The asymptotic reduction in gas holdup at the higher increase in gas holdup. Backmixing is not significant at lower
mass fractions is attributed to the following two reasons: (i) superficial gas velocities, so the gas holdup in the BCTMP
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Fig. 5. Variation of overall average gas holdup with superficial gas velocity
in different fiber suspensions whéh =8 cm/s: (2)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 whe@ = 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=0cm/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
(¢~ 0.005) atUg=0cm/s inFig. b indicates a notice-
able amount of gas entrained for BCTMP, hardwood, soft-
wood, and 3mm Rayon fibers wheb=1.0%. Extrapo-
lating the 1 mm Rayon fiber data tdy=0 yields ¢~ 0,
implying no gas entrainment in this fiber suspension, even
atC=1.0%.
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Fig. 6. Variation of gas holdup with superficial liquid velocity in different
fiber suspensions whey = 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 wi@g 0.6%.

This trend is generally true for all fiber types investigated
in this study except BCTMP fiber{g. 6). As shown in
Fig. 6 for C=0.6% andUg=20cm/s, gas holdup in the
BCTMP fiber suspension increases whenis increased
from 0 to 2 cm/s, reaching a maximum @f=2cm/s, and

0.24 T

BCTMP fiber
Ug:zo:mp‘s

0.16

—&— C=08%
—&— C=12%
| | 1
4 6 8
U,(cm/s)

0.14 10

Fig. 7. Variation of gas holdup with superficial liquid velocity in BCTMP
fiber suspension at different fiber mass fraction wbigrs 20 cm/s.



C. Tang, T.J. Heindel / Chemical Engineering Journal 111 (2005) 21-30

then decreases with increasityj. 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 whér> 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
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