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1. EXECUTIVE SUMMARY

Experiments were performed to determine the bubble size in a quiescent bubble column

with four different experimental systems: (I) ONP systems with various chemistries and chemistry

concentrations; (2) NBSK systems with various consistencies but no added chemistry; (3) a copy

paper system with no added chemistry; and (4) an ONP system with no added chemistry but a

higher gas flow rate.

For the specific chemistries addressed here and added to an air/water system or an

air/water/l% ONP system, clear trends were difficult to ascertain due to the variations in the fiber

network structure for the different test conditions. However, in general, the nonionic surfactant

produc_ smaller average bubble diameters, but variations in the general trends were observed.

The northern bleached softwood kraft studies were conducted at an air flow rate of 2 slpm,

which produced severe backmix'mg. This resulted in the sparger air injection technique yield'rog a

higher gas holdup and a bimodal bubble size distribution, with the majority of the bubbles in the

size range less than 10 mm in diameter and a peak in the 2-3 mm range. The bubbles in this range

all have the same average bubble size (-3 mm) for all NBSK fiber consistencies addressed here,

but the relative frequency decreases with increasing consistency. Few bubbles are greater than 10

mm in diameter, but there are those that are typically larger than 25 mm. The number of bubbles

that fall in this category increases with increasing NBSK consistency. These larger bubbles play an

important role by acting as mobile mixers, which keeps the smaller bubbles uniform and the fiber

suspension well-mixed and homogeneous. Also, the average bubble size increases with NBSK

fiber consistency.

The 1% copy paper and 1% ONP systems with an air injection rate of 2 slpm produced

similar results to those obtained with 1% NBSK. The most significant difference was that the ONP

System produced the smallest average bubble size.
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2. INTRODUCTION

InformatiOn related to bubble size in gas/liquid/fiber suspensions is important to many

aspects of pulp and paper processing. These complex mulfiphase systems are found in gaseous

bleaching, direct steam heating, air removal from fiber flows, and flotation deinking. This research

program utilizes flash x-ray radio_aphy (FXR) to visualize gas flows in fiber suspensions at

consistencies typically encountered in flotation deinking (i.e., -0.8-1.2%). Report 3 of PAC

Project F00903 [1] presented preliminary work in this area, where the FXR procedure was

described in detail and bubble size measurements obtained in a quiescent bubble column of 0-1.5%

ONP were quantified. General conclusions from this initial study were

(i) FXR is a useful tool to visualize gas flows in fiber suspensions;

(ii) ak bubble rise characteristics and bubble size are dependent on ONP fiber consistency;

(iii) conclusions obtained in a simple air/water system are not applicable at fiber consistencies

common to flotation deinking.

This report continues this work and summarizes results obtained with different system

chemistries and fiber types. The report will first review the various experimental procedures

employed in this study. Then bubble flow observations and bubble size measurements will be

presented. The results section will fa'st address different system chemistries in an ONP

suspension, and then, without any added chemistry, resets for northern bleached softwood kraft,

copy paper, and ONP suspensions will be summarized. Throughout the results section,

comparisons between the various systems addressed in this phase of the study will be made. This

report will end with a brief summary of the general conclusions from this study and outline the

direction for future bubble size studies in fiber suspensions.

3. EXPERIMENTAL METHODS

The experimental methods initially employed in this project to visualize and record bubble

size distributions in a pulp suspension have been detailed in Report 3 of this project [ 1]. These

details will be summarized in _s section for completeness, and any additions or modifications to



Project F00903 3 Report 5

the original procedures will be clarified. This section will begin by outlining the equipment used in

this study, followed by a description of the various fiber types. _en chemistry modifications used

in selected experiments will be addressed. Details of the flash x-ray radiography and image

analysis procedures will then be presented. This section will conclude with a brief summary of the

different experimental conditions addressed in this report.

3.1 Equipment

Figure 1 is a schematic representation of the experimental setup used in this study. The x-

ray unit was a 300 kev HP 43733A flash x-ray system (currently supported by Physics

International), which generates a 30 nanosecond x-ray pulse. The x-ray tube head was mounted in

a locking vertical slide to allow x-ray exposures at various heights. A 3.25 mm fluminum filter

was mounted directly in front of the x-ray source aperture to filter soft x-rays that promote

scattering effects and reset in fuzzy images [2]. _e resflting hardened x-ray beam produced

sharper images with less scattering.

The entire system is housed in a 3.5 m x 4.5 m room lined with lead foil for safety

considerations. A planar bubble column, with interior dimensions 20 cm wide by 2 cm deep, was

constructed with face panes of 6.35 mm clear acrylic stock. The column was 1 m tall with lead

numbers affixed to both sides to indicate the column height, which was recorded on film when x-

rays were taken. Compressed and filtered buil_ng air was injected into the base of the column by

one of two methods referred to throughout this report as gasket or sparger, respectively.

The gasket air injection method consisted of a single, centrally located hole drilled in a

3.18 mm thick n-butyl robber gasket. The hole was formed with a 0.34 mm diameter drill bit and

was self-sealing when the air pressure was removed. _e robber gasket separated the bubble

column from a conical ak diffuser and aUowed for the possibility of using different ak injection

pattems and/or hole sizes. _s injection technique is indicated in the following figures by a single

arrow at the column base identified as "air inlet."
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The sparger air injection method utilized a bronze pneumatic filter, designed to remove 40

gm particles, but in this experiment, it was attached to the end of an air line and placed on the

bottom of the column. The _ line was positioned near the column wall such that it did not

interrupt the bulk ak flow patterns. Note that the x-rays utilizing this technique typically :have a

dark line running down the left-hand side of the x-ray, indicating the air-filled Tygon tubing that

leads to the sparger.

Ak flow through the gasket or sparger was regulated with a Dixon air regulator and filter,

and was measured with a Sierra Instruments mass flow meter that covers an ak flow rate range less

than 1 slpm (standard liter per minute). A second Sierra Instruments mass flow meter that can

measure flow rates as high as 40 slpm is available in a parallel :flowcircuit, and was used at the

higher ak flow rates. The entire bubble column was mounted on a support stand with locking

wheels to _ow horizontal placement from the x-ray source.

The bubble column was charged by filling it with the desired water/fiber slurry from the top

until a fluid height of 80 cm was reached. This allowed for fluid expansion in the column once air

was introduced into the system. The column was drained when not in use _ough a valved

opening located on the column side near its base. After filling, wood fiber suspensions slowly

separate over a period of hours if the system is not agitated. Therefore, a high air flow rate was

maintained to keep the system well mixed. After an experiment was set up and the x-ray .film was

properly located, the air flow rate was adjusted to the desired level. At the lower fiber

consistencies, a waiting period of approximately 10 minutes allowed the flow to reach quasi-

steady-state conditions, whereupon an x-ray was taken. For the higher consistencies (> 1%), the

fibers settled much quicker, and the slurry was agitated with a stir bar prior to the x-ray discharge

to promote a uniform fiber suspension.

3.2 Fiber Type

Experiments were performed initially in an air/water system (without fiber), comprised of

compressed and filtered building air anddeionized water, to form base-line conditions for the
i
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various experimental parameters. Then identical experiments were performed where only the fiber

consistency was altered. The air/water/fiber systems were composed of deionized water and

unprinted paper of various types. The unprinted paper was reslushed following TAPPI Method T

205 om-88 [3]; however, deionized water was used, and disintegration was performed at 1.2-

1.3% consistency. Pulp slurries of 0.1, 0.5, and 1.0% consistency were prepared by diluting

samples of the reslushed stock with deionized water. Slurries with consistencies greater than 1.2%

were prepared by filtering water from the reslushed stock until the desired consistency was

obtained (i.e., 1.5%).

The various fiber types used in these experiments were unprinted old newsprint (ONP),

unprinted northern bleached softwood kraft (NBSK), and unprinted Union Camp Yorktown

xerographic paper (copy paper). In addition to preparing samples of these fibers at the desired

consistencies, a representative sample of each fiber type was analyzed to determine weight-

weighted fiber length (Kajaani FS-100 fiber length analyzer) and ash content (TAPPI Method T413

om-93 [4]). These results are summ_ed in Table 1. As expected, the ONP has the shortest

average fiber length, and the copy paper has the highest ash content.

Table 1: Fiber length and ash content of the fiber types used in this study.

Average FiberLength (mm) Ash Content (%)

ONP 1.4 0.7

NBSK 2.8 0.3

CopyPaper 2.0 6.6

3.3 Chemistry Modifications

Report 3 of this research program [ 1] presented bubble size results for ONP suspensions

with no added system chemistry. The ONP bubble size experiments presented in this report have

been completed with modified system chemistries. A series of ONP deinking surfactants available

through Buckman Laboratories were used in this program. They include (1) BRD 2360, a fatty
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acid; (2) BRD 2342, a nonionic surfactant; and (3) B_ 2363, a fatty acid/nonionic suffactant

blend. Experiments were performed with more than one concentration of each suffactant, based on

dry fiber weight. Specific concentrations are tabulated in Table 2. For each chemical and

concentration addressed in this study, bubble size measurements were made in air/water and

air/water/l% ONP fiber systems. The chemicfl concentration in the air/water system was based on

the dry fiber weight in the 1% ONP system. Therefore, identical amounts of each surfactant were

added to the ak/water and air/wateffl% ONP systems.

Table 2: Chemical concentrations used in this ONP study of bubble size.

BRD 2360 BRD 2342 BRD 2363

Density (g/ml) 0.9 1.02 1.0

1.7 ml/kg (3 lbs/ton) X X X

3.3 ml/kg (6 lbs/ton) X X X

6.7 ml/kg (12 lbs/ton) X

In the tests where the system chemistry was modified, water hardness was adjusted to

120-150 ppm Ca 2+ with CaC12, and pH was adjusted to approximately 10 with NaOH. The system

was stirred in a bucket with a mechanical mixer for 10 minutes before being transferred to the

bubble column.

The NBSK and copy paper experiments performed in this study were completed in

deionized water with no added system chemistry.

3.4 FXR Procedures

The background to flash x-ray radiography (FXR) was presented in Report 3 of this project

[1]. The specific FXR procedures utilized in this study are presented below.

A single 20 cm x 25.2 cm x-ray negative was exposed during the discharge of the x-ray

unit. The x-ray film was AGFA D8 Structurix film and was mounted in a film cassette between
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two Dupont Quanta Rapid Back PF intensifying screens. This was performed in a lightproof room

where the x-ray negatives were _so manually developed.

Each x-ray negative was exposed by attaching the film cassette to the back of the bubble

column in the orientation and in one of four positions identified in Fig. 1, and then discharging the

x-ray unit. A lead letter/number identification was taped to each cassette to permanently identify the

image when exposed to radiation. The x-ray source was located in front of, and perpendic_ar to,

the planar bubble column. All radiographs were taken at a source to film distance of 1.65 m and an

object to film distance of 1.6 cm, ensuring negligible image magnification and distortion [2, 5].

The bubble column and x-ray tube were aligned using a laser pointer mounted on top of the x-ray

tube such that the x-ray aperture was coincident with the center of the x-ray film.

The exposed film was removed from the f'fim hol&r in the lightproof, darkened room and

secured to a metal hanger for processing. Film processing consisted of developing, washing/stop-

bath, fixing, washing, and drying procedures. The exposed film was first immersed in a developer

solution (Kodak industrial manual developer and replenisher) for approximately 4 minutes. The

film is next immersed for 30 seconds in a Kodak stop-bath to deactivate the developer chemicals

remaining on the film surface. After the stop-bath, the film is placed in a fixing solution (Kodak

rapid fixer with hardener) for 5 minutes. The film is then washed in a circulating water bath for at

least 15 minutes to remove the fixing chemicals and soluble salts. Finely, the film was dipped in a

photoflo solution to prevent water spots, mounted in a film dryer, and dried for 1 hour.

3.5 Imaee Analysis

Once the FXR images acquired in this study were developed, they were analyzed using

image analysis software. The x-ray was placed on a light table and a 7.6 cm x 7.6 cm region of

interest was isolated to perform image analysis. Since the x-rays were black and whte, the image

was digitized using Optimas 5.2 with the 8-bit mono setting (as opposed to the 16-bit RGB default

setting) and saved as a Tiff file. The resulting electronic image was then enhanced (to increase the

!! contrast between the bubbles and the background) using NIH Image vl.60b7 for the Macintosh.

;::?
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The image was then electronically returned to Optimas 5.2 to record the bubble areas. This process

was repeated until all regions with bubbles on the x-ray were analyzed. Care was taken not to

record a bubble more than once if regions overlapped.

The recorded bubble areas were automatically saved to an Excel spreadsheet to determine

the equivalent bubble diameter and Sauter mean diameter. The equivalent bubble diameter is

defined as the diameter of a circle whose area is identical to that of the bubble. The Sauter mean

diameter is a volume-weighted diameter def'med by d32 - _d3_d 2, where the summation takes

place over the entire bubble population, and d is the equivalent bubble diameter.

3.6 Experimental Conditions Addressed i:n this Report

Table 3 outlines the experimental conditions explored in this report. This table also includes

some of the condkions addressed in Report 3 because comparisons between the present data and

the data reported in Report 3 will be made. A series of four x-rays, one at each position, were

obtained for each consistency. These x-rays are used to explain general qualitative observations.

Additional x-rays were taken at Position 2 to gather enough bubble size measurements to determine

bubble size distributions. Typic_y, 6 to 18 additional x-rays, depending on consistency, were

required to obtain the desired bubble sample size.
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detailed below address four different systems: (1) ONP systems with various chemistries and

chemistry concentrations; (2) NBSK systems with various consistencies but no chemistry

alterations; (3) copy paper systems; and (4) ONP systems with no added chemistry but with a

higher gas flow rate. Each system will be addressed individu_y, and comp_sons between the

systems will be made when appropriate.

Recall that each x-ray composite image is a compilation of four x-ray images, each taken at

a separate time interval (e.g., Fig. 2). Also, the gap between the channel bottom where the air is

introduced and the beginning of the first image is due to the flange and bolts that are used to attach

the column to the diffuser, preventing the film cassette from being placed any lower. The gaps

between Positions 1 and 2, Positions 2 and 3, and Positions 3 and 4 are caused by the film cassette

holder being fixed at specific locations. The actual image dimensions that encompassed the column

interior were 20 cm x 20 cm, with approximately 2.5 cm of film overhanging each side. The

overhanging portions include the lead position indicators and the radiograph identification label,

and have been digitally removed from the images presented here to increase clarity. The reproduced

and reduced images do have some loss of detail, but they are representative of the originals, which

are available at IPST. All observations and measurements presented in this report are based on the

original x-ray images.

4.10NP Chemistry Effects

The eff_t of system chemistry conditions on bubble size in an ONP suspension was

addressed by modifying an air/wateffl% ONP fiber system with three different deinking

chemistries. First, results will be presented when BRD 2360, a fatty acid, was added to the ONP

system. Second, results with BRD 2342, a nonionic surfactant, will be addressed. Third, results

for B_ 2363, a fatty acid and nonionic surfactant blend, will be presented. Finally, this section

will conclude by mak/ng comparisons between the different system chemistries.

All system chemistry variations were investigated in 0 and 1% ONP consistency systems.

The 0% consistency system corresponds to an air/water system, where the chemical concentration

!
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is based on the mass of dry fiber in the 1% ONP system. Additionally, all tests were conducted at a

constant air flow rate of 0.25 slpm, and both the gasket and sparger air injection techniques were

investigated.

4.1.1 BRD 2360 Results

System chemistry was modified using BRD 2360, a fatty acid produced by Buckman

Laboratories. Results for three different BRD 2360 concentrations, based on dry fiber weight, are

presented below.

4.1.1.1 BRD 2360 Concentration of 1.7 mi/kg

Figure 2 shows a composite of fo_ x-ray images taken in an air/water system with the

addition of 1.7 ml/kg (3 lbs/ton) of BRD 2360. This is a composite of the gas flow in the bubble

column with the gasket air inj_tion and a volumetric gas flow rate of 0.25 slpm. The sm all dark

regions in 'the central portion of each x-ray are mr bubbles rising through the column. The bubbles

are fairly small (to be discussed further below) and rise in an oscillating serpentine pattem and

become dispersed as they rise in the column. These observations are similar to those observed in

an air/water system with no added chemistry [1].

Figure 3 shows the same gasket air injection with the same chemistry conditions (i.e., 1.7

mi/kg of BRD 2360), but with the addition of 1% ONP fiber. The bubbles are much larger and

_ere are fewer in number, indicating one of two possibilities: (1) the bubbles have coalesced fight

after being introduced into the system, or (2) the bubbles leaving the single-holed gasket are larger

because a larger buoyant force is required for the bubble to _e. The larger bubbles are able to

break through any fiber networks that have formed because they have a larger buoyant force. On

some of the x-rays, bubble groupings can also be identified. These groupings will coalesce if the

thin liquid film between the individual bubbles mpt_es as they rise through the suspension.

Additionally, the rising bubbles remain in the central region of the column and do not significantly
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disperse as they rise through the suspension. These observations are also similar to those _splayed

in the 1% ONP system without added chemistry [ 1].

Employing the same chemistry conditions, but using the sparger to introduce air into the

system produces many more bubbles in the air/water system (Fig. 4). These bubbles readily

disperse as they rise through the column in an oscillating serpentine flow pattem. When 1% ONP

fiber is added to this system, many bubbles of various sizes are observed (Fig. 5). The bubbles do

disperse somewhat as they rise through the column. One interesting feature of the sparger

observations with 1% ONP is that it was the only system that produced visible foaming at the

ak/fluid interface.

Bubble size measurements were taken of the preceding images at Position 2 using image

analysis. All of these data can be found in Appendix A, Tables A1 and A4. Bubble size

distributions were obtained with these data, with at least 248 bubbles making up the bubble

population. This required multiple x-rays to be taken at Position 2 under the appropriate

experimental conditions.

Figure 6 summarizes the bubble size distributions obtained from the 0 and 1% ONP

systems with 1.7 ml/kg BRD 2360 when the gasket (G) and sparger (S) were used to introduce the

ak. The x-axis in Fig. 6 is read in the following manner: the bin marked "1" represents all bubbles

with an equivalent bubble diameter less than or equal to 1 mm; the next tick mark is 1.5 and the

data point associated with this value represents all bubbles with equivalent bubble diameter in the

1.0-1.5 mm size range; the tick mark labeled "2" represents all bubbles in the 1.5-2.0 mm diameter

range, etc. The last bin is labeled "> 10" and represents all bubbles with equivMent diameters

greater than 10 mm. The average bubble size and standard deviation (a measure of the size

uniformity) for each experimental condkion are also shown in the figure. Both the gasket and

sparger produce relatively small bubbles with a narrow distribution when no fiber is present. For

this situation, very little difference between the gasket and sparger results is observed. When 1%

ONP fiber is added, the average bubble size increases for both injection techniques and hhe
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disMbutions are much broader. The gasket produces larger bubbles than the sparger. The bubble

size distribution ob_ed with the sparger is _o heavily skewed to the smaller equivalent bubble

diameters.

These data will be compared to the results from other BRD 2360 concentrations in Section

4.1.1.4 and other system chemistries in Section 4.1.4.

4.1.1.2 BRD 2360 Concentration of 3.3 ml_g

A typical BRD 2360 concentration recommended by the chemical supplier (Buckman

Laboratories) for ONP deinking corresponds to 3.3 mi/kg (6 lbs/ton). Figures 7 and 8 reveal the

composite x-rays for the 0 and 1% ONP consistency, respectively, for the gasket air injection

technique. The qualitative observations for these conditions do not differ significantly from those

observed with a BRD 2360 concentration of 1.7 ml/kg. Similar resets are obtained when the

sparger air injection technique is used (Figs. 9 and 10). Again, only the sparger with 1% ONP

showed any significant foaming at the air/liquid interface.

Bubble size measurements for these conditions are shown in Fig. 11, and the data are

tabulated in Appendix A, Tables A2 and A4. _ese measurements correspond to a bubble

population size of more than 250, and in most cases, is over three times this number. Increasing

the consistency shows a general trend of increasing the average bubble size and broadening the

bubble size distribution. In both the 0 and 1% ONP consistency systems, the average bubble size

obtained with the gasket air inj_tion technique is larger than that observed with the sparger. At 1%

ONP, this difference is considerable (almost 2 mm). We will have more to say about this later.

4.1. I. 3 BRD 2360 Concentration of 6.7 ml_g

Increasing the B RD 2360 concentration to 6.7 ml/kg (12 lbs/ton) revers similar qualitative

observations from the composite x-ray images to those previously described for the gasket and

sparger at 0 and 1% ONP consistency (Figs. 12-15). Foaming at the air/liquid interface was again

observed only with the sparger at 1% ONP consistency.
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The bubble size distributions for these conditions were obtained from more than 220

bubbles in each population sample, and each data point is tabulated in Appendix A, Tables A3 and

A4. Figure 16 reveals that simil ar trends to those previously discussed for the smaller BRD 2360

concentrations are also observed here: (1) increasing the ONP consistency from 0 to 1% results in

larger average bubble sizes and broader bubble size distributions; (2) the gasket produces larger

bubble diameters for both consistencies; and (3) the sparger bubble size distribution at 1% ONP is

skewed to sm_er diameters, whereas the gasket distribution is not.

4.1.1.4 BRD 2360 Summary

The bubble size distributions from the various concentrations of BRD 2360 for each test

condition can be compared to determine the effect, if any, of BRD 2360 concentration. Figure 17

displays the bubble size distribution ob_ed in an air/water system with gasket air injection for

four different B_ 2360 concentrations. The data corresponding to 0.0 mi/kg were obtained from

the system with no added chemistry and were originally presented in Report 3 [1]. Figure 17

reveals that for an air/water system with gasket air injection, the BRD 2360 concentration has only

a small influence on the bubble size distribution. That is, when BRD 2360 is present, the bubble

size distribution is slightly narrower than when no BRD 2360 is in the system. However, the data

reveal that this trend is not very strong.

Figure 18 shows the bubble size distributions for the gasket air injection in 1% ONP for

each BRD 2360 concentration. The general shape of the distribution is similar between

concentration levels but the peak shifts, corresponding to a s_ft in average bubble diameter. When

BRD 2360 is present, larger average bubble diameters are observed. For this system, a maximum

average bubble diameter appears to be produced when the B_ 2360 concentration is 3.3 ml/kg,

and this corresponds to the concentration newsprint mills typically employ.

Comparing the results obtained with the sparger air injection technique at 0% consistency

(Fig. 19), very little change in bubble size distribution is observed as the BRD 2360 concentration

increases. The distribution is fairly narrow and centered between 2.5 and 3.0 mm. The average

2
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bubble size at 0.0 ml/kg is slightly sm_er than that obtained when BRD 2360 is present, but the

difference is not that significant.

When 1% ONP is present in the system and the sparger is used for air injection, similar

bubble size distributions for _ BRD 2360 concentrations are observed. The average bubble

diameter and standard deviation for each condition is between 3.3 and 3.7 mm and 1.2 and 1.6

mm, respectively, revealing similar trends with 'little influence from different BRD 2360

concentrations.

The average bubble diameters are summarized in Fig. 21 as a function of BRD 2360

concentration. The typical chemical concentration of 3.3 ml/kg is identiffed for reference. It appears

that only the gasket at 1% ONP consistency is significantly affected by the BRD 2360

concentration. _'zs may be more of a function of the physical system than chemical concentration.

In the ak/water system, the average bubble diameter is not significantly affected by the BRD 2360

concentration for either air injection method because the bubbles are free to disperse and

coalescence is limited. When 1% ONP is added to the system, the average bubble diameter

increases, but it is relatively unaffected by BRD 2360 concentration when the sparger ak injection

technique is used. This is because the sparger head allows air into the system over a relatively large

surface area. The bubbles require a sufficient buoyant force to _e through the fiber network,

resulting in the increased bubble diameter. Since they enter the system at different locations along

the sparger head, depending on the path of lowest pressure drop, the fiber suspension remains

fairly weU-mixed and the bubble diameters remain u_onn for each system chemical concentration.

In contrast, for the gasket air injection technique, air enters the system through a single port. The

ak bubbles again must have a sufficient buoyant force to rise through the fiber network. If the

system does not remain well-mixed, a fiber network slightly different from the previous test

condition may form, which may require larger (or smaller) bubbles to break through this network.

It is hypothesized that this type of system was present at 3.3 ml/kg of BRD 2360 with the gasket

ak injection, resulting in a significant change in average bubble diameter.
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4.1.2 BRD 2342 Results

System chemistry was also modified with B_ 2342, a noniomc surfactant produced by

Buckman Laboratories. Results summarized below were obtained at two different BRD 2342

concentrations, based on dry fiber weight.

4.1.2.1 BRD 2342 Concentration of 1.7 ml_g

Figure 22 shows air bubbles rising through an air/water system with 1.7 ml/kg of B_

2342 (based on dry fiber weight of 1% ONP) and gasket _ injection. As before, the bubbles are

rather small and rise in an oscillating serpentine fashion. When 1% ONP is present (Fig. 23), the

bubbles are less dispersed and larger. Position 1 also shows that a channel had formed and a train

of air bubbles rise in this region. Toward the top of Position 1, the channel breaks apart and the air

bubbles become somewhat dispersed.

Figures 24 and 25 show the composite radiographs for the sparger air injection. In the

air/water system (Fig. 24), the bubbles are small and become well dispersed as they rise in the

column. With 1% ONP (Fig. 25), the bubbles are larger and grouped as they rise in the bubble

column. As with the BRD 2360, foaming at the air/liquid interface is only observed with the

sparger and 1% ONP. However, based on visible observations, the BRD 2342 produced much

more foam than the BRD 2360, as well as the B_ 2363 (to be discussed below).

The bubble size distributions at Position 2 for this system are compared in Fig. 26, with

more than 300 bubbles comprising each population sample (tabulated :mAppendix A, Tables A5

and A7). For this system chemistry, the gasket produced slightly smaller bubbles than the sparger

in both the 0 and 1% ONP consistency levels. As before, with the 1% O_ fiber system, the

average bubble size is larger and the bubble size distribution is shfted to a larger bubble size range.

Both the gasket and sparger, for each consistency level, show very similar bubble distribution

pattems, with the sparger :results shifted slightly to larger bubble sizes.
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Comparisons between these results and those obtained at other chemistries are presented in

Section 4.1.4.

4.1.2.2 BRD 2342 Concentration of 3.3 ml_g

Figures 27-31 reveal representative composite x-ray images when the BRD 2342

concentration is increased to 3.3 mi/kg (6 lbs/ton). With the gasket ak injection in an air/water

system (Fig. 27), the bubbles remain small and still rise in an osciUa '_g serpemine fashion, but

they do not disperse as much as they rise through the column. With 1% ONP added to this same

system (Fig. 28), a channel and train of bubbles are observed at Position 1, whch break apart

before reaching Position 2. The bubbles are visibly larger, as expected, when 1% ONP is present.

The sparger produces a stream of sm_ bubbles in the air/water system that become well

dispersed by the time they reach Position 4 (Fig. 29). When 1% ONP is added, larger bubbles and

bubble groupings are observed (Fig. 30), with much smiler bubbles also visible in the original x-

ray. The large bubbles rise in a conf'med region and are fo_owed by the smaller ones. This system

again produced foaming at the ak/water interface.

The bubble size distributions were obtained for this system chemistry with more than 250

bubbles representing each population size. The individual data for these test conditions are found in

Appendix A, Tables A6 and A7. Figure 31 reveMs that the bubble size distributions obtained with

the gasket and sparger air injection are identical in the air/water system. When 1% ONP is added,

the bubble size distributions shift to larger bubble sizes, and the sparger produces a slightly larger

average bubble diameter than the gasket.

4.1.2.3 BRD 2342 Summary

_e bubble size distributions from the various concentrations of BRD 2342 are summ_ed

in Figs. 32-35. Figure 32 reveals the distributions for the air/water system with gasket air

injection. When BRD 2342 is added to this system, the average bubble size is reduced and the

bubble size distribution covers a smaller range of bubble diameters. This trend is not consistent
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with the others discussed below. When 1% ONP is added to the gasket ak injection system with

BRD 2342 (Fig. 33), the average bubble size increases sSghtly, accompanied by a shift in bubble

size distribution to larger bubble sizes, with increasing B_ 2342 concentration.

the air/water system with sparger ak injection, the bubble size distributions and resulting

average bubble size are very similar for the two BRD 2342 concentrations and the system without

any added chemistry (Fig. 34). However, when 1% ONP is added, Fig. 35 shows that the average

bubble size increases slightly with increasing BRD 2342 concentration. The bubble size

distributions are also similar, but with a small shft to larger bubble sizes with increasing B_

2342 concentration. This system also produced the most foam observed in any of the experiments.

Figure 36 shows the average bubble diameters for the two different BRD 2342

concentrations and the system without added chemistry (0.0 ml/kg). As previously discussed, the

1% ONP results yield larger average bubble diameters than the ak/water systems (0% consistency)

for all test conditions, h the ak/water system, the sparger results show a slight increase in bubble

size when the B_ 2342 concentration increases. The gasket data do not follow this trend.

Although there is a lot of scatter in the individual bubble size measurements as indicated by the

standard deviations (tabulated on the preceding figures), when 1% ONP is added to the system, the

average bubble size reveals an increasing trend with increasing BRD 2342 concentration for both

air injection techniques. Additionally, on average, the sparger produces larger bubbles than the

gasket at Position 2.

4.1.3 BRD 2363 Results

System chemistry was also altered by the addition of B_ 2363, a fatty acid/nonionic

surfactant blend. Bubble size results for two different concentrations (1.7 and 3.3 mi/kg), as well

as those with no added chemistry (0.0 mi/kg), are presented below.
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4.1.3.1 BRD 2363 Concentration of 1.7 ml/kg

A BRD 2363 concentration of 1.7 ml/kg (3 lbs/ton) was added to an air/water system, and

the x-ray composite of the rising air bubbles with gasket air injection is shown in Fig. 37. The

bubbles appear as in the other ak/water systems - small and rising in an oscillating serpentine

pattern. However, they do not appear to disperse very much as they rise through the column.

When 1% ONP is added to this system with gasket air injection (Fig. 38), the bubbles are larger

and slightly dispersed at Positions 2, 3, and 4. A sm_l channel is apparent at Position I and results

in the _ bubbles rising off-center in the column.

Figures 39 and 40 reveal the results for the sparger air inj_tion. With 0% consistency (Fig.

39), the bubbles are more dispersed than those resulting from the gasket injection. At 1% ONP

(Fig. 40), large and small bubbles are observed, and are grouped together in some regions.

Position 1 is also free of air channels. The 1% ONP system with sparger injection was the o_y

system to show any foaming at the air/liquid interface. The amount of foam generated appeared to

be less than that produced with BRD 2342, but more than that exhibited by BRD 2360.

Figure 41 shows the bubble size distributions obtained with a BRD 2363 concentration of

1.7 mi/kg. These results were obtained with a bubble population size of more than 215 (Appendix

A, Tables A8 and Al0). For both the gasket and sparger _ injection techniques, the 1% ONP

system results in a wider range of bubble sizes, with a few equivalent bubble diameters reported

with the sparger being greater than 10 mm. In both _e 0 and 1% consistency systems, the gasket

ak injection produces a larger average bubble diameter than that produced by the sparger.

4.1.3. 2 BRD 2363 Concentration of 3.3 ml_g

Increasing _e BRD 2363 concentration to 3.3 ml/kg (6 lbs/ton) does not significantly affect

the qualitative observations. The ak/water system with gasket air injection produces a stream of

bubbles that remains confined to the central region of the column (Fig. 42). At 1% ONP, the

gasket ak injection produces a channel near the bottom of Position 1, but the bubbles either

coalesce or disperse as they rise in the column (Fig. 43). With the sparger air injection, the bubbles

!:i
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disperse and rise in an oscillating serpentine pattern in the air/water system (Fig. 44). With 1%

ONP, the resulting bubbles appear to have a broad range, with sm_ ones rising near very large

ones, while fo amforms at the air/liquid interface (Fig. 45).

The bubble size _stributions for these conditions are shown in Fig. 46 and were obtained

from analyzing more than 190 bubbles for each test condition (which are tabulated in Appendix A,

Tables A9 and Al0). The gasket produced larger average bubble sizes than the sparger in both the

0 and 1% consistency systems. Addition_ly, the 1% ONP system produced a larger range of

bubble sizes.

4.1.3. 3 BRD 2363 Summary

For the ak/water system with gasket air injection, increasing the BRD 2363 concentration

had a small effect of increasing the average bubble size. The bubble size distribution is also more

uniform when BRD 2363 is present (Fig. 47). With 1% ONP and gasket ak injection, the bubble

size distributions cover a range of bubble sizes, as shown in Fig. 48, _d the average bubble size

increases with BRD 2363 concentration.

The sparger air injection technique results in a narrow bubble size distribution in the

air/water system (Fig. 49), and the average bubble size increases with BRD 2363 concentration.

Figure 50 reveals that the preceding trends are no longer apparent at 1% ONP with sparger ak

injection. The bubble size distributions cover a wide range of bubble sizes. The sigmficant

difference is that the smallest average bubble size is produced when the BRD 2363 concentration is

3.3 ml/kg. This result may be influenced more by the fiber network formation than by BRD 2363

concentration, and will be discussed fu_er in Section 4.1.5.

A plot of average bubble size as a function of B_ 2363 concentration is shown in Fig.

51. Although there are significant standard deviations associated with each average bubble size

measurement (see preceding figures for standard deviation values), a general trend of increasing
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average bubble size with increasing BRD 2363 concentration is revealed for _ test conditions,

except the 1% ONP sparger data.

4.1.40NP Chemistry Comparisons

Comparisons between the measured bubble size distributions obtained from the various

system chemistries are presented in this section. Data obtained with no added system chemistry

(originally reported in [ 1]) have flso been included for reference. Data will be presented first for a

chemical concentration of 1.7 ml/kg and then for 3.3 ml/kg.

4.1.4.1 Chemical Concentration of l. 7 ml/Tcg

Figures 52-55 detail the bubble size distributions obtained with the 0 and 1% gasket and

sparger injection techniques, respectively, for a chemical concentration of 1.7 _g (3 lbs/ton).

Data obtained with no added system chemistry are also included in these figures for reference.

Focusing on the distributions obtained when the system chemistry was altered, the air/water

systems (Figs. 52 and 54) produced similarly shaped distributions for all chemistries and air

injection techniques, that is, a sharp-peaked bubble size distribution with a relatively small standard

deviation. When 1% ONP is added with the various chemistries, the bubble size distributions are

also shnilar to each other (Figs. 53 and 55), but differ from those obtmed with 0% ONP. At 1%

ONP, the bubble size distributions cover a wider range of bubbles sizes, as displayed by the large

standard deviations in the average bubble diameters. It is interesting to note that the BRD 2342

produces the smallest standard deviation for both the gasket and sparger 'rejection techniques when

comparing the three different chemistries at a concentration of 1.7 mi/kg and 1% ONP.

Figure 56 shows the average bubble diameters for the three &fferent chemistries at a

concentration of 1.7 ml/kg. Focusing on the gasket results, the average bubble size trends for the 0

and 1% ONP consistency systems coincide when the chemistry type is altered. In contrast, when

the sparger is used as the air injection techmque, the average bubble size trends for the 0 and 1%

ONP systems counter one another when the system chemistry changes. The results reveal that
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B_ 2342 produced the largest average bubble diameters at 1% ONP with the sparger ak injection

technique. For all other systems, this trend is reversed and BRD 2342 results in the smallest

average bubble size.

4.1.4. 2 Chemical Concentration of 3.3 ml/_g

Comparisons between the various system chemistries at a concentration of 3.3 ml/kg (6

lbs/ton) are shown in Figs. 57-60. Data without added chemistry are _so included for reference. In

the air/water system, the distributions are agra similar for both air injection techniques (Figs. 57

and 59), and the small standard deviations reveal the narrow distributions. With 1% ONP, the

gasket produces similar distributions with the exception of the BRD 2360 data (Fig. 58). This

significant change is hypothesized to be caused mainly by changes in the fiber network structure

and not by system chemistry (see Section 4.1.1.4). When the sparger is used with 1% ONP and a

chemical concentration of 3.3 ml/kg, the bubble size distributions are again similar between the

various system chemistries.

Comparisons between the average bubble size for the three different chemistries are shown

in Fig. 61. Again, the gasket data for the 0 and 1% ONP systems follow the same trends, but the

sparger data follow opposite trends. Addition_y, BRD 2342 produced _e largest average bubble

diameters when 1% ONP and the sparger are used, but results in the sm_est average bubble

diameter for all other systems.

4.1.5 System Chemistry General Conclusions

In general, increasing the fiber consistency from 0 to 1% ONP increases the average bubble

size for _ chemis_es addressed in this study. The bubble flow patterns also change from a well-

dispersed system at 0% to a confined system with large bubbles _d some channeling at 1% ONP.

For the specific chemistries addressed here, the following general conclusions are realized:

0) Increasing the BRD 2360 concentration (a fatty acid) results in negligible changes in

average bubble size, except for the 1% ONP with gasket air injection. It is hypothesized
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that this change may be more a result of differences in the fiber network structure, and not

BRD 2360 concentration.

(ii) Increasing the BRD 2342 concentration (a nonionic surfactant) in the presence of 1% ONP

results in an increase in the average bubble diameter, with the sparger injection technique

producing larger bubbles than the gasket at Position 2. Clear trends are difficult to discern

for the 0% data.

('fii) Increasing the BRD 2363 concentration (a fatty acid/nonionic surfactant blend) results in a

general increase in the average bubble size in all systems addressed here, except the 1%

ONP sparger data.

(iv) BRD 2342 produced the most foam of all three chemistries.

(v) By comparing the three different chemistries at fixed concentrations of 1.7 and 3.3 mi&g,

the BRD 2342 produces the smallest average bubble diameter for all systems addressed

here, except the 1% ONP sparger system, where the BRD 2342 produces the largest

average bubble diameter.

A large amount of data has been gathered for the bubble size in a quiescent bubble colmn

with different air injection techniques (gasket and sparger), different chemistries (type and

concentration), and different fiber consistencies (0 and 1% ONP). Conclusions from these data are

often not very clear and sometimes even contradictory.

It was suggested by various PAC members that surface tension may be a significant

parameter and may make it difficult to determine specific chemistry effects. This was not recorded

for the specific samples utilized in these experiments (but will be r_orded for _ future

experiments). To determine what effect, if any, surface tension has on the bubble size in the

ak/water system, the various chemicals addressed in this study were individually add_ to

deionized water in the specified concentration. The surface tension was measured with a Wilhelmy

plate balance. In general, the higher the chemical concentration, the lower the surface tension,

indicating that the CMC (critical micelle concentration) was not reached [6].
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Figure 62 is a plot of average bubble size Obtained in our experiments as a function of

surface tension and shows no significant trends, h bubble size studies in ak/water systems by

other researchers, the effect of surfactants is not clear. Kim et al. [7] cite prior work they

completed where increasing the surface tension increased the bubble size only by a small amount.

Nicol and Davidson [8] state that surfactants stabilize the bubble surface and hinder bubble

coalescence, so their presence should reduce the mean bubble size, assuming considerable bubble

coalescence would occur without the added surfactant. This type of system was not observed in

our quiescent bubble column. AdditionMly, Schulze [9] provides a relationship between bubble

size, surface tension, fluid density, and mixing intensity which would indicate bubble size should

decrease with decreasing surface tension. In contrast, Lin et al. [10] conclude that bubble diameter

is a complex function of surface tension, fluid density, bubble contact diameter at the injection

port, and contact angle at the bubble-fluid-solid interface (i.e., the injector location). They further

remark that the dominant factor influencing the bubble size in their system is the contact angle,

measured in the fluid at the orifice surface. Therefore, bubble size is influenced strongly by the

surface energy of the injection port. Based on this literature, and as shown in _s study, bubble

size is not a simple function of surface tension.

It was also suggested by PAC members that viscosity may also play a significant role and

should be measured for each system. However, fluid viscosity measurements in dilute fiber

systems (-1%) are difficult with common viscometers because these devices require the medium to

be continuous at dimensions similar to _ose of individual fibers. The 1% ONP system used in this

study does not satisfy this requirement. Additionally, Chase et al. [ 11] have indicated that using

rotational viscometers, such as the cup and bob, cone and plate, or spindle types, resulted in

apparent viscosity measurements approaching that of water when testing pulp suspensions at

consistencies as high as 1.5%. They also record viscosities close to that of water for hardwood

pulps with consistencies less than 3% and a freeness of 300-400 ml CSF. These measurements

were recorded in a rotating viscometer they developed. Therefore, viscosity may not be the most

appropriate measure to determine the effect the fibers have on bubble formation. The crowding
!

?i m
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factor [12-15] may be a better measure of fiber-fiber interactions and their effect on bubble size.

Research in this area is continuing (see Section 6).

4.2 NBSK Results

Experiments in a quiescent bubble column using northern bleached softwood kraft (NBSK)

fibers have also been completed to determine if these chemically pulped fibers have a significant

influence on the recorded bubble _ameters. The fibers used in this portion of the study have a

weight-weighted average fiber length and ash content of 2.8 mm and 0.3%, respectively.

Deionized water was used as the fiber suspending fluid and no additional chemistry was added to

the system.

4.2.1 Air Injection Rate of 0.25 slpm

Experiments were first initiated with an air flow rate of 0.25 slpm to correspond to that

utilized in the ONP experiments. Figure 63 shows the combined x-ray images taken at the four

column positions with the gasket air injection technique for 0.1% NBSK fibers wit_ha 0.25 slpm

ak 'rejection rate. Observations reveal that the general bubble characteristics and flow patterns do

not differ significantly from those observed with 0.1% ONP operating under similar conditions

[1].

When the sparger air injection technique is used with 0.1% NBSK (Fig. 64), observations

differ from those with 0.1% ONP (i.e., see Report 3 [ 1]). The bubbles are considerably larger and

are much more confined when NBSK is used. Table 4 summarizes the bubble size measurements

obtained with the NBSK fibers (the data are tabulated in Appendix B, Tables B 1 and B2) and

compares these measurements with those obtained with ONP under identical operating conditions.

The increase in bubble size when the sparger is used is evident in this table. This increase in size is

due to the longer kraft fibers creating fiber networks at relatively low consistencies that prevent

dispersion of the sm_ bubbles formed by the sparger. These bubbles coalesce upon introduction

into the system.
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Table 4: ONP and NBSK comparison of bubble size measurements obtained with _e gasket and
sparger air injection techniques for an air/water/0.1% fiber system at an air injection rate
of 0.25 slpm.

Test Conditions: System Slurry Charge: 3.2 liters (to the 80 cm mark)
Air Flow Rate: 0.25 slpm
Added Chemicals: None
Column Position: 2
Consistency: 0.1%

Equivalent Diameters Air Injection Technique [

Gasket Sparger I

ONP NBSK ONP NBSK [

I Average(mm) 3.1 2.8 2.3 3.9 I
Median(mm) 3.0 2.7 2.3 3.9 I

Minimum(mm) 1.0 1.0 1.0 1.0 I

I __mum (mm) 6.4 5.4 6.8 6.9 I

I StandardDeviation(mm) 1.0 0.7 0.8 1.0 [SauterMeanDiameter(mm) 3.6 3.2 2.9 4.3 I
i

·[ BubblePopulationSize 978 759 799 752 ]

When the consistency is increased to 0.5% NBSK, significant changes take place, which

are revealed in Figs. 65 and 66, respectively, for the gasket and sparger air injection techniques.

The longer fibers create a stronger fiber network, which considerably constrains the bubble rise

and dispersion. The result is a sigmficant reduction in the number of bubbles present in the

column with the air flow rate of 0.25 slpm, and bubbles that are much larger than those observed

with 0.5% ONP (i.e., see Report 3 [1]). _ese results are amplified when the sparger air injection

technique is used (Fig. 66). The bubbles are so infrequent that only a single large bubble is

observed at Position 3 in Fig. 66 and none are recorded at Position 4. However, by the "bump" at

the air/fluid interface, we ihypothesize that a large bubble broke through the surface fight before the

radiograph w as taken at Position 4.

So few bubbles are recorded in the 0.5% NBSK system with 0.25 slpm air injection rate

that to determine a bubble size distribution with a sufficient bubble population size, between 100

and 200 x-rays would have to be taken. This was deemed too cosily. Therefore, experiments
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were initiated at a much higher mr injection flow rate (i.e., 2 slpm) to produce more bubbles in the

system for image analysis.

4.2.2 Air Injection Rate of 2 slpm

A series of experiments were completed in which an air flow rate of 2 slpm was used in the

quiescent bubble column. Results were obtained with NBSK fiber consistencies of 0, 0.5, 1.0,

and 1.5%. All other conditions remained the sine. T_s section summ_zes these results, first

with qualitative observations obtained with the gasket and sparger air injection techniques, then

with quantitative bubble size measurements.

4. 2.2.1 Gasket Observations

Base 'lineobservations in an air/water system (0% consistency) at this higher air flow rate

are presented in Fig. 67. At an _ flow rate of 2 slpm, air introduced into the system from a single-

holed gasket forms many bubbles and bubble groupings. A main channel of rising bubbles ascend

through the column central region in an oscillating serpentine fashion and disperse as they rise. The

many rising bubbles carry small mounts of fluid in their wakes as they rise, moving the fluid from

the column bottom to the top. Due to continuity considerations, this fluid is replaced by fluid

descending along the column sides. This general phenomenon is typically termed backmixing.

Small air bubbles are caught in this backmixing and descend with it along the column sides. This

flow pattern is visibly apparent but not recorded in the radiographs. However, based on visible

observations, the small bubbles on the right-hand side of Position 2 in Fig. 67 are caught in the

backmixed flow, while the b_ _ flow is along the left-hand side in Position 2. The small

bubbles that descend in the backmixed flow are evenm_y entrained in the bulk rising column of

air.

The large number of bubbles and backm'ming have a visible effect on the gas holdup of the

system, defined as the gas percent by volume. This is the first time this has been observed in these

experiments and resets in the height 'increase of the air/liquid interface at Position 4 (recall that the
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system was originally charged to a fluid level of 80 cra). h Fig. 67, the air/liquid interface at

Position 4 has increased to approximately 81 cm when the air flow rate is set at 2 slpm, resulting in

a gas holdup of more than 1%.

Adding 0.5% NBSK to the system has a significant effect on the bubble flow patterns (Fig.

68). The bubbles still rise in a serpentine pattern, but _ey are fewer in number and larger in size. A

few smaU bubbles are present and may get caught in the backmixed flow. These small bubbles are

clearly visible in the original radiographs, but difficult to identify in the composite image presented

in Fig. 68.

Increasing the NBSK consistency to 1% reveals a similar flow pattern (Fig. 69). A small

air channel is apparent at Position 1, but as the air rises, discrete bubbles form. Few smalq bubbles

are observed for this test condition. Figure 70 reve_s the flow patterns for 1.5% NBSK with a

gasket air injection rate of 2 slpm. The serpentine flow pattem is still observed in the column, but

the bubbles rise in clumps, which break apart and reform as they encounter differences in the fiber

network. The bubble clumps may coalesce to form large individual bubbles if the liquid film

(separating the bubbles) raptures.

4. 2.2.2 Sparger Observations

In addition to the gasket air injection results, data were also obtained with the sparger air

injection technique. Although the air flow rate was maintained at 2 slpm, the sparger produced

much different flow patterns and results because the air entered the bubble column from a sparger

head that had many small holes.

Figure 71 shows _e x-ray composite for the air/water system at 2 slpm with the sparger air

injection. The Tygon tubing used as the ak line is clearly visible on the left-hand side of the

column. M_y bubbles are observed with this type of air injection, as in_cated by the many dark

regions on the radiographs. These bubbles are rather small and rise in a turbulent fashion and

encompass the entire column width. Severe backmixing is also observed and results in the many



ProjectF00903 29 Report5

small bubbles recorded on the left-hand side of Position 1 in Fig. 71. The sparger air injection also

increases the gas holdup considerably (as shown by the location of the air/liquid interface at

Position 4). The 'increase in fluid height to approximately 84 cm results in a gas holdup of _most

5% for these conditions.

Adding 0.5% NBSK into the system with sparger air injection results in a change in flow

conditions (Fig. 72). Many small bubbles are still present, but periodically very larger bubbles

develop near the sparger head and rise through the system. The bulk rising air flow oscillates in a

serpentine fashion, and the larger bubbles follow this pattern. Some of the smaller bubbles are

caught in the backmixed flow, but are eventu_ly entrained in the bu_ flow. The increase in gas

holdup is clearly visible, but its v_ue is difficult to determine due to the waviness at the air/liquid

interface. This is caused by the large bubbles breaking through the surface, which is just about to

happen in Fig. 72 at Position 4.

When 1 and 1.5% NBSK is present, similar observations are recorded (Figs. 73 and 74).

However, the frequency of very large bubbles increases with increasing consistency. Note that

Position 4 in Fig. 73 shows three large bubbles just prior to disrupt'rog the air/liquid interface and

exiting the system.

4. 2.2.3 NBSK Consistency Comparisons

Quantitative bubble size results are presented here for the various NBSK fiber

consistencies. Discrete data points are tabulated in Appendix B, Tables B3 and B4, for the NBSK

consistencies of 0.5, 1.0, and 1.5%, and Tables B5 and B6 for the air/water results.

Figure 75 reve_ the bubble size distributions obtained from Position 2 radiographs. At

least nine Position 2 radiographs were taken at each fiber consistency to obtain a bubble population

size of 342, 211, 52, and 118 for NBSK consistencies of 0, 0.5, 1.0, and 1.5%, respectively. For

these test conditions, the bubble size distributions cover a broad range, and the data are tabulated in

bins representing 1 mm variations (as opposed to 0.5 mm variations reported for the ONP data).
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The 0, 0.5, and 1.5% bubble distributions are similar in the sense that a peak is observed in the

smaller bubble size range, and a broad spectrum of larger, but fewer, bubble sizes is recorded.

Additionally, for these three consistencies, the number of bubbles in the smaller size range

decreased, while the number in the larger size range increased, with increasing NBSK consistency.

This is also revealed in the average bubble diameters recorded in Fig. 75.

The 1% NBSK results do not follow these trends, and much larger, but fewer, bubbles are

recorded. It is hypothesized that, although experimental procedures are designed to maintain the

various systems as uniform as possible from one another, the fiber network at 1% NBSK was

considerably different from the other consistencies. This change had a significant effect on the

resuking average bubble size and bubble size distribution. This effect was also recognized in

Section 4.1.

Figure 76 shows the bubble size distributions acquired with the sparger air injector and was

obtained with more than 165 bubbles in the population size (the air/water results had 7.5 times this

number). The average bubble size and standard deviation increase with increasing NBSK

consistency, but _s is primarily the result of the increase in the number of very large bubbles as

the consistency increases. Most of _e large bubbles have an equivalent diameter greater than 25

mm. Since the column thickness is only 20 mm, these bubbles can span the entire column depth if

they are spherical and the equivflent bubble diameter for these large bubbles is not the appropriate

term. (Recall, by de£mition, the equivalent bubble diameter is the diameter of the circle whose area

equals that of the bubble area recorded on the x-ray film.) Although _e number of these bubbles is

ra_er small compared to the entire bubble population, the number clearly increases with increasing

consistency. One very apparent feature of Fig. 76 is that the bubble size distribution is b'nnodal;

there is a range of small bubbles and a range of very large bubbles, but few bubbles in the

intermediate size range. The distribution of small bubbles (bubble diameters less than

approximately 10 mm) is similar as NBSK consistency increases, with a peak in _ cases in the 2-

3 mm range. The main difference is that the magnitude of the peak decreases as NBSK consistency

increases, and is due to the increase in the number of bubbles greater than 25 mm as consistency
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increases. Focusing on bubble diameters that are less than 10 mm and neglecting those that are

greater, averages can be generated. For each test con_tion, the average is 3.0, 3.0, 3.0, and 3.3

mm for the 0, 0.5, 1.0, and 1.5% consistency systems, respectively, indicating the uniformity in

this region.

Although the sparger produces few very large bubbles, which increase in number as the

NBSK consistency increases, these large bubbles serve a very important function. They act as

"mobile mixers" in this fiber suspension and maintain a uniform system throughout the bubble

column. This _ows for the majority of the bubbles to remain relatively smfll and free to move

through the system. In terms of flotation deinking cells, the sm_l bubbles would capture ink

particles, and the large bubbles would keep the suspension homogeneous by preventing fiber

network and air channel formation.

The average bubble size as a function of fiber consistency is shown in Fig. 77 for the

NBSK results. The ONP results reported in [ 1] with no added system chemistry are also included

for reference, although they correspond to an ak injection rate of 0.25 slpm. Direct comparisons

between NBSK and ONP at an ak injection rate of 2 slpm will be made in Section 4.4.4. Focusing

on the NBSK results, the gasket injection technique produces a larger average bubble diameter for

all consistencies addressed. The large average bubble diameter at 1% NBSK from the gasket

injection is hypothesized to be the result of nonuniform fiber networks between the various

consistencies. There is, however, a general trend of increasing bubble diameter with increasing

consistency. This trend is more apparent with the sparger air injection technique. As discussed

above, the increase in average bubble diameter for the sparger with increasing consistency is due to

the increase in the number of _ge bubbles, but constitutes a small percentage of the over_ bubble

population.

4.3 Copy Paper Results

Various PAC members suggested that experiments should be performed in a bleached kraft

fiber system more representative of that found in the recycling of typical printing and writing grade
i



ProjectF00903 32 Report5

papers. Hence, a series of expe 'nments using copy paper (as supplied to IPST) as the fiber source

were initiated. This paper had a weight-weighted fiber length and ash content of 2.0 mm and

6.6%, respectively, and experiments were conducted in a 1% fiber system with no added system

chemistry. Additionally, the ak flow rate was fixed at 2.0 slpm. These data are tabulated in

Appendix B, Tables B5 and B6.

Figure 78 shows the composite x-ray image of air bubbles rising through the copy paper

system with a gasket air injection rate of 2 slpm. The flow patterns are generflly similar to those

observed in the 1% NBSK system (Fig. 69).

The bubble size distributions for this system and the 1% NBSK are shown in Fig. 79.

AlthOugh there is a lot of scatter in the data, general distribution trends are similar.

When the sparger air injection technique is used in this fiber system (Fig. 80), qualitative

observations are similar to those displayed in the 1% NBSK system (i.e., Fig. 73). A large

number of small bubbles and a few large bubbles are present, and backmi_g is prevalent.

However, the gas holdup is slightly lower than that observed in Fig. 73.

Figure 81 shows the bubble size distributions for the copy paper results with the sparger ak

injection and compares them to those obtained with 1% NBSK. The bubble size distributions,

average bubble size, and standard deviations are all very comparable.

These results imply that the NBSK resets are representative of _ose ob_ed with typical

copy paper found in recycling office-type printing and writing grade papers for _e conditions

addressed in this study.

4.40NP Resu!:t$ _t 2,0 _!pm

To allow for comparisons between _e bubble size results for NBSK and ONP, additional

bubble size measurements were recorded in a 1% ONP system with 2 slpm air flow rate. _is

ONP system did not have any additional added chemistry and was identical to that reported in [1]

(i.e., weight-weighted fiber length of 1.4 mm and ash content of 0.7 %). These additional data also
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allow for comparisons between air flow rates for ONP, as well as fiber type at an air injection rate

of 2 slpm. _ese data are presented below, first for the gasket air 'rejection, then for the sparger.

4.4.1 Gasket Results

A composite x-ray image, representing typical bubble flow patterns in a 1% ONP system

with gasket ak injection at 2 slpm, is shown in Fig. 82. The bubbles rise in groups only in the

central region of the bubble column. These bubble groups will coalesce if the liquid film mptures

between the rising bubbles before they reach the air/liquid interface. Some backmixing is also

visually observed in this system.

The bubble size distribution obtained from m_tiple radiographs of Position 2 is shown in

Fig. 83 (the data are tabulated in Appendix B, Tables B5 and B6). The distributions from the

air/water system with gasket air injection at 2 slpm, as well as the 0 and 1% ONP results obtained

with the gasket at 0.25 slpm, are also shown. In both the 0 and 1% consistency systems,

increasing the ak flow rate results in a shift to larger bubble diameters, and the increase in bubble

diameter is more pronounced at 1% ONP. Similar results have been observed by Klm et al. [16]

for gas/liquid and gas/liquid/solid systems. Dobby and Finch [17] also recorded similar results for

an air/water system. However, in a gas/liquid system, Lin et al. [10] showed that bubble volume

(diameter) did not change when the air flow rate was increased, only the frequency of expelled

bubbles increased.

Figure 84 compares the 1% ONP bubble size results with those obtained with 1% NBSK.

For the gasket system with an air injection rate of 2 slpm, NBSK produces larger bubbles, and

they span a much larger range of bubble sizes.

4.4.2 Sparger Results

Figure 85 reveals the composite x-ray images taken of the 1% ONP system with sparger air

injection at an air flow rate of 2 slpm. Again, at this flow rate with sparger air injection, many

sm_ bubbles are observed throughout the column and few very large bubbles rise in an oscffiating
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serpentine pattern in the column center. Some of the small bubbles are visually observed in the

backmixed fluid, but eventually are reentrained in the bulk _ flow. The gas holdup also appears to

be consistent with that observed for the 1% NBSK, but an exact value is difficult to identify

because of the waviness at the a/r/liquid interface.

Bubble size distributions for the 0 and 1% ONP systems at air flow rates of 0.25 and 2

slpm are shown in Fig. 86 for the sparger air injection. In the air/water system, increasing the air

flow rate increases the average bubble size and increases the range over which bubble sizes are

recorded. In contrast, at 1% ONP, increasing the air flow rate from 0.25 to 2 slpm results in a

bubble size distribution that has shifted toward sm_er bubble diameters and a corresponding

reduction in the average bubble size. It is hypothesized that the bubbles are smaller when the ak

flow rate is 2 slpm because, at 2 slpm, there are still a few bubbles recorded with a size much

larger than all the others. These few large bubbles act as mobile mixers and keep the system well-

agitated, preventing fiber network formation and the coalescence of smaller bubbles to form larger

ones.

Figure 87 reveals similar trends when comparing the bubble size distributions for the 1%

ONP and NBSK systems with a sparger air injection rate of 2 slpm. That is, most of the bubbles

for both systems are confined to bubble diameters less than approximately 10 mm. The differences

between these two systems are found outside this range, where a few bubbles are found for both

systems. The ONP system has approximately 1% of its bubble population with a diameter greater

than 10 mm, but these few bubbles are spread out over a variety of diameters. However, _e

NBSK system has approximately 5% of its bubble population with diameters greater than 10 mm,

with 3% greater th_ 25 mm. The few, but very large, bubbles in the NBSK system cause the

average bubble diameter to be larger than that recorded for the ONP system. One significant feature

Fig. 87 displays is the importance of these few large bubbles; they create a uniform system that

helps maintain the majority of the bubbles in a relatively narrow bubble size distribution, regardless

of fiber type.
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5. CONCLUSIONS

A large amount of qualitative and quantitative data has been presented in this report

conceming bubble size in a quiescent bubble column with four different experimental systems' (1)

ONP systems with various chemistries and chemistry concentrations; (2) NBSK systems with

various consistencies but no added chemistry; (3) a copy paper system with no added chemistry;

and (4) an ONP system with no added chemistry but a higher gas flow rate.

For the specific chemistries addressed here and added to an air/water system or an

air/water/l% ONP (unprinted) system, the following general conclusions are realized:

· Increasing the BRD 2360 concentration (a fatty acid) results in negligible changes in average

bubble size, except for the 1% ONP with gasket air injection. It is hypothesized that this

change may be more a reset of differences 'm the fiber network structure, and not BRD 2360

concentration.

· Increasing the BRD 2342 concentration (a nonionic surfactant) in the presence of 1% ONP

results in an increase in the average bubble :dmmeter,with the sparger injection technique

producing larger bubbles than the gasket at Position 2. Clear trends are difficult to discem for

the 0% data.

· Increasing the BRD 2363 concentration (a fatty acid/nonionic surfactant blend) results in a

general increase in the average bubble size in _1 systems addressed hem, except the 1% ONP

sparger data.

· BRD 2342 produced the most foam of all three chemistries.

· By comparing the three different chemistries at fixed concentrations of 1.7 and 3.3 ml/kg, the

BRD 2342 produces the smallest average bubble diameter for _1 systems addressed here,

except the 1% ONP sparger system, where the BRD 2342 produces the largest average bubble

diameter.

· Surface tension did not correlate the bubble results recorded in this study.
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The northern bleached softwood kraft had a much longer fiber length than the ONP used in

this study. The longer fibers promoted fiber network formation and bubble coalescence. The few,

but large, bubbles recorded when the ak flow rate is 0.25 slpm prevented statistically significant

results from being realized except at the very low fiber consistency of 0.1%. Additional

experiments were completed at an air flow rate of 2 slpm. Generfl conclusion from these results

are

° The higher gas flow rate promotes backmixed flow conditions where small bubbles descend

along the column sides andare eventuflly reentrained in the bulk rising column of ak.

· The sparger ak injection technique results in a higher gas holdup when the air injection rate is

held constant at 2 slpm.

· The average bubble size increases with NBSK fiber consistency.

· The gasket air injection technique produces larger average bubble diameters at Position 2 and

does not keep the fiber suspension well-mixed, which may lead to fiber network

nonuniformities and larger variations in the average bubble size and bubble size distribution.

· The sparger ak injection technique produces a bimodal bubble size distribution, with the

majority of the bubbles in the size range less than 10 mm in diameter anda peak in the 2-3 mm

range. The bubbles in this range all have the same average bubble size (~3 _) for all NBSK

fiber consistencies addressed here, but the relative frequency decreases with increasing

consistency. Few bubbles are greater than 10 mm in diameter, but those that are, _e typically

larger than 25 mm. The number of bubbles that fall in this category increases with increasing

NBSK consistency. These larger bubbles also play an important role byacting as mobile

mixers, which keeps the sm_er bubbles uniform and the fiber suspension well-mixed and

homogeneous.

The 1% copy paper system produced similar results to those obtained with 1% NBSK,

implying that the NBSK results are representative of those obtained with typical copy paper found

in recycling office-type printing and writing grade papers for the conditions of this study.
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Flow patterns observed with the 1% ONP system with an air injection rate of 2 slpm are

similar to those produced by the 1% NBSK system. However, the average bubble size was smaller

with the ONP system. The bimodal bubble size distribution is also observed with the 1% ONP and

sparger system with the air injection rate of 2 slpm, but the number of bubbles larger than 10 mm

is much smaller than that produced with 1% NBSK.

6. FUTURE FXR WORK

Future bubble size measurement work uti_zing the flash x-ray eqmpment wffi focus on

cocurrent bubble columns, where the gas and fiber slurry is rising through the test section. This

will be accomplished with a recently completed flow loop, schematically shown in Fig. 88. The

flow loop consists of two baffled holding tanks to _ow any gas in the system to escape, a pump,

a flow meter, associated plumbing, and a bubble column. The bubble column consists of two 1 m

sections attached end-to-end with interior dimensions 10 cm x 2 cm. A fiber slurry will travel from

the column bottom to the top, and air will be injected at the column base. _e flow loop will ensure

that a uniform fiber suspension is maintained because of the continuous mixing. The flow loop is

designed such that countercurrent flow could be produced, or, with slight modifications to the

framing, the column could be orientated horizontally. Tests will be conducted to determine the

effect of stock flow rate on bubble size. The fiber crowding factor will also be addressed, and

surface tension will be recorded for all experimental conditions. X-rays will be taken at selected

locations, and image analysis will be performed to determine the equivalent bubble diameters.
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Figure 1' Schematic diagram of the flash x-ray radiographic experimental setup.
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Figure 7: X-ray composite of air bubble flow patterns in an air/water system with 3.3 ml/kg of
BRD 2360 added to the system. Air at 0.25 slpm is being injected through a single-
holed gasket located on the column bottom.




