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As in minerai processing in the 1980's, column flotation technology has

great potential in de-inking of waste paper. Although column flotation shows

excellent brightness gain and ink removal effieieney, one problem is the lack of

accepted scale-up and design procedure as in minerai flotation. Laboratory and

pilot columns were operated on paper pulps to evaluate the effects of gas

dispersion and mixing on scale-up. Gas dispersion properties were measured by

gas holdup (Eg), gas rate (Jg) and the derived parameter, bubble surface area

flux (Sb). To caleulate Sb, bubble size (db) was estimated from drift flux analysis.

Direct measurement of db using a photographie technique supported the

estimation. Mixing was modeled by relating the vessel dispersion number (Nd),

determined from residence time distribution measurements made using a

eonductivity technique, ta design and operating variables. From the mixing

model, the pulp zone flotation rate constant (kc) was determined from measured

ink recovery vs time data. The kc: was correlated with gas dispersion and sho'Ned

a linear dependence on Sb, supporting recent findings in minerai flotation. A

linear relationship was also found with Eg. The improved reliability of scale-up

achieved by incorporating the kc a Sb relationship is demonstrated.
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Comme pour le traitement des minéraux des années 1980, la technologie

de la colonne de flottation a un grand potentiel pour retirer l'encre du papier. Bien

que la colonne de flottation apporte un excellent gain de brillance et une

élimination efficace de l'encre, le problème réside sur le fait qu'aucune procédure

acceptable à grande échelle et de dimensionnement n'existe, contrairement à la

flottation minérale. La colonne de laboratoire et la colonne pilote ont fonctionné

avec de la pulpe de papier pour évaluer les effects de la dispersion des gaz et le

mélange à grande échelle. Les propriétés de la dispersion des gaz ont été

mesurées avec la retenue d'air (tg), la vélocité des gaz (Jg) et le paramètre

dérivé, qui est l'aire de surface de la bulle (Sb). Pour calculer Sb, la taille de la

bulle (db) a été estimée en utilisant l'analyse du Ildrift flux". La mesure directe de

db, qui est possible grâce à l'utilisation d'une technique photographique, a

appuyé l'estimation. La modélisation du mélange a été déterminée selon le

nombre de dispersion du récipient (Nd). Celui-ci a été déduit des mesures de

temps de résidence en utilisant la conductivité, pour le dimensionnement et les

variables d'opération. À partir du modèle de mélange, la constante cinétique de

la flottation de la zone pulpe (kc:) a été déterminée par les mesures de

récupération de l'encre en fonction du temps. Le kc: a été corrélé avec la

dispersion de gaz et a démontré une relation lineaire avec Sb, ce qui confirme les

récentes découvertes en flottation de minéraux. Une relation linéaire a

également été découverte pour Eg. On a démontré que l'utilisation de la relation

entre kc: et Sb améliorait la fiabilité du dimensionnement.
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Como en el procesamiento de minerales en los 80's, la tecnologia de

flotaci6n en columna tiene gran potencial en el destintado de papel. Aunque la

columna de flotaci6n muestra una excelente ganancia en brillantez y una eficaz

eliminaci6n de tinta, el problema reside en la falta de un aceptable procedimiento

para el escalamiento y el diselÏo coma en la flotaci6n de minerales. Columnas de

laboratorio y piloto fueron operadas usando pulpa de pape1para evaluar los

efedos de la dispersion de gas y el mezclado en el escalamiento. Las

propiedades de la dispersion de gas fueron medidas con la fraccién de aire

retenido (Eg), velocidad de gas (Jg) y el parametro derivado, area superficial de

burbuja (Sb). Para calcular Sb, el tamalio de burbuja (db) fue estimado usando el

analisis "drift flux". Mediciones diredas de db usando una técnica fotografica

soportarén la estimaci6n. El mezclado fue modelado con el nlimero de

dispersion dei recipiente (Nd) determinado a partir de mediciones de tiempo de

residencia usando conductividad, para relacienarlo con las variables de

operacion y diselio. Con el modele de mezclado, la constante de flotacion en la

zona de pulpa (kc) fue determinada con mediciones de recuperacion de tinta vs

tiempo. La kc se relaciono con la dispersion de gas y se encontré una

dependencia lineal sobre Sb, soportando recientes hallazges en la flotacion de

minerales. Una relacién lineal también se encontre para Eg . La ventaja en

incorporar la relacién kc a Sb en el procedimiento de escalamiente fue mostrada.
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Chapter 1: Introduction

CHAPTERI

Introduction

1.1 Principles of Paper De-inking

1

•

De-inking is defined as any process which removes dispersed ink from

'MJOd pulp suspensions. The tenn alsa indudes non-fibrous matarials like roatings,

adhesives, resins, glass, rocks, staples and tramp metsl (Watson, 1996; Petri,

1994; Smook, 1992; and Dorris, 1989). Crow and Secor (1987) identify ten basic

stages in the de-inking procass.

1. Pulping 6. Washing

2. Pre-washing 7. Flotation

3. Screening 8. Dispersion

4. Reverse cleaning 9. Blanching

5. Forward cfeaning 10. Water re-circulation

A typical de-inking flowsheet is shawn in Figure 1.1. De-inking plants may

have sorne or ail of these steps in various sequences. The most important

operations are high~nsistency pulping, coarse and fine cleaning and flotation

(Stevenson, 1992). Bowater Pulp and Paper Canada in Gatineau, Quebec, is an

example of a de-inking plant. Figure 1.2 shows the flotation cells at Bowater. The

de-inking section processes a mixture of 70% old newspapers (ONP) and 30% old

magazines (OMG) and has a recycled capacity of 600 tld (Veilleux et al. 2000).
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Cleaners

;,;' ~'~..... l-;-J:.'f ~:~~

AccIpM
BI••chlng Flotation cel"

il Thlckenlng 1
s~.:r'" [t]"'Q"'C]'"
~ Dispersion waMlng sc,..".

Paper Machine

Figure 1.1 A typical de-inking mill flOYJSheet

Figure 1.2 Flotation cells at Bowater Pulp & Paper, Gatineau Oc.
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• In minerai processing ore is aushed and grcund ta liberate minerais ta

facilitate froth flotation or ether separation techniques. HIgh-ccnsistency pulping

vwhere ink partieles are liberated from the fiber is equivalent ta comminution in

minerai processing. The recyclecJ wastepaper is mixed \Wh water and chemicals in

a pulper vwhere shear forces break the mixture inta a fibrous pulp YAlich releases

the ink. The operation takes place at elevated temperature (40 - 55 OC) and alkaline

conditions (pH 9 - 12). The reagents include sodium hydroxide (NaOH) to inaease

the pH, hydrogen peroxide (H202) ta prevent yellCNVing of fibers caused by NaOH.

and fatty acid soaps (surfactants) YAlich ad as bath frother and collecter (Mak &

Stevens. 1993). De-inking involves formation of micro-precipitates of <ink - fatty

acid - calcium ions> linked ta a fatty acid coated air bubble. Figure 1.3 from Putz et

al. (1993) ShONS a schematic model of air bubble-ink partiele attachment.

Surfactant 0

Ink particle •

Calcium ions 0

Figure 1.3 Madel of air bubble-particle attachment in a de-inking system.

•
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• In the CoanIe cleaning stage the accepts from the pulpers are passed

through primary, secondary and tertiary saeens. The primary saeen initially

removes large oJntaminants like plastic bags, cans, Ytlire, etc. The secondary

saeens consist of high~ity deaners YAlich remove staples, sand1 and pieces of

glass. Finally the tertiary screens remove large ink partïcles, plastic, and pieces of

glue.

Flotation is one of the most important processes in a waste paper recycling

mill, providing a low cost and effective means of removing ink particles (Robertson

et al., 1998; Hardie1 1998; Watson et al., 1996; Walmsley, 1992). The ink particles

must be large enough ta efficiently collide with an air bubble yet small enough that

the bubble-particle aggregate can ascend ta the flotation œil surface (Ackermann,

1993). Flotation de-inking removes ink partides in the size range rcughly 10 - 100

J.U11 (Lindsay & Mostafa, 1995). A schematic of the separation process is shoYtn in

Figure 1.4.

As in minerai flotation 1 zabala and McColl (1968) divided the process into three

steps (typical miao processes):

Collision between the

ink particle and the air

bubble

=>
Attachment between

the ink particle and

airbubble

Rise of the ink partiele-

=> bubble aggregate to

the surface

The design of a flotation procass and selection of equipment aims to maximize

ink (contaminant) removal and minimize fiber loss as shawn in Figure I.S.

The efficiency of flotation de-inking is measured by brightness gain.

Brightness is the fraction of incident light (typically at a wavelength of 457 nm)

retleeted from a prepared paper sheet.

•
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Figure 1.4 Basic operating principle of flotation de-inking.
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Figure 1.5 Separation of fiber and contaminants. (Spangenberg. 1993)



Fine cleaning is a three-step operation designed to maximize the deaning

efficiency st 10'#1 pulp consistencies. The objective is to remove the lighter

contaminants (rejects) sud'1 as glue, plastic and light ink compounds from the paper

fibers (accepts) using centrifugai lightY.eight deaners. The acx:epts are then treated

Yt1th five stages of forward deaners in arder to rernove sand. Finally, the accepts

are passed through three stages affine (e.g. 0.008 in) saeens.

•
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•

1.2 Flotation of Waste Paper

Paper re.:yding helps conserve forest resources. Ta proc:tuœ one tonne of

paper from primary sources requires approximately 1.15 to 1.6 tonnes of waste

paper. The demand for recycled paper has been increasing over the past years

in North America. The United States and Canada had a recovery rate of 33 and

25%, respectively, in 1990 (Recovery rat~ is the amount of waste paper

recovered for re-use compared with paper con!l'.tmed.) Countries without forest

reserves have recoveries as high as 50GA. (Smookl 1992).

Flotation has been used in the minerai industry since the late-19tt1 century

(AIME, 1962). Kowalewski and Hines (Patent 2005742, 1932) developed the

concept for waste paper de-inking in the 1930's and in the 1960's, minerai

flotation systems were adapted (Lindsay & Mostafa, 1995).

ln the 1980's column flotation was introduced commercially in minerai

flotation. There is an interest among sorne pulp and paper campanies in Canada

ta adapt column flotation technology for waste paper de-inking (Anonymous,

1997; Bailey, 1997; Dessureault et al., 1995; Carabin et al., 1995). Flotation

columns have shawn excellent results in brightness gain and ink removal

(Leichtle, 1998; Watson, 1996; Carabin et. al., 1995; Petri, 1994).
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• 1.3 The Flotation Column

Column flotation is arguably the most important technological innovation in

flotation machinery over the last flfty years (WiIIs, 1992; Pal & Masliyah, 1990;

Murdock, 1991; Ynchaustl et al., 1988). A flotation column in a de-inking

application is iIIustrated in Figure 1.6. It is a tall vertical reador with two distind

zones: the collection zone (recovery zone) and the froth zone (eleaning zone).

f"ead (recycled paper pulp) is introduced to the collection zone below the

in"terface. The descending paper pulp contacts a rising swarm of air bubbles

generated by a sparger (bubble generator) system located near the bottom of the

column. Hydrophobie ink partieles collide with and attach to bubbles, and are

transported to the froth zone to form the rejeets stream. Hydrophilie fiber and

other partieles are removed tram the bottom of the column ta form the accepts

stream.

Figure 1.6 Schematie diagram of a flotation column in a de-inking process.

lnl8rface

--.. Accepta (Clean flbers)

AJr

a.nngzaw{
Feed -::~~~'Z

(PIper pulp)

•
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• De-inking is a reverse flotation process Ytt1ere the non-value component

(ink) is floated. Wash water is added at the top to stabilize the froth and to reduce

hydraulic entrainment of fibers into the overflow (Robertson et al., 1998). This

water replaces the feed water in the froth, which otherwise cames hydrophilie

fiber partieles into the rejects. The net flow of water moving through the froth

zone is called the bias (by convention, bias is positive if the flow is dO'Nl'1W8rds).

Flotation columns have some advantages and disadvantages:

Advantages:

• High ink removal effieiency with low fiber loss, related to use of wash water

• Low floor spaca requirement

• Low capital and operating costs

Disadvantages:

• Maintenance/reliability of bubble generation devices

• Scale-up requirements adaptation to paper pulp charaeteristics

Though flotation columns are simple in operation, construdiol'" and

maintenance, their design for a particular duty can be difficult (Deckwer &

Schumpe, 1993; Ityokumbul, 1992b). The design, or scale-up, is the subject of

this thesis.

1.4 Research Project Objectives

The general objective is to modity the scaling-up procedure for flotation

columns to incorporate gas dispersion charaeteristics and paper pulp properties

in the paper de-inking procass. This involves the following specifie objectives:

•
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• .:.
.:.
.:.
.:..:.

Determination of the effect of paper pulp consistency on gas dispersion.

Modelling vessel dispersion number (Nd) for paper pulp systems.

Relating the flotation rate constant to bubble surface area flux.

Estimation of paper pulp viscosity.

Characterization of the bubble generator device.

•

1.5 Thesis Outline

This work has been organized in a series of chapters and appendixes. In

Chapter I, the general characteristics of the paper de-inking process are

discussed with a short introduction to flotation columns. The objectives Of the

research projed are included. In Chapter Il, theoretical aspects of the flotation

column scale-up procedure are described. This inctudes using bubble surface

area flux as a variable. Mixing and characterization of rigid spargers using the

Darcy model are discussed. The chapter incJudes details on the equipment and

instrumentation used. In Chapter III, the results of charaderization of the

spargers are given. In Chapter IV, the experimental \YOrk and results of

estimating paper pulp viscosity are given ineluding a novel back-calculation

method employing a direct (photographie) measure of bubble size. Chapter V

shoYJS the effect of paper pulp consistency on gas dispersion parameters

including gas holdup, bl'~ble size and surface area flux. In Chapter VI, a mixing

model, an expression for vessel dispersion number as a function of

designJoperating variables, is presented. Chapter VII ineludes the results and

discussion of the proposed scale up procedure. In Chapter VIII, contributions to

knowledge are given. Finally, ail experimental data are presented in the

Appendices.
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CHAPTER Il

Column Flotation Scale-Up

2.1 Introduction

10

•

ln this chapter the various components required in scale-up are introduced

based on the work of various authors (O'Connor & MiIIs, 1995; DeckYler &

Schumpe, 1993; luttrel et al., 1993; Ityokumbul, 1992a, 1992b; Wilkinson et al.,

1992; Ynchausti et al., 1988; Yianatos et al., 1988a; Oobby &Finch, 1986a; Shah

et al., 1982; Flint, 1973). A reliable scale-up procedure must address t'NO

important areas: œil geometry (height and diameter), and the air sparging

device. As described in Chapter l, in a flotation column there are t'NO distind

zones: the collection zone and the cleaning zone. It is necessary to study each

zone separately and their interaction as part of the design problem (Dobby &

Finch, 1986a). This chapter will start by describing these zones.

2.2 Collection Zone

Partiele recovery takes place in this zone. The degree of mixing, the

flotation rate constant and residence lime of the partieles determine the collection

zone recovery Re. For design, the mixing conditions in a flotation column, for

example summarized in the vesse1dispersion number Nd, must be knO'M"l. Plug

flow (Nd --+ 0) is one condition where ail elements of the fluid and partieles have

the same residence time. The other extreme (Nd --+ co) is a perfectly mixed

reactor, 'Nhere the elements show a different residence time. Laboratory cofumn



flotation units with large height..to-diameter ratios approach plug flow, while in

plant columns the liquid and solids are transported closer to a perfectly mixed

condition (Finch & Dobby, 1990). Mixing in pradice is between plug flow and

perfectly mixed flow.

•
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The vessel dispersion number for the liquid (Nd), is defined as:

( Il.1 )

where:

El = Liquid axial dispersion coefficient, cm2/s

UI = Interstitialliquid velocity, crnJs and expressed as follows:

( Il.2 )

•

where:

JI = Superfieialliquid velocity, cmls

Eg = Fractional gas holdup.

A number of papers have been published on the mixing characteristics of

Iiquids, solid partieles and bubbles in columns. Table Il.1 is a comprehensive list

of vessel dispersion number correlations.
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• Table Il.1 Correlation for liquid phase dispersion number.

•

Reference Correlation Range of
Variables

M.m» & Dannllklou (1113) ~ = 0.0194 eexp(0.267 - de)- U.-4051 de: s 14 cm
0.5 s Ja S 3.0 emls

MankoA et .,. (1112) N.=1.66,(~rUr 5 s de s 10 cm

( J r de: = 10 cm,
Xu & Flnch (1881)

Nd =0.56 - ~ -::--u. 0.5 s JII S 2.3 cmls

(J r
Flnch & Dobby (1190) Nd

O.063-0c - Ü
8sdc S 100 cm

(((1~E.))+u..)eL.
0.5 s JII S 2.0 cmls

( J)""22Man"a (1110) ~ =1.43- ~ -~ 5sdc s10cm

Lutb1dI.t.L(191O, (d J)'" 5 S de s 10 cmNd =1.85e ~_J
Le J.)

C+ OSS '(& 'JJ1S) k r
Mataumoto .t./. (1989)

Nd =9.4- . J. _~ e 1-A)-dc :S -El

A-( &, 'J, ]
- (1-E

II
)-J,

S=%501. Wt
taplante ., .,. (1188) El =2.98-dc o.

33 eexp(-0.025-S) 8 sdcS 100 cm
0.5 s Ja S 2.0 cmls

Kawue & Moo-Young ~ -~ 0.625 S n S 1
(1988)

~ =0.342-0 ,3 -Fr' 3
2E-5 s Fr s 0.5

( r de = 15.4,30
Kelk. et .,. (1983) E, 0(1-&,)= 1.42od:-'" 0 J, - ~~~ 1 S J" s 30 cmls

os JI S 15 cmls

(J. od, oP't
Riquarts (1881)

N = fJ.
d 3,

14.7-Fr/1l

Joshi (1980) 1; =O.31-dc -[3-(dc -(Jg -&g -uIiiP))f33
10 S de S 106.7 cm

Joshi & Sharma (1979) 1 s Jg S 39 cmls
os JI s 12 cmls

(J )'"Todt.t .,. (1177) ~ =0.166-(1-Eg)-UIlp .~ - ~ de = 14 cm

Bald & Rlce (1974) e. =0.35 ·dc~3 e(g *Jg)"i 8.2 S de s 153 cm
0.3 S JlI s 45 cmls

Deckwer ., .1. (1974) Er = O.67B-de14 -JgO:J

KMo & Nlahlwakl (1872) Nd =
1+6.5 _Fro.• Os Fr S 0.16

13*FrO.5 dc~ 12.2 cm



A relationship betvJeen collection zone recovery and residence time

assuming first-order kinetics for the partiele collection process and partieles

moving according to the axial dispersion model (Levenspiel, 1999) is:
•

Chapter Il: Column Flotation Scale-Up 13

( Il.3 )

'Nhere:

( Il.4 )

Nd = Vessel dispersion number and is given byequations in Table Il.1.

The partiele (tp ) and liquid (tl) retention time can be estimated from:

( Il.5 )

( 11.6 )

•

'Nhere:

Le = Height of column recovery zone, cm

QI = Volumetrie floYlrate of the liquid, cm3/s

Vc =Volume of the column occupied by the liquid, cm3

JI is defined as:
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JI = QI = volumetrie flowrate of liquid, cm
3
/s

Ac column cross - sectional area, cm2

Equation Il.3 under plug flow conditions (Ne.~ 0) reduces to:

and for a perfed mixer (Nd ~ a'J), recovery is:

R =1 1_
c 1+k *t

c p

14

( Il.7 )

( Il.8 )

( 11.9 )

A quasi-fundamental interpretation of the rate constant kc can be derived

by introducing the concept of collection effieieney, namely the fraction of ail

partieles swapt out by the projected area of the bubble that coiiide with, attach to

and remain attached to a bubble until it reaches the eleaning zone. Ignoring

detachment - appropriate for a quiescent system such as a flotation column

operating with partiele sizes much I~as th.:ln the bubble size (Dobby & Finch,

1986b) - the collection efficiency, Ek, is the product of collision effieiency (Ec) and

attachment effieiency (Ea).

(11.10)

•

The collection effieieney is a fundion of three main parameters: partiele

diameter, bubb~e size and partiele hydrophobieity. The EeE is related ta the

flotation rate constant, kc, as follows.
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Assuming first-order kinetics Jameson et al. (1977) derived:

dCp 1.5 • Jo • Ek • Cp
---=--~---

dt db

v.nei9:

Cp =Concentration of partieles

db =Mean bubble diameter, cm

Jg = Superficial gas veloeity and is given by:

J = Qg = volumetrie flowrate of air, em3 /s

g Ac column cross - sedional area, em2

The flotation rate constant is:

2.3 Cleaning Zone

15

(11.11 )

( Il.12 )

(11.13)

•

The hydrodynamics and partiele transport in the eleaning zone are not YJeIi

understood. They are dependent upon sucl'1 fadors as gas flowrate. bubble size,

solid content and bias rate (Dobby & Finch, 1986a). Partieles are transported

from the calledion zone to the froth zone as particle-bubble aggregates. A

portion of partieles within the froth is dislodged from the bubbles as a result of

coalescence and reports back ta the colledion zone. This phenomena is called

froth drop back and, its complement, freth zone recovery, Rf (Finch & Oebby,

1990). Figure Il.1 shows the interadien between the calledien zone and eleaning

zone.



•
aernngZme
(Fralh zene)

caledionZale +- F= 1-Rc(1-R,} .
(RecxMwy zcne)

,. 1-Rc

Figure Il.1 Conceptual interaction between the collection and cleaning zones.

The overall flotation column recovery (Rrc)l is given by:

(11.14)

Assuming the partiele collection process follows first arder kinetics and

partieles move in plug flew, Rte can be related to an overall rate constant, krc,

(this is a good approximation for a lab column with a large LJDc ratio and with no

froth layer):

(11.15 )

The term kfc is relatect te kc by substituting Equations Il.15 and Il.8 into Il.14 and

• canceling terms to give:
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( 11.16 )

'Nhen transport is close to perfectly mixed, as approached with small LJDc ratio,

R.: is given only if there is no froth layer by:

R =1 1_
te 1+ kfc • t p

(11.17 )

ln this case, substituting Equations Il.17 and Il.9 into Il.13 gives the following:

(11.18)

Figure Il.2 shows the interdependence of the variables on overall flotation

recovery.

Recovery
(Collection zone)

• Figure Il.2 Interdependence of the variables which control column flotation

recovery performance
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Following is one scale-up procedure:

18

•

1.- Measure kc and carrying capacity (C.> in lab unit processing the system of

interest

2.- Assume a column diameter (De) and calculate aoss sectional area (Ac)

3.- Calculate J,trom Equation Il.7

4.- Calculate 'rI trom Equation Il.6 (assume e, used in lab test)

5.- Calculate U.... trom Masliyah's Equation (Equation Il.23, next section)

6.- Calculate tp trom Equation Il.5 then calculate Nd.

7.- Calculate Re trom Equation Il.3 and calculate Arc trom Equation Il.14

(assume Rd

8.- To have the same Re in the plant column as obtained in lab units, t p must be

increased assuming kc remains constant. The new column geometry can be

determined by substituting the correded 'tp into Equation 11.5.

The main problem in step 7 is ensuring kc remains constant. The criterion

claimed for this is that the same gas holdup - gas rate values in the full size unit

should be the same as in the laboratory or pilot column used to generate the

scale-up data (Finch & Dobby, 1990). A more recent criterion is to preserve the

same bubble surface area flux, Sb (Leichtle, 1998). To provide the same Sb is

largely the function of the bubble generating system. A method of scaling up

spargers to preserve the Sb in a full size column is required (Leichtle, 1998;

Escudero et al., 1997). It is postulated in this thesis that it is necessary to

incorporate 5b in scaling up a flotation column.
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• 2.4 Bubble Surface Area Flux (Sb)

Bubble surface area flux or bubble surface area generation rate is the

surface area of air bubbles generated par unit lime per unit cross-sectional area

of a flotation œil (m2/m2/s) (Finch and Dobby, 1990). This variable controls the

calledion zone rate constant (Gorain et al., 1997; Luttrell et al., 1993). The St. is

not measured directly, but is calculated tram the bubble diameter (db) and

superficial air velocity (Jg):

Based on Figure Il.3, this expression is obtained, as follo'NS:

where:

n = Number of bubbles per unit time of mean size db (assumed spherical)

db = Mean bubble size, cm

S =Surface area of an individual bubble, cm2

Ac = Column cross-sectional area, cm2

•

(11.19)

( Il.20 )
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n
...... ...... .........

~-s

......-Ac
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Figure Il.3 Diagram representing concept of bubble surface area flux.

Combining, Equations Il.13 and Il.19 reduce Equation Il.8 ta:

( Il.21 )

•

Equation Il.21 gives insight into how to preserve kc: assuming Eer is

preserved the sparging system in a full-scale column must provide the same Sb

as the laboratory unit to yield the same rate constant. Figure 11.4 shows a

modified methodology to estimate flotation recovery in the scaling-up procedure.

The main problem in estimating Sb is knowing the size of the bubble (db). There

are indirect and direct methods to determine the size of the bubble; the former is

described next.



Recovery
(Collection zone)
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1LJD.. Jg, JI H Mixing (NJ \

'-----..
1 le, Ep, J.. ~ t = t l
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Figure Il.4 Modified Figure 11.2: Methodology to estimate flotation recovery

incorporating Sb.

2.5 Drift Flux Analysis

Drift flux analysis (Wallis, 1969) considers the relative phase velocity (slip

velocity) and has been widely used to estimate mean bubble size in flotation

columns (Banisi & Finch, 1994; Yianatos et al. 1 1988b). In the case of a flotation

column, the appropriate expression for the relative slip velocity (U..lp) between

the gas phase and the liquid phase is:

u. = Jg + JI
slip & 1-&

g 9

where:

&g = Fractional gas holdup

• J g, JI =Superficial velocities of the gas and liquid respectively, cm/s

( 11.22 )



The slip velocity is given in tenns of the system properties by an expression due

to Masliyah (1979) after Richardson &zaki (1954):•
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( Il.23 )

where:

J.LII =Viscosity of the slurry (pulp), glcm-s

Pli, plip = Densities of the slurry (pulp) and the bubble-particle aggregate

receptively, gr/cm3
.

Assuming spherical bubbles and partieles, and that a partiele occupies a square

area of side dp, the following expression for pbp is derived:

( Il.24 )

YJhere 5 is the fradion of the bubble surface covered with solids.

The bubble swarm Reynolds number is calculated as:

and m is a fundion of the Reynolds number of the bubble (Reb):

m=(4.45+18. ~: )-Re;o" 1 < Reb < 200

( 11.25 )

( Il.26 )

•
m=4.4S*Re;o·1 200 < R8b < 500

Reb = Ubi • P.. • ct..
J,l.,

( Il.27 )

( Il.28 )



The value of m in most cases is approximately 3 (Banisi & Finch, 1994).

Shah et al. (1982) suggest that for El less than 30% the drift flux relationship of

Richarson and zaki (Equation Il.21) is the suitable expression for relating slip

velocity to terminal velocity Ubt:

•
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( Il.29 )

Combining Equations Il.22 and Il.29 and rearranging yields:

( Il.30 )

Equation 11.30 is best reserved for large diameter columns to avoid wall effects

(Dobby et al., 1988). Combining Equations 11.24 and Il.29 and rearranging yields:

9• db
2

• (Pal - Pbp)
Ubt =-18-.J..l-al-.(1 +O. 15 • Ret.0.687)

Equation Il.31 is one form of the relationship:

where Co is the drag coefficient of the gas bubbles.

( Il.31 )

( Il.32 )

There have been a variety of expressions proposed for Co (Table Il.2). Zhang et

al. (1999) recently provided experimental support for the expression of

• Karamanev et al.
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• Table Il.2 Expression given for Co-

24*(1+0.173*Reb f"1e7 0.413
Reb> 130

Turton & Levensp.1 CD + p.< 300 (11.33)
(1_): Reb 1+18300*Re;ulI

kglm3

Conc'" & Almendra
Co = 0.28- (1 + 9.06_Re;o.5r R8b< 10·

(1171):
(11.34)

Schiller & Neumann

(from Dobby fit al, Co = 24 .(1+0.15-Re~·687) Reb< 800 (11.35)

il")
Reb

Karamanev et al.
Reb> 130 (11.38)

(11'2)
Cc = 0.95

There are several ways to resolve these equations and estimate the

bubble size (Banisi & Finch, 1994; Xu & Finch, 1990; Dobby et al. 1 1988;

Yianatos et al., 1988). Ali of the methods involve an iterative procedure.

Following is the procedure used in this thesis:

•

1.- Assume initial db and Reb (typically 0.1 cm and 100, respectively)

2.- Calculate Ubt using Masliyah expression (Equation Il.31)

3.- Calculate Ubt using RSb (Equation Il.28)

4.- Compare Ubt from step 3 and 4; iterate on RSb

5.- Calculate m from Equation 11.26 or Il.27

6.- Assume GA. Eg (100~)

7.- Calculate U.... in the swarm using Equation Il.23

8.- Calculate Re.. (Equation Il.25)

9.- Calculate Ullip using Masliyah expression (Equation Il.24)

10.-Compare Uillp from step 8 and 10; iterate on % Sg

11.- Match experimental % &1 iterating on db
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It is evident in the drift flux analysis ta estimate db that the slurry (pulp)

viscosity should be knOYJl"l. The flow behavior of paper pulp is uncertain judging

tram the evidence (Lindsay & Mostafa, 1995; Duffy et al., 1976). Part of the

problem is the complex interaction of the flexible, elastic, asymmetric fibers 'Nhich

leads to unusual non-Newtonian behavior (Leichtle, 1998; Lee & Cuffy, 1976;

Cuffy et al., 1976; Bird et al., 1960). The fibers have a tendency to flocculate and

form a network structure. This flocculation can take place at consistencies (i.e.

wt% solids) as low as 0.3% (Walmsley, 1992; Bennington et al., 1989).

Generally, flotation cells have to operate at low consistency, 0.8 to 1.3%, as

performance deteriorates at higher values, YJhich appears to be related to the

rapid increase in (apparent) viscosity as pulp fiber concentration (Le.

consistency) increases as shoYtTl in Table 11.3 (after Ogawa et al. 1990).

Table Il.3 Apparent viscosity, J.L, for various values of pulp fiber consistency.

Consistency. %wt 0.15 0.21 0.43 0.62

Viscosity. JI x 103 KgI(m-s) 2.40 2.51 6.36 9.70

Figure Il.5 shows friction versus velocity in a pipe for paper pulp from

Ouffy et al. (1976). It is clear that the hydrodynamic characteristics of the pulp are

different trom water. The pertinent question is how find a value for paper pulp

viscosity relevant to column flotation.

•
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Log Velocity

Figure Il.5 Friction curve for paper pulp. (Ouffy et al., 1976)

The letters refer Figure Il.5:

AB: Plug f1ow'Nhere plug-wall contact predominates

BC: Plug f10w with combined hydrodynamic shear and plug-wall interaction

C: Plug-wall interaction ceases

DE: Plug f10w with water annulus in laminar shear

E: Onset of turbulence in the water annulus

FH: Plug f10wwith an essentially fiber-free turbulent water annulus

G: Onset of drag reduction

H: Onset of permanent disruption of the plug

HJ: Transition regime characterized by increasing turbulence in the fiber/water

annulus and a decreasing size of the plug core with increasing velocity

1: Maximum turbulent drag reduction with the plug core still present

JK Fully developed turbulence with progressive decrease in drag reduction

• and damping of turbulence
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Equation Il.3, the key scale-up equation, includes the vessel dispersion

number (Nd) as the measure of "mixing-. AJthough there are many correlations to

prediet Nd (Table Il.1), none have been developed for paper pulps. It may be

helptul if a correlation could be found for this case.

The elements of a fluid that enter a vessel follow different paths to the

discharge. As a result, the different elements reside for different times in a given

vessel. The distribution of these times for the fluid elements leaving the vesser is

called the exit age distribution (E) or the residence time distribution (RTD). One

method of determining the RTD is the stimulus-response method. A tracer is

introduced to the inlet stream defining time zero and the outlet stream is

monitored continuously to deteet the tracer concentration distribution as it leaves.

An RTD curve is charaeterized by the mean residence time (t) and the area

under the concentration curve (A):

•

A =rCdt == ~ C. • ât. =~o ~ 1 1 Q
1 1

where:

CI = Tracer concentration measured as a funtion of time li, glL, mol/L etc.

V = Volume of the vessel, m3
, L, ml, etc.

Q. =Flowrate of the liquid, Umin, m3/s, etc.

M =Mass units of tracer, Kg, g, moles. etc.

( Il.37 )

( Il.38 )



Once the mesn residence time is obtained trom the RTD data, the normalized

tracer concentration distribution curve E vs t is computed:•
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Next, dimensionless lime is introduced, definecl as:

t0=-
t

28

( Il.39 )

( Il.40 )

A dimensionless RTD curve, E(9) vs. 8, with area equal to 1 is obtained by:

rE(e)i • de = ~E(e), • AO =1
1

( Il.41 )

( Il.42 )

Levenspiel (1999) gives the analytical solution to the axial dispersion model:

( Il.43 )

•

The degree of mixing is quantified by the dimensionless group called the vessel

number, Nd. (section 2.2).
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An essential procass in any flotation machine is bubble produdion. There

is a wide variety of sparging devices for columns ranging trom rigid porous

materials to mechanical systems (Hardie, 1998). An efficient sparger should

produce small uniform sized bubbles at the maximum aeration rate with minimum

maintenance requirements (Huis et al., 1991; Dobby & Finch, 1986b). An

important consideration for scale-up is that the sparger must provide the same

bubble surface area flux (Sb) in the fulf-scale column as in the laboratory column

used to obtain the design data (Leichtle, 1998). Intemal spargers generate

bubbles diredly into the slurry/pulp in the column. This is accomplished either at

thousands of small holes in a porous material or by disintegration of a gas jet

produced at a few fairly large holes (-1 mm). In this thesis rigid porous spargers

are used made of sintered stainless steel (supplied by Mott Industrial) with

different pore sizes. They are commonly employed in small scale experiments

but are not favored industrially because of a tendency to plug. Rigid spargers

have enjoyed some rene\Y8d commercial interest in de-oiling of effluents and,

relevant to this 'NOrk, de-inking of reeycled paper. The interest appears to have

stemmed from a OOHef that they produce the small bubbles required to effedively

remove the fine ink partieles and, because of the low consistency, are less prone

to blockage compared to the situation with high density minerai slurries.

2.8.1 Characterization of Rigid Porous Spargers

Escudero (1998) proposed a methocl to characterize rigid spargers for

column flotation applications based on the prineiple of permeability according

with Darcy. The Darcy theory is based on the pressure drop across a perous

material being diredly proportional to the volume rate of fluid passing through.

• Thus, for a particular porous material, a given pressure drop corresponds to a



given flow rate of the fluid. The particular numerical value of permeability should

be a constant. characteristic of the material, and independent of the fluid used

(API. 1956).
•
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Darcys law represents the laminar flow of fluid through a porous medium

in general terms as:

( Il.44 )

\Nhere:

JI =Volume flux aeross a unit area of the porous medium in unit of time. mis

Kt = Permeability of the medium, m2

fll =Viscosity of the fluid, kglm-s

dP/dS =Pressure gradient along S at the point to which JI refers.

S = Direction of the flow

PI =Density of the fluid, kglm3

g = Gravity acceleration, mls2

Z = Vertical coordinate direded downward

ln the case of horizontal cylindrical porous medium with outward radial flow, the

situation here (Figure 11.6), the permeability is:

•
J. =_Ki. dP

1 Ili dr ( Il.45 )
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Figure Il.& Geometrie characteristics of the stainless steel spargers.

For an incompressible fluid Q is a constant radially acrass the wall of the sparger,

and then:

•
( Il.48 )
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( Il.49 )

( Il.50 )

For compressible fluids Q is not constant, but depends on the pressure gradient

along the wall of the sparger and the temperature of the fluid. Air flo'Nrate,

referenced to 1 atm and O°C, was adjusted to the temperature and pressure

conditions inside the sparger as follows:

( Il.51 )

'Nhere:

Qrp = Flowrate adjusted to temperature and pressure, m3/s

Cm = Volume rate of flow at the mean pressure, m3/s

Pm =Algebraic mean pressure, (P1 + P2) /2, atm

Tm =Temperature of the fluid, OK

For compressible fluids Equations 11.49 and 11.50 become in:

•

( Il.52 )

( Il.53 )
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ln turbulent flow, the unidirectional pressure drop betwaen two locations in

a perous medium, fully saturated with a Newtonian incompressible fluid, can be

obtained trom the Forchheimer extension of the Darcy equation (Joseph et al.

1982).

dP J.1 C_=_1J +_F_. p .J2
d5 KI 1 .JK: 1 1 ( 11.54 )

'Nhere CF is the Forchheimer coefficient and is determined experimentally (Givler

& Altobelli 1 1994).

The equation for radial flow is:

( Il.55 )

On integration:

( Il.56 )

For turbulent flow using a compressible fluid the relationship Q • AP displays an

exponential behavior (Figure Il.7) of the following form (Scheidegger, 1974):

•
( Il.57 )
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( Il.58 )

o Q

Figure Il.7 Representation of linear and non-linear Q - AP relationships.

The point B indicates a change in the flow regime.

A modified Darcy!s law ta calculate the permeability for the sparger with a

Newtonian compressible fluid cornes from Equation Il.52 namely:

•

( Il.59 )

( Il.60 )



Klinkenberg (1941) faund experimentally that the relation between the

measurements of permeability of a parous medium with compressible fluids ta

incompressible fluids is:
•
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( Il.61 )

where:

Kg = permeability of the medium to agas completely filling the pores of the

medium, m2

Ka = permeability of the medium to a single liquid phase completely filling the

pores medium, m2

b =Klinkenberg's constant for a given gas and for a given parous medium

Pm = algebraic sparger mean pressure, (P, + P2) 12, Pa

Ta establish the homogeneity of the SS spargers used in this work the pressure

drop was plotted against the quantity Ra • JI' 'Nhere

( 11.62 )

•

and

Ac =Cross sectional area of the column, cm2

A. =Sparger surface area, cm2

Cm =Volumetrie gas flo'Nrate, cm3/s

Thus the product Ra • JI is equivalent ta volumetric gas rate par unit area of

sparger (Xu &Finch, 1989).
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Three flotation columns were used for this project, two laboratory columns

and one pilot unit. Table Il.4 shO'NS the charaderistics of each. In the text the

columns are referred ta by the IIdesignatedD name.

Table Il.4 Charaderistics of the flotation columns.

Column Inne, Height Material(designation) diamete, (cm) (cm)·

4" Lab 10.4 600 Clear acrylic plastic

6" Lab 15.2 400
Clear aaylic plastic

& transparent PVC

20" Pilot 50.0 550 GrayPVC

* Upto

The columns can be operated manually or automatically using the digital

and analog input/output (1/0) controller OPTOMUX (Figure 11.8). This unit is a 16

point rack that accommodates photo-isolated analog or digital pO'N8r 1/0

modules. Each OPTOMUX unit consists of a removable brain board and an 1/0

mounting rack. The brain board contains a microprocessor which communicates

with the hast computer and contrais the plug in 1/0 modules located on the 1/0

mounting rack.

•
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Figure Il.8 Analog input/output (1/0) controller OPTOMUX

The peripheral equipment for control and data collection consists of:
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• 4 mass air f1owmeters, MKS INC model 1162B, ranges 20, 30, 200 & 400 Um

• 4 magnetic liquid flovvmeters, Fischer &Porter model10D1475

• 3 magnetic liquid f10vvmeter signal converters, Fischer &Porter model 50XM

• 5 pressure transmitters, Bailey model PTSDDD, ranges 200", 360" & 2078-

H20

• 3 variable speed peristaltic pumps, Masterflex modeI7549-32

• 2 centrifugai pumps, Goulds model3196 max. range 300 Um

• 1 centrifugai pump, Franklin electric model 4103007432, 3/4 HP

• 2 control valves, DeZuric

• Temperature ICTO probes, Transduction modo ICTD P/N1662, range -40 to

150 oC

• 1 Condudivity sensor, Bailey T81 model T8054

• 1 Condudivity meter, Bailey model 440

• 1 Conductivity meter, VWR Scientific model 2052

• 1 Video camera, Sony handicap model CCO-V801.



The peripherals were attached ta the OPTOMUX. This unit digitized the 4

20 mA analog or digital signal which was then transmitted ta a Pentium 300 MHz

computer. The software used for data acquisition and control was FIX DMMI 32

bit version 6.3 for windows 95198 by Intellution.

•

•

Chapter Il: CoIumn Flotation Scale.up 38



•
Chapte' 1": 8ubble Genendors

CHAPTERltt

Bubble Generators

3.1 Introduction
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The bubble generator devices used in this 'NOrk are stainless steel parous

spargers. The first step was to try to characterize the spargers. in particular as a

check on their homogeneity. Work by Hardie (1998) and Leichtle (1998) has

sho'M'l that the sparger type is not important compared to the St, produced.

Therefore. although rigid spargers are not the choice for full scale operation they

are adequate to demonstrate the principles at issue here.

3.2 Objective

The objective of this part of the thesis is to establish the homogeneity of

the stainless steel spargers (55 spargers) used in this \YOrk by determining their

permeability according with Darcy's law.

3.3 Experimental

A series of experiments were designed to collect pressure loss data for

water and air flowing through rigid 55 spargers in the laboratory and pilot units.

The characteristics of the spargers are given in Table 111.1. A design to allow the

installation of different size spargers in the form of porous tubes 0.025 m in



diameter was made (Figure 111.1), comprising in a 55 base where the sparger

was maintained in position by a specially designed nut and boit.•

•
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Table 111.1 Characteristics of bubble generating devices.

Pore Size ...
Column 555parger# R.

(~m) (cm)

1 0.5

2 2

3 5

4" Lab 4 10 10.5 0.96

5 20

6 40

7 100

6" Lab 1 0.5 28 0.82

1 26 9.76

2 " "

3 " "
20" Pilot 0.5

4 u "

5 " u

6 43 5.90

where:

Pore size is nominal value according with manufacturer

L. is length of the sparger, cm.

R. is cross sectional area of the column relative to sparger surface area

40
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Lateral view Section AA' Top view
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...............- .... Nut

Porous
55 sparger

~.........r-"" 55 babe

Figure 111.1 Sparger construction details.

The set-up used to collect pressure 1055 data with water as fluid test is

depicted in Figure 111.2. In the tirst case, the sparger was installed at the bottom

of an acrylic tube (column), 0.105 m in diameter and 1 m in length. Water was

delivered using a centrifugai pump and the flowrate was measured using a

magnetic flowmeter. The tube, which was completely immersed, was provided

with t'NO outlets, one for the water to exit the tube and the other used as a

pressure tape The pressure drop across the sparger was measured with a

differential pressure transducer and the temperature of the water was measured

using an ICTO probe.
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Figure 111.2 Experimental set-up to collect pressure loss data with water as test

fluid.

ln the case of air as test fluid, flovvrate was measured and controlled using

a mass flowmeter and temperature was measured using an ICTO probe. As in

the previous case, the pressure drop across the sparger was measured using a

differential pressure transducer. The set-up is described in Figure 111.3. The

instruments in bath cases were linked to the signal conditioning and interface

unit, OPTOMUX. Continuous monitoring and registering of the data was

performed through a computer running the software FIX-MMI. Table 111.2 shows

the test fluid and spargers combinations.
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Figure 111.3 Experimental set-up ta collect pressure loss data with air as test fluid.

Table 111.2 Test fluid for each sparger.

Column 55 sparger# Test Fluid

4" Lab 1,2,3,4,5,6,7 Water

4" Lab 1,2,3 Air

6" Lab 1 Air

20" Pilot 1,2,3,4,5,6 Air
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• 3.4 Results and Discussion

3.4.1 Water as Test Fluid
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Darcy's law represents a relationship bet\Yeen the filtration velocity (Q),

and the gradient of pressure (AP). Figure 111.4 shows the Q. AP relationships for

the set of 7 S5 spargers used in the 411 column with different porosity (nominal

pore size according ta manufacturer see Table 111.1) using water as test f1uid.
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Figure 111.4 Q. AP relationship for spargers used in 4 11 lab column with water as

test fluid.
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Table 111.3 shows the calculated values of permeability for water (Kt) and

Forchheimer coefficient (CF) according to Equation 11.56, the Forchheimer

extended Darcy equation. According to Figure 111.4, the pressure drop decreases

when the nominal pore size increases. Sparger 7 has the smallest pressure drop

because it has the largest pore size, thus the largest permeability. Spargers 2

and 3 show similar results even though they have different nominal pore size.

That is, the results suggest that these t'No spargers have similar permeability.

Table 111.3 Permeability of the spargers used in the 4" lab column with water as

test fluide

Nominal Pore
SS Sparger# KI (darcy) CF

Size (Jlm)

1 0.5 0.041 43.600

2 2.0 0.480 11.222

3 5.0 0.598 10.849

4 10.0 2.035 0.005

5 20.0 2.937 0.072

6 40.0 6.538 2.460

7 100.0 133.09 0.462



Chapter III: Bubble Generators 46

• 3.4.2 Air as Test Fluid

Figure 111.5 shows the Q - AP relationship for three spargers from the set

using air as a test fluid. In this case the floYA'ate was adjusted to temperature and

pressure according to Equation Il.51. Table 111.4 sho'NS the apparent permeability

of the spargers (Kg) according with Equation Il.60 and the permeability correded

(Kr) according to Klinkenberg's equation (Eq. Il.61).
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Figure 111.5 Q - AP relationships for spargers used in 4" lab column with air as

test fluid
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Table 111.4 Permeability of the spargers used in 4" lab column with air as test fluid

and permeability corrected according to Klinkenberg's equation.•
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Nominal Pore
SS Sparger t# Kg (darcy) n Ki (darcy) B

Size (J.1m)

1 0.5 0.131 1.209 0.039 2.436

2 2.0 0.515 1.032 0.458 0.132

3 5.0 0.662 1.020 0.599 0.110

Comparing Tables 111.3 and 111.4 shows the values of permeability for water

and air are in excellent agreement, reinforcing that the fluid condudivity of a

porous material does not depend on the test fluid. Figure 111.6 shows the Q - AP

relationships for spargers used in the 6" lab column and 20" pilot unit using air as

test fluid. As in the previous case the flovvrate was adjusted ta temperature and

pressure according ta Equation Il.51. Sparger 1 for the 6" column, and 2 and 4

for the 20" pilot unit show different results from other spargers with the same

nominal porosity, suggesting a lack of homogeneity in the sparger materia!. The

permeability results are given in Table 111.5.
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Figure 111.6 Q • AP relationships for spargers used in 20" pilot and sn lab column

with air as test fluid.



Table 111.5 Permeability of the spargers used in 6" lab column and 20" pilot unit

with air as test fluid, nominal pore size 0.5 J.UTl and permeability correded

according to Klinkenberg's equation.
•
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Column SSSparger# Kg (darcy) n Kt Cdarcy) b

6" Lab. 1 0.336 1.064 0.217 0.126

1 0.037 1.190 0.022 0.540

2 0.087 1.118 0.061 0.457

3 0.034 1.177 0.023 0.527
20" Pilot

4 0.254 1.045 0.210 0.225

5 0.080 1.080 0.069 0.191

6 0.016 1.225 0.009 0.802
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Figure 111.7 shows a comparison bet'Neen the spargers with the same

nominal pore size of 5 J-lm. Ali the spargers show different results, proving again

that they are not homogeneous even though they have the same nominal pore

size. Later it will be shown that the spargers do provide a consistent gas holdup

gas rate relationship despite variations in measured permeability. Escudero

(1998), showed this to be the case for spargers of nominal pore size ~ 2J.U1l (Le.

spargers could be variable in permeability but the gas holdup - gas rate

relationship was not affected). The present results suggest that the lack of

correlation betYleen sparger permeability and the gas holdup - gas rate

relationship is more general. Permeability, while checking sparger material

homogeneity, is not an adequate guide to the gas holdup vs gas rate that will be

produced.
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55 5parger: 20" pilot • 1 • 2 • 3 0 • 0 5 0 6 6" Col. • 1 ... Col. 6 1 !

Figure 111.7 âP - (Jg • Re) relationships for ail spargers with nominal pore size

0.5 Jlrn with air as test fluid.
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• 3.5 Summary of the Chapter

51

• Permeability determined with both air and water as test fluid was similar,

demonstrating that permeability of a porous material does not depend an the

test fluid, but refleds only the nature of the sparger material itself.

• AP - (Ra • Jg) relationship can be used as a quality check on the hamogeneity

of the spargers.

• Permeability sha'Ned that the spargers are nat homogeneous even though

they have the same nominal pore size.

The raw data for ail these experiments are given in Appendix A

•
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Paper Pulp Viscosity

4.1 Introduction
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The rheology of paper pulp is evidently complex (Lindsay & Mostafa,

1995; Bennington et al., 1990; Ogawa et al., 1990; Duffy et al., 1976; Lee &

Cuffy, 1976; Vaseleski & Metzner, 1974; Kerekes, 1970). The interaction of the

flexible, elastic, asymmetric fibers leads ta unusual non-Newtonian behavior

(Leichtle, 1998; Cuffy et al., 1976; Lee & Duffy, 1976; Bird et al., 1960). The

fibers have the tendency to f10cculate and form a netvJork structure. This

flocculation can take place at consistencies as lowas 0.3% (Walmsley, 1992;

Bennington et al., 1989). Flotation œlls in de-inking have to operate at low

consistency, 0.8 ta 1.3%, ta Iimit the impact of viscosity on the process. Paper

pulps at this consistency have a density close to that water, but the viscosity is

very different. There are many ways to measure viscosity, but they do not

necessarily provide a good estimation of viscosity of paper pulp relevant to a

flotation column, because most techniques will use shear conditions different

from those in flotation. One purpose of this chapter is to obtain a possible relation

betvieen the viscosity of paper pulp and consistency under column flotation

conditions. One important application of this knowtedge is ta solve for bubble size

using drift flux analysis 'Nhere viscosity is an input. Two techniques 'Nere selected

ta measure the viscosity. In the tirst, an experimental analysis of the flo\\1"ate and

pressure drop relationships for turbulent f10w of tiber suspensions through rough

pipes was used (Ogawa et aL, 1990; Cuffy et aL, 1976; Kerekes, 1970). While it

proved difficult to extrapolate to the shear conditions in the column, the technique

gave useful information on the effect of the temperature on viscosity. The second



approach used was drift flux analysis itself. Experiments to measure the bubble

size photographically and back calculate viscosity by drift flux analysis 'Nere

performed in the 4" lab column.
•
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4.2 Objective

Ta determine the apparent viscosity of paper pulp as a function of

consistency (GA» solids) under conditions relevant to column flotation.

4.3 Experimental

4.3.1 Measurement of Viscosity with Moody-Colebrook

and Darcy Equations for Turbulent Flow

4.3.1.1 Technique

A series of experiments measuring pressure head loss (AP) as a fundion

of liquid flowrate (q) vvere performed using paper pulp suspensions pumped

continuously through a test loop. The test fluid was pumped at different

temperatures through t'NO test sections of galvanized pipe, each 4.5 m long of

inside diameter 1.48 and 2.10 cm. For these condition the flow is turbulent. The

distance bet\Yeen pressure taps was 3.60 m. Figure IV.1 shows the experimental

set-up. The liquid flowrate was measured using a magnetic flovvmeter with a

signal converter. The pressure head loss data was measured with two differential

pressure transmitters and the temperature with an leTD probe. Ali the

instruments vvere connected or monitored using a signal conditioning and

interface unit and a computer. Outputs 'Nere monitored and collected through a

software package.
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Figure IV.1 Experimental loop used to measure the friction factor and relative

roughness.

The friction factor (f) and the Reynolds number relationships 'Nere

determined for water, solutions of polyacrylamine and paper pulp suspensions.

The water was used to determine the relative roughness (e/dplpe) of the pipe and

the polyacrylamine solution, with kno'Nl'l viscosity, was used to verity the

procedure. Reynolds number (Re) was estimated as:

•
( IV.1 )



•

•
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where:

PI =Density of the fluid, glcm3

JJ.I =Viscosity of f1uid, gr/cm-s

i =Refers to f1uid test

dpipe =Inner diameter of the pipe, cm

V=Velocity of the f1ow, cmIs and is given by:

v =--.9L = Volumetrie liquid flowratel cm3 1s
Apipe Pipe cross sectional areal cm2

The friction factor (f) was calculated using Darcy's law for turbulent flow:

~P·d··2f = IMpe

Pi. L1L. V2

1 ( E dp.J 2.51
f O.5 =-2*log 3.7 + Re*fo.5

Re =~ 2_.5_1_~__

10~-~~~:JEdpipo) *fO.5

3.7
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( IV.2 )

(IV.3 )

(IV.4 )

( IV.5 )

(IV.6 )
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.Pi • dpipe * V
J..1.i= Re

where:

AP = Pressure head loss, Pascal

AL =Distance belYleen t'NO points along the pipe, cm

56

(IV.7 )

•

The relative roughness (s/dplpe) of the pipe was estimated using the

Moody-Colebrook mode1 (Equation IV.5). For the polyacrylamine solutions and

paper pulpst knowing the fridion fador (f) and s/d, the Reynolds number (Re) is

calculated from Equation IV.6. The viscosity of the fluid i (J.1I) is then found as a

function of Re (Equation IV.7).

4.3.1.2 Results

Table IV.1 shows the estimation of s/d for the t'NO pipes using water as a

fluid test at three temperatures. They are similar for each temperature and an

average value of s/d was taken for subsequent calculations.

Table IV.1 Values of relative roughness for the galvanized pipes

Diameter [in] 1/2 3/4

TrC] 26 35 47 26 35 47

(s/dpipe) 0.00244 0.00248 0.00256 0.00483 0.00484 0.00491

Avg (s/dpipe) 0.00249 0.00486



Figure IV.2 shows the comparison betvveen the viscosity measured using

the pipe set-up and that measured using a Cannon-Fenske viscometer for the

0.03 %wt. polyacrylamine solution (i.e. the viscometer gives the "knownD value).

The measured values agree closely with the "known" value, therefore, the

technique is judged suited to estimate the viscosity of paper pulp.

•
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Polyacrylamine 0.03 %wt
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Figure IV.2 Comparison bet\wen measured and known viscosity in the pipe loop

for a polyacrylamine 0.03 °A,wt. solution.

•

To explore the effect of the paper tibers on viscosity, tirst the tibers were

removed from the pulp to generate "grey water" 'Nhich was circulated in the loop.

The comparison behNeen tap water and grey water is shown in Figure IV.3. The

figure shows that the viscosity of the grey water is larger than the tap water. Also,

the effect of temperature is more evident with grey water .. as temperature



increases the viscosity increases. Residual clay and reagents in the grey water

are likely the cause of this behavior.•
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The experimental relation bet\Yeen the flowrate and apparent viscosity of

the paper pulp for two values of pulp consistency are shoYtTl in Figure VII1.4 and

VIII.S. The figures show that the flow behavior of the paper pulp is complex.

According with the results there is an effed of tube diameter, consistency and

temperature. The effect of tube diameter on paper viscosity is observed in ail

experimental data. Using the smaller diameter pipe (1/2") over ail range of

flowates studied, the values of viscosity are smaller than the values from the

larger diameter pipe (3/4"). One explanation is that interaction betvveen the free

fibers and the wall of the pipe produces high friction losses.

The consistency of paper pulp has a dramatie effect on the apparent

viscosity. The value of viscosity increases YJhen the consistency decreases. At

low consistency (0.017%), the fibers are free to move with little or no interaction.

At the higher consisteney (0.91 %) the fibers interact to produce flocs. These flocs

interlock to form coherent net\YOrks which accumulate in the central or core

region of the velocity field in the tubes (Kerekes, 1970). This is surrounded by an

annulus of the suspending liquid (water), which is nearly fiber free; as a result

there is less friction and lov.ter viscosity. As is the case with grey water when the

temperature increases, the viscosity increases. Temperature is an important

factor in the de-inking process. At high temperature the fibers have a tendency to

expand (and the ink partieles detach more efficiently). This phenomenon reduees

the annulus of water near the pipe wall. As a result friction lasses increase and a

high value of viscosity results

According with the results and previous attempts to understand paper pulp

flow behavior in pipe lines (Bennington et al., 1990; Ogawa et al., 1990; Lee &

Ouffy, 1976; Ouffy et al., 1976; Kerekes, 1970) fiber suspensions are possibly

• unique. In turbulent flow, the fibers in suspensions are subjected to high shear



rates and YJhen there is insufficient volume for the fibers to move freely, they

form a net'NOrk offlocs. As a result the viscosity changes significantly.•
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PaperPulp
% Consisteney = 0.017%
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• 4.3.2 Measurement of Pulp Viscosity by Back

Calculation from Direct Bubble Size Measurements

4.3.2.1 Concept

Given the difficulty in estimating viscosity relevant to column flotation a

new approaeh was devised. The proposai is to use bubble size measurements in

the flotation column and back calculate viscosity by drift flux analysis.

Photographie techniques to measure the bubble size in flotation systems have

been reported by many authors (Parthasarathy & Ahmad 1996; Varley, 1995;

Miyahara & Hayashino, 1995; Diaz - PelÏafiel & Dobby 1994; Tucker et al. 1994;

Zhou et al., 1992; Dobby et al., 1988; Yianatos et al., 1988b). HO'Never, most are

for gas - water systems. A device - a so called bubble viewer - to colleet a

sample of bubbles in slurries has been developed by the minerai processing

group at McGili University. A schematic of the vie'Ner is given in Figure IV.6. The

chamber and tube are first filled with grey water from the plant (in this case) and

inserted in the column. The use of grey water ensures the same chemical

environment for the bubble as it enters the vie'Ner. The air bubbles rise through

the liquid column in the tube to the angled window of the chamber. Angling the

window ensures the formation of a single layer of bubbles 'Nhereby overlap of

bubbles is minimized and the viewing plane is unambiguous. The bubbles are

videotaped and transferred to a computer for image processing. Typically 300

bubbles 'Nere sized by hand for each condition. Using the Sauter mean diameler

da (Eq. IV.8), the viscosity of paper pulp was found by back calculation using drift

flux analysis.

•
'n.. d~d =L..J 1 1

S 'no .d~L..J 1 1

(IV.8 )
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Figure IV.6 Schematic representation of the bubble vieY/er
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•

The 4" lab column, 450 cm high, was used in this experiment. Air bubbles

'Nere produced with the 55 sparger # 3 (nominal pore size 5 Jlm). The column

was fed continuously from a 70 L stirred-vessel filled with sample from the plant

flotation circuit feed. Three pressure transmitters 'Nere installed at intervals along

the length of the column both to measure the gas holdup and to control level

(position of the pulplfroth interface). Two peristaltic pumps equipped with 1/0

cards controlled the flow of feed and accepts measured by magnetic flowmeters.

The air rate was regulated by a mass flowmeter/controller. The instruments 'Nere

controlled or monitored using a seriai communication interface OPTOMUX and a

computer. The software package for data collection and column operation was

FIXMMI. The set-up is illustrated in Figure IV.7. The conditions of the

experiments are given in Table IV.2.
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•

Figure IV.7 Experimental set...up to measure bubble size

Table IV.2 Experimental conditions for direct measurement of bubble size in

paper pulp system

Superficial air velocity, Jg (cm/s) 0.5, 1.0, 1.5

Superficialliquid velocity, JI (cm/s) 1.25

Temperature, T (OC) 35 +/... 3 oC

Paper pulp consistency, S (0i») -0.97

•
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4.3.2.2 Results

64

•

Measurement of bubble size distribution was performed for three air

velocities up to 1.5 cm/s. At higher velocities large bubbles appeared 'Nhich 'Nare

difficult to collect in the viewar (the tube diameter was probably too small).

Examples of the bubble images and the measured size distribution are shawn for

Jg =0.51 crnJs and 1.5 cmJs in Figures IV.8 through 11; the computed Sauter

means are given in Tables IV.3 and 4.

Figure IV.8 Bubbles generated in paper pulp suspension, Jg =0.51 cm/s
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Bubble Size Histogram
Jg =0.51 cm/s
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Figure IV.9 Bubble size distribution for paper pulp suspension, Jg =0.51 cm/s

Table IV.3 Details of bubble size measurement with Jg =0.51 cm/s

Measurement Cla55 Mid point Relative Frequency
db (mm) db (mm) Frequency

0.00 0.16 0.08 0.00 0
0.17 0.34 0.26 0.02 5
0.35 0.51 0.43 0.04 11
0.52 0.69 0.60 0.29 86
0.70 0.86 0.78 0.27 80
0.87 1.03 0.95 0.13 38
1.04 1.21 1.13 0.09 28
1.22 1.38 1.30 0.06 17
1.39 1.56 1.47 0.05 16
1.57 1.73 1.65 0.01 4
1.74 1.90 1.82 0.05 14
1.91 2.08 2.00 0.00 5

Sum= 1.00 304

Sauter db (mm) = 1.15
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Figure 1V.10 Bubbles generated in paper pulp suspension, JI = 1.51 cmIs

Bubble Sïze HistDgram
Jg =1.51 cm/s

0.16 -----------------------~

0.14 - - - - - - - - - - - - - - - - - - - - - - - -,.=. - - - - - - - - - - - - - - - - - - .

-

~ 0.12 ------------i""':""+---+--+------------.;
C :'7' ~

! 0.10 ~-----___+.._.+___+_t__--4- .r--t-+---------
cr
!u.. 0.08 ------___+-+-~~f___+_-+ }---+-'t-+:-i---------

•>ï 0.06 ,-. -.-
G' 0.04 --l--t---t t---i-t---t-+--t-t--i~-i

Hubble Size, db (mm)

Figure 1V.11 Bubble size distribution for paper pulp suspension, JI = 1.51 cmJs

ID
~
N

0.02 --~~ t---+-t--t-+----+-.....-...tr-t--t. 't--t-t--t-t---1I-t--+-r-1' -t----~

n0.00 __....L-.-L-L.....lo..,...L-....J.o.o,I..................L-............L....--l-"'-~~~....;.......Aa.ooL_........,,__"_Io_"_~~..........._.._~

r; 1
fit fit

•



•
Chapter IV: Paper Pulp Viscosity

Table IV.4 Details of bubble size measurement with Jg =1.51 cmJs

Measurement Class Mid point Relative Frequency
db (mm) db (mm) Frequency

0.00 0.18 0.09 0.00 0
0.19 0.37 0.28 0.05 13
0.38 0.56 0.47 0.06 17
0.57 0.75 0.66 0.05 14
0.76 0.94 0.85 0.11 33
0.95 1.13 1.04 0.11 32
1.14 1.32 1.23 0.09 25
1.33 1.51 1.42 0.12 37
1.52 1.70 1.61 0.14 41
1.71 1.89 1.80 0.09 26
1.90 2.08 1.99 0.06 19
2.09 2.27 2.18 0.07 22
2.28 2.46 2.37 0.05 15
2.47 2.65 2.56 0.01 4
2.66 2.84 2.75 0.00 0

Sum= 1.00 298

Sauter db (mm) = 1.73

67

•

As can be seen from the histograms, as the air velocity increases, the size

distribution widens and moves to larger bubbles. From the Sauter mean bubble

size, values of paper pulp viscosity 'Nere estimated by back calculation (Table

IV.5).

Table IV.S Estimates of paper pulp viscosity.

Jg(cmls)
Sauter db )1 (cpoise)

8g (%)
(mm) al 35°C +/- 3°C

0.51 5.10 1.15 1.263

1.03 7.47 1.41 0.861

1.51 11.31 1.73 1.601



The values of viscosity are between those of tap water and gray water

namely ca. 0.72 cp and ca. 4.2 cp, respedively (Figure IV.3). This is a potentially

significant finding and is the tirst attempt to support the use of water properties,

adapted by Finch et al. (2000), for pragmatic purposes. As a further

demonstration that water properties are appropriate, Figure IV.12 compares the

predided bubble diameter trom drift flux analysis using bath tap water (0.72 cp)

and grey water (4.2 cp) viscosity compared to the measured. While either value

could be used, to a tirst approximation the trend in the measured db is preserved

in the estimates using water viscosity. This tad is exploited later to estimate db

and hence bubble surface area flux in column scale-up.

•
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Figure IV.12 Comparison between measured and predided bubble diameter

calculated trom drift flux analysis using bath tap water and grey water.
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• 4.4 Summary of the Chapter

69

• T'NO methods to estimate the apparent viscosity of paper pulp were tested:

Fluid flovvrate - pressure head loss data in a pipe loop; and a novel approach,

measurement of bubble size and back calculation using drift flux analysis.

• The flow behavior of paper pulp is complex: According wïth the results there

is an effed of pipe diameter, consistency and temperature.

• The turbulent flow of fiber in suspension is subjed to high shear rates and

'Nhen there is insufficient volume for the fiber to move freely, they

agglomerate and form networks of flocs. As a result the viscosity changes.

• The information obtained from the loop test may not be representative of the

behavior in a flotation column.

• The estimate of viscosity using the back calculation procedure suggested

values not far different tram tap water.

The raw data and calculations for ail these experiments are given in Appendix B

•
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CHAPTERV

Gas Dispersion in Paper Pulp

5.1 Introduction
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•

The major properties of gas dispersed in a flotation column are gas holdup

(Eg), superficial gas velocity (Jg), bubble size (db) and the derived parameter,

bubble surface area flux (Sb). Many attempts have been made to understand gas

dispersion in paper pulp suspension (Reese et al., 1996; Lidsay et al., 1995;

Walmsley, M.R.W. 1992; Pelton & Piette; 1992). However, these studies \Nere

conducted under conditions not corresponding to those in a flotation column. In

this chapter, the hydrodynamics of gas/pulp systems is revievved. Experiments

'Nere performed in the 4" lab column to explore of the effect of pulp consistency

on Eg.

5.2 Objective

The objective of this chapter is to determine the effect on gas dispersion of

sparger type (porosity) and paper pulp consistency: The measure of gas

dispersion is gas holdup.
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• 5.3 Experimental

The experiments YJere performed using the 4" lab column at Bowaters

Gatineau de-inking plant. The experimental set-up and the test facility are

iIIustrated in Figures V.1 and 2, respectively. The column was fed continuously

with paper pulp from a 70 L stirred-vessel filled from plant flotation circuit feed.

Three pressure transmitters YJere installed at intervals along the length of the

column both to measure the gas holdup and to control the position of the

pulplfroth interface. The air rate was regulated by a mass floYmleter/controller.

Bubble generation used six different porous 55 spargers with nominal pore size

0.5,2,5, 10,20,40 and 100 J,lm. T'NO peristaltic pumps equipped with 1/0 cards,

controlled the flow of feed and accepts. Which YJere measured with t'NO magnetic

flowmeters. Ali instruments 'Nere controlled or monitored using a seriai

communication interface OPTOMUX and a computer. The software package for

data collection and column operation was FIXMMI.

Figure V.1 Experimental set up for measuring gas holdup
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Figure V.2 Column flotation test facility at Bowater's Gatineau plant.

72

•

Table V.1 is a summary of the experimental design. The spargers were

cleaned with hydrochloric acid before each experiment and the pulp temperature

was that of the plant (40°C +/- SOC). The depth of the froth was maintained at 50

cm (+/- 5 cm) trom the top of the column. The pulp dilution water was grey water

trom the plant thickener.



•

•
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Table V.1 Experimental design for the 4" lab column.

Sparger Jg (emls) JI (em/s) % Consistency T (+1- SOC)

1 to 7 0.5, 1.0, 1.5, 2.0, 2.5 1.25 1.0 40

1 O.S. 1.0. 1.5. 2.0, 2.5 1.25 0.5.0.7,1.0,1.5 40

6 O.S. 1.0, 1.5, 2.0, 2.5 1.25 0.5, 0.7, 1.0, 1.5 40

5.4 Calculations

5.4.1 Level Control

The froth depth (Ievel) in the column was controlled with the FIX DMMI

software package PlO routine. The PlO block maintains balance in a closed loop

by changing the controlled variable (feed flowrate) in response ta deviations from

a user-defined set point (Ievel in this case). The error or deviation is the

difference between the adual value and the set point, calculated using

information from the pressure transmitters. In response to this error, the PlO

black calculates an appropriate control output signal, YJhich attempts to reduce

the error to zero. The adjustment that the PlO block makes is a function of the

difference between the set point and the measurement, in addition to the values

of the proportional band, the reset, and the rate. Figure V.3 shows the installation

for estimating level in the flotation column. Equation V.1 was used to calculate

the level from the three pressure transmitters (Gomez et al., 1997).
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Cleaning
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Air ...
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Figure V.3 Schematic of level measurement using three pressure transmitters.

(V.1 )

•

where:

PI =Pressure of the point i, m water

HI = Height i, m

Pf =Oensity of the cleaning zone, Kglm3

Pc = Density of the calledion zone, Kg/m3

9 =Gravity acceleration, 9.81 m/s2

L =level, m

Key:

P1 =Pt. H, * 9

Pz = Pt * L • 9 + Pc • (H2 -l) • 9

P, =Pt • L • 9 + Pc • (H3 - L) • 9
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• 5.4.2 Gas Holdup

Gas holdup (&g) is the fraction of air in a known volume of air + pulp.

Provided density is not a fador, as is the case here with such low consistency

pulps, &g can be measured using the pressure drop between t'NO points along the

column (see Figure V.4). Liquid manometers or transducers (as here) can be

used to measure the pressure. Gas holdup is then calculated from:

(V.2 )

where:

t1H =Difference in manometer heights, m

t1P = Pressure difference, m ofwater

t1L =Distance between the pressure transmitters P2 and P3, m

PI =Density of the liquid or slurry

9 = Gravity acceleration, 9.81 m/s2

Figure V.4 Schematic of gas holdup measurement.
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• 5.4.3 Paper Pulp Consistency

76

Consistency of the paper pulp is the dry weight percent solids. Bowater's

de-inking process operates with consistencies bet\Yeen 0.80 to 1.35 %. The

consistency was measured using the plant procedure as follows:

1. 250 ml of paper pulp suspension was accurately measured

2. The sample was poured into a Buchner funnel and tiltered using pre-Yleighed

Ahlstrom tilter paper (61? grade, 15 cm diameter, very fast filtration speed)

3. The pad and tilter paper \Vere removed from the tunnel and any remaining

fibers \Nere collected on the inside of the funnel

4. The pad and tilter paper were placed in an oven at approximately 150°C until

dry

5. After drying, the pad and tilter paper were 'Neighed on an electronic balance

The consistency calculation was as follows:

[(W +w. )-w ]% Consistenc.y = Pulpdry ~lI8r~per ~II8rPlllper *100
WPuIP'MIt

5.5 Results and Discussion

5.5.1 Effect of Sparger Pore Size

(V.3 )

•
Figure V.S shows the effect of sparger type (determined by nominal pore

diameter) on gas holdup for the same consistency. The sparger # 1 with the

finest pore (0.5 J,lm) gave the highest gas holdup. Sparger # 7 (100 flm),

producing large bubbles that rise quickly, as a result gave the IOYJest gas holdup.



The results are much as expeded, confirming the trend with nominal pore size

despite uncertainly in permeability (Chapter III).•
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Figure V.S Effed of sparger nominal pore size on gas holdup.

5.5.2 Effect of Paper Pulp Consistency

Paper pulp consistencies used in this experiment \Vere from 0.50 ta 1.35°A»

with dilution ta control consistency made using the grey water obtained from the

plant thickener. Figures V.6 and V.7 show the effect of the air velocity on gas

holdup for the different consistencies using spargers # 1 and # 6. The general

trend was that gas holdup deereased with increasing consistency (Figures V.6-

• 10). Janse et al. (1999) found the same in previous work at Bowater and Lindsay



et al. (1995) and Reese et al. (1996) also report this trend. Sorne authors

suggest the reasan is that the fibers promote bubble coalescence. Pelton and

Piette (1992) found as the consistency increased, the fibers act as barriers to

upward bubble motion resulting in the formation of large bubbles. Walmsley

(1992) observed coalescence at 0.10% consistency, 'Nhere bubbles can still be

seen clearly. There is no confirmatory evidence of coalescence in this slurry

(partly because at the consistencies used visual inspection is restricted). Banisi

(1994) offered a novel interpretation: the presence of solids increased bubble rise

velocity through a viscosity...related effect on the bubble wake size and hence

reduced gas holdup. The exad cause in the present case ramains unknown.

•
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Sparger Il 6 (40 Ji m)
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Sparger , 1 (0.5 J.L m)
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• 5.6 Summary of the Chapter

81

• Gas holdup at a given gas rate increased as nominal pore size decreased,

as expected.

• For every air flowrate, gas holdup decreased with increasing consistency.

The conventional explanation - fibers cause coalescence and the

resulting large bubbles rise rapidly - is assumed here.

The raw data for ail these experiments are given in Appendix C

•
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CHAPTERVI

Mixing

6.1 Introduction

82

The degree of mixing is required for scale-up. Column f1otation has been

the subject of numerous investigations to try to model mixing (or transport)

(O'Connor & MiIIs, 1995; Luttre1 et al. 1993; Ityokumbul, 1992; Ynchaustl et al.

1988; Oobby & Finch, 1986; Shah et al. 1982; Flint, 1973). Among the parameters

to quantify mixing, one commonly recognized is the dispersion number and/or the

axial dispersion coefficient. Joshi and Sharma (1979) linked the axial dispersion

coefficient to vessel diameter and velocities of the fluids. Mavros et al. (1989)

found the axial dispersion coefficient increased (i.e. mixing increased) with gas

flow rate up to velocities of 0.1 cm/s, beyond Ylhich there was no effect.

Conversely, decreased liquid velocities resulted in an increase in mixing.

Unfortunately, the range of air velocities is an arder of magnitude below typical

column operating conditions. Reith et al. (1998) measured gas holdup and mixing

as a function of air velocity and related the axial dispersion coefficient ta the

liquid velocity and column geometry. This relationship held as long as the air

velocity was in excess of 10 cm/s. Again, these conditions are outside the typical

conditions found in column operations.

Severa1 expressions have been developed Ylhich relate the dispersion

coefficient to various parameters (see Table 11.1), although the validity has not

been established over a range applicable to column flotation. Columns are rarely

operated at gas rates that exceed 2-5 cm/s or designed with height ta diameter

• ratios that exceed 5-8:1 (Finch and Dobby. 1990). It may be helpful if a



relationship relevant to column flotation in paper pulp systems could be derived.

This is tackled here by determining the residence time distribution (RTD) as a

function of selected variables from which Nd was estimated by a fitting routine. A

conductivity method was employed to determine RTD similar to that employed by

a number of investigators (Mavros & Danilidou, 1993; Xu & Finch, 1991;

Matsumoto et al., 1989; Kata & Nishiwaki, 1972).

•
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6.2 Objective

The objective is ta relate the axial dispersion number Nd determined from

the RTD as a function of column geometry and flow conditions in paper pulp

systems.

6.3 Experimental

Liquid residence time distribution (RTD) was measured using the stimulus

response technique. A pulse, consisting of an appropriate amount of an aqueous

solution of potassium chloride (Kef -200AJ \Yeight) was introduced into the

incoming liquid (feed) stream, and the response was monitored by recording the

change in condudivity of the fluid exiting from the underflow stream. Potassium

chloride (KCI) was chosen as the tracer because it meets the basic requirements

for an RTD test as outlined by Shah et al. (1978):

1. The tracer should be miscible in and have physical properties similar to the

fluid phase of interest, and should not be transferable to the other phase or

phases in the system.

2. The tracer should be accurately detectable in small concentrations 50 that

• only a small quantity need be injeded into the system, thus minimizing



disturbances in the established flow pattems. Also. a concentration range

which yields a linear response on the deteetion system is highly desirable.

3. The tracer detection system shauld cause the least amount of disturbance to

the flow pattems.

4. A sensitive and quick detection response time is needed.
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•

Experiments 'Nere conducted in the three columns to give a range in height

to-diameter ratio (L.JDc). A summary afthe experimental design is given in Table

VI.1.

Table VI.1 Experimental design to estimate Nd in paper pulp systems

Column 4" Lab. 6" Lab. 20" Pilot

Diameter (cm) 10.16 15.24 50.00

Height (cm) 243 163 110 258 173 430

LJOc 23.9 16.0 10.8 16.92 11.35 8.6

Jg (crois) 1.0. 1.5,2.0 1.0. 1.5. 2.0 1.0. 1.5, 2.0

JI (cm/s) 1.0. 1.5. 2.0 1.0,1.5 1.5

Consistency (%) -1.0 -1.0 -1.0

Sparger (J.lm) 0.5 40 0.5 (6), 0.5

The pulp was fed ta the column from a 70 L stirred-vessel filled fram the

aceepts of the plant flotation circuit. The liquid flow rates (feed and underflow)

'Nere monitored using t'NO magnetic flow meters with signal converters. The gas

flow rate was measured using a mass air flow meter. A porous stainless steel

sparger was used to generate the bubbles (1 sparger in the lab units and up to 6

in the pilot column). To determine the interstitial liquid velocity. JI. it is necessary

to measure gas holdup. This was accomplished by means of differential pressure



measurements over a sedion of the collection zone. Each column had three

Bailey pressure transmitters for gas holdup measurement (and level control, see

Chapter V). Two variable speed peristaltic pumps for the feed and underflow

streams in the 4n and 6n columns were used. For the pilot unit, Iwo centrifugai

pumps with a maximum capacity of 300 Um with t'NO valves for flow control 'Nere

used. Temperature was registered using an ICTD probe. Conductivity was

measured using a sensor connected to a Bailey condudivity meter. The input

tracer was injected close to the column and the conductivity sensor was placed

close to the column in the underflow line, to minimize time delay in collecting the

signais. The 0 - 4096 analog/digital output signal was recorded every 2 seconds.

The instruments were connected or monitored using a signal conditioning and

interface unit OPTOMUX monitored on a Pentium 200 MHz computer. Outputs

were monitored and collected through a software package FIXMMI. A schematic

diagram of the lab column used in the liquid RTD tests is shown in Figure V1.1 .

•
Chapter VI: Mixing 85

Figure VI.1 Experimental set-up to measure RTD in 4n lab column.
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• 6.4 Calculations

&.4.1 Conductivity Meter Calibration

86

•

The KCI concentration was deteded using the Bailey condudivity mater.

The correlation belYJeen KCI concentration, conductance and conductivity 'Nere

established for the appropriate range of the conductivity meter. The procedure to

calibrate the instrument is described below.

First:

A knoW11 resistance (0) was connected in the terminais of the conductivity meter,

and the AlD output signal was monitored using the interface OPTOMUX. A

correlation betvJeen AlD signais vs. conductance (1/Q) was found for three

ranges of the conductivity meter. Figure VI.2 sho'NS an example of a calibration

curve. The plot is for range 1.

Range 1
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Figure VI.2 Calibration curve of Conductance vs. AlD signal



Second:

The condudivity sensor was conneded to the condudivity meter. The AlD signal

using different solutions of KCI with kno'Nfl condudivity and temperature was

monitored using OPTOMUX. A peristaltic pump was used to circulate the solution

through a PVC pipe of 1/2 inch diameter vvhere the sensor was installed (Figure

VI.3). Correlations between conductance vs. conductivity and conductivity vs.

KCI concentration 'Nere found for different temperatures and different ranges of

the conductivity meter (Figures V1.4, VI.5 and VI.6).
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Figure VI.3 Set-up to calibrate the conductivity meter
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Range 1: T • 25°C
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Range 1
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Figure VI.6 Calibration curve of [KCI] vs. conductivity as a fundion of

temperature

6.4.2 Residence Time Distribution

Fitting of experimental residence time distributions (RTD) and predieting

age distributions fram the laboratory and pilot flotation columns using the axial

dispersion model were done using the equations described in section 2.7

according with Levenspiel (1999).

6.5 Results and Discussion

• A typical residence time distribution (RTD) curve is sho'An in Figure VI.7.

One example of titting the RTD, and calculating the mean residence time, mass



balance and variance fram the AlD signal respanse - time data is given in

Appendix E.•
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Residence Tme Distribution
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Figure VI.7 Typical RTD curve with le/Oc =16.04

After obtaining the RTD curve, the mean residence time (t) and the

normalized tracer concentration (E) 'Nere calculated using Equation Il.37 and

Equation Il.39, respectively. The curve with respect ta the initial tracer

concentration, determined tram the total area under the normalized RTD curve, is

plotted in Figure V1.8.

•
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.J

• Fitting the dimensionless RTD curve E(9) vs. ausing Equations Il.41 and

Il.40 is iIIustrated in Figure V1.9. There is a good fit for Nd = 0.0975 (The curve for

Nd =0.9999 is sho'Nf'l for comparison only).
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Figure VI.S Normalized RTD curve with le/Oc =16.04
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Figure VI.9 Dimensionless RTD curve

&.5.1 Modelling the Vessel Dispersion Number

92

Tc model axial mixing, it is necessary to develop an expression which

inccrporates the variables thought to influence dispersion. These include (but not

exclusively): column height and diameter, gas and liquid superficial velocities,

and gas holdup. An expression of the following form found in the literature

(Mankosa, 1990; Luttrell et al., 1990: Xu & Finch, 1991) was used:

•
( VI. 1 )
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YJhere:

Nd = Vessel dispersion number

DelLe = Diameterlheight of the column, cm/cm

Jg• JI = Air and liquid superficial velocities respectively, cmJs

tg = Fractional gas holdup

A, B = Constants

93

The effect of paper pulp consistency and bubble size is included inherently

in the expression since these parameters have a direct impact on the gas holdup.

Equation V1.1 has the form:

The least squares method was used to find the parameters A and B. The

solution is:

(V1.2 )

•

Figure VI. 10 shows the vessel dispersion number (Nd), as a function of the

expression in the bracket. It shows a reasonable fit: Mixing increases (i.e., Nd

increases) with both gas flow rate and column diameter, while it decreases with

an increase in liquid flow rate and column height. The predided Nd is used in the

recovery equation (Equation 11.3) in column scale-up as outlined in Chapter VI.
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• 6.6 Summary of the Chapter

95

• An impulse tracer study was used to measure the RTD in the three columns

as a function of Jg and JI.

• An expression relating the vessel dispersion number (Nd) to column geometry

and flow rates was derived.

• Nd increases with gas flow rate and column diameter, and decreases YJith an

increase in liquid flow rate or column height.

Appendix D summarizes Nd values and tracer mass balances obtained in the

experimental 'NOrk. Sorne tests vvere repeated and these are included in the table

and show that the reproducibility is good. Also results from the least squares

method to find parameters A and B are given.

•
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CHAPTERVII

Column Scale-Up

7.1 Introduction

96

•

Column flotation technology has shown potential in de-inking of waste

paper (Watson et al. 1996; Carabin et al., 1995; Dessureault, et al., 1995; Petri,

1994). Although column flotation sho'NS excellent brightness gain and ink removal

efficiency one problem is that there is no accepted scale-up and design

procedure as in minerai processing. Recent 'NOrk by Leichtle (1998) has indicated

that recovery is govemed more by the bubble surface area flux (Sb) than any

other variable. For this reason it is necessary that Sb be included in any scale-up

procedure. The purpose of this chapter is to compare the traditional scale-up

procedure with a new proposai including Sb. The relationships presented in

previous chapters are incorporated into a comprehensive routine for f1otation

column scale-up. Laboratory and pilot column tests Ytfere conducted at the

Bowater paper pulp facilities in Gatineau, Oc. Results from 4" lab column tests

were used to scale-up to and compare with the performance in the 20" pilot unit.

7.2 Objective

The objective is to evaluate and compare the traditional scale-up

procedure for flotation columns in the paper de-inking process with a new

proposai incorporating bubble surface area flux~.
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• 7.3 Scale-Up Theory

97

There are basically three approaches being used in scale-up of flotation

columns. These can be classified as scale-up on the basis of column area. scale

up on the basis of column volume and scale-up on the basis of reaching a target

recovery (Mankosa. 1990).

First approach

Throughput is assumed to be proportional to the cross-sectional area of the

column. This can be expressed mathematically as:

(VII.1 )

where

01 and 02 =Diameters of test and desired column, respedively.

Q'1 and Qf2 =Volumetrie flow rates of feed slurry ta test column and full size

column.

This approach is valid for data obtained from a laboratory column with a

very large Le/Oc aspect ratio with height similar ta the full-scale column. This

approach assumes that the change in mixing in the column resulting from the

change in aspect ratio on scale-up does not greatly affect the performance of the

column. This scale-up generally provides a conservative estimate of column

diameter (i.e., larger than actually necessary) (Boutin and Wheeler. 1967;

Mathieu, 1972).

•
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Second approach

Scale-up on the basis of volume can be represented mathematically as:

or, if the aspect ratio of the column remains constant:

98

( VII.2 )

( VII.3 )

•

where V1 and Vz represent the volumes of test column and full size column,

respectively.

This approach assumes that the slurry residence time is the same in both

columns. HO'Never, since liquid and air velocities are allo\Wd to change in this

type of scale-up, the gas holdup in the column may not necessary remain

constant 'Nhich affects the residence time.

Third approach

ln scale-up is on the basis of achieving a target recovery (Dobby & Finch, 1986;

Luttrell et al., 1988), it is necessary to study the collection zone and the froth zone

separately to understand the overall process (see Chapter Il).

The recovery in the collection zone is a function of the flotation rate

constant (kc). mean particle residence time (tp), and degree of mixing,

represented by the vessel dispersion number (Nd).



A laboratory column with large LJDc ratio tends to exhibit plug flow

transport. For a first-order rate procass with plug flow the recovery in the

collection zone (Re) is given by:
•
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( VII.4 )

and the recovery in a system exhibiting perfeet mixing is:

( VII.S )

'Nhere Re.. is the equilibrium (or maximum) recovery at long flotation times.

Watson (1996) estimated for paper de-inking at Gatineau that the maximum ink

recovery was 87 Ok.

Transport in practice lies plug and perfeetly mixed flow. The relationship

betvJeen recovery and the vessel dispersion number Nd, is given by Levenspiel

(1999):

•

R =R *c eq

'Nhere:

( V11.6)

( VII.7 )
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The vessel dispersion number is further defined as:

where

El =Liquid axial dispersion coefficient, crn2/s

Le: = Height of the column recovery zone, cm

UI =Interstitial liquid velocity expressed as follows:

The partiele mean residence time is defined as:

Ylhere

l..c =Height of column recovery zone, em

Ct = Tailings volumetrie flow rate, em3/s

Vc = Volume oecupied by the liquid, em3

JI = Superficialliquid velocity, cm/s

100

( VI1.8 )

( VI1.9 )

( VII.10 )

•

As revealed in Equations VI1.4 through VI1.1 0, the dependence of flotation

recovery on rate constant, residence time and mixing is further complicated since

none of these variables are completely independent. For instance, Jameson et al.

(1977) derived that the first-order flotation rate constant (kc) is a funetion of

bubble size (db) and air velocity (Jg ), as follows:
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VJhere Q is the calledion efficiency

ln terms of bubble surface area flux Equation VII.11 becomes:

101

(V11.11 )

(VII.12 )

Garain et al. (1997) found for shallaw fraths a relationship bet\Yeen rate constant

and bubble surface area flux:

( VI1.13 )

where P is a constant that summarizes the operational and chemical factors.

Ta include froths, Equation VI1.13 is modified to:

(VII.14 )

where Rf is the froth zone recovery and the overall flotatian column recovery

(R,c), is given by (Finch & Oobby, 1990):

•

( VI1.15 )



The empirical relationship developed in Chapter VI will be used to predict

the mixing conditions within the column:•
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( VII.16 )

The relationships established for flotation rate constant (Equations VII.11

to 13), mean residence lime (Equation V11.10) and vessel dispersion number

(Equation VII.16) provide the means ta calculate recovery for a wide range of

conditions.

7.4 Experimental

The first step in selecting a flotation column is ta conduct small scale tests.

The 4" lab column (Oc =0.102 m, Le =4.40 m) was used ta collect scaling-up

data at Bowaters Gatineau de-inking plant to compare predided performance on

the 20" pilot unit. A portion of the feed to the plant flotation cells was diverted to

feed both columns. The temperature of the pulp was the same as in the plant (40

+/- SOC). When steady-state conditions were achieved (i.e., gas holdup constant)

samples vJere taken from the reject and feed streams ta determine residual ink

concentration, consistency, and brightness gain with 'Nhich ta calculate flotation

efficiency and ink recovery. Air flowrate and retention time 'Nere manipulated,

using different sparger porosities in the laboratory column, and using up to six

spargers of one porosity in the pilot unit. Both columns YJere fully automated

(Figures VI1.1 and VI1.2 illustrate the experimental set-up for each). Gas holdup

was determined using tYJO pressure transmitters. Tvvo peristaltic pumps equipped

with 1/0 cards, controlled the flow of feed and accepts in the laboratory column.

T'NO centrifugai pumps and t'NO control valves were used in the pilot unit. The

• rates of the feed and accepts in both columns 'Nere measured with t'NO magnetic
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flo'M'lleters. The air flowrate was regulated by a mass flo'MTleter/controller. Ali the

instruments were controlled or monitored using a seriai communication interface

OPTOMUX and a computer. The software package for data colledion and

column operation was FIXMMI.

Tc estimate the colledion zone flotaticn rate constant, kc, the operating

conditions in both columns, e.g. the gas rate and pulp retention time, were

altered. Details are given in Tables VII.1. and VII.2.

Table VII.1 Experimental details to estimate kc using 4" lab column.

55 sparger# 1 2 5·

Nominal pore size (J.lm) 0.5 2.0 20.0

J g (cm/s) 0.5, 1.0, 1.5 1.5, 2.0, 2.5, 3.0 1.0,1.5

JI (cm/s) 1.0, 1.5, 2.0, 2.5

Consistency (Ok) -1.0

Le/De 44.0

Table VII.2 Experimental details to estimate kc using pilot unit

55 sparger# 1,2,3,4,5,6

Nominal pore size (Jlm) 0.5

J g (cmls) 0.5, 1.0, 1.5

JI (cmls) 0.5,1.0

Consistency (%) -1.0

LclDc 10.6
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• 7.5 Measurements

7.5.1 Effective Residual Ink Concentration (ERIC)

The following procedure was used to make ERIC measurements.

105

1. A sample from the feed and underflowwas taken (approximately 1 liter).

2. A 250 ml sample was thoroughly mixed prior to filtering through Ahlstrom filter

paper (617 grade, 15 cm diameter, and very fast filtration speed) in a Buchner

funnel. The volume of sample filtered was sufficiently large to have a final dry

pad Yleight of approximately 4.0 g.

3. The filter paper was removed and the sample pressed bet\Yeen t'NO blotter

sheets using a mechanical roll press and then placed on a fan for room

temperature forced air..cjrying.

The ink concentration in ppm of a dried pad was measured using a

Technidyne Micro TB-1 C. The instrument measured the reflectance of the pads at

a wavelength of 950 nm that is converted into an ink concentration. An average of

10 ERIC values (5 per side) was obtained.

7.5.2 Flotation Efficiency

After the ink concentration (C in ppm) of the pad was measured the

flotation efficiency (F.E.) was calculated with the tollowing equation:

•
F.E. =(c_ - cAccepls )

CFeed
( VII.17 )
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• 7.5.3 Consistency and Ink Recovery

106

The consisteney of the paper pulp was measured using the procedure deseribed

in section 5.3.3. and the ink recovery (At.) is defined as:

R k = (Ci *5; *Oi*Pi)-(CO *50 *00*Po)
ln (Ci. Si • Qi • pJ ( VII.18 )

YJhere

C =Concentration of ink, ppm.

S =Consistency of the pulp

Q =Volumetrie f1owrate, Umin

p =Stream density (g/l) and the subscripts refer to initial (i) and final (0), values.

7.6 Results and Discussion

7.&.1 Sparger Porosity

The effect of sparger porosity on ink recovery (Rink) and brightness gain for

spargers # 5 and # 1 (nominal pore size 20 and 0.5 JJ,m, respectively) is shovvn in

Figures VI1.3 and VI1.4, respectively. The air velocity (Jg) was maintained

constant at 1.16 cm/s with froth depth close to zero. The 10'Ner ink recovery with

sparger # 5 can be related ta the larger bubbles produced (see Chapter V).

•
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Figure VI1.3 Ink recovery as a function of retention time for 55 spargers # 5 and #
1 with nominal pore size 20 and 0.5 J,1m, respectively.
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7.&.2 Flotation Rate Constant in 4" Lab Column

108

ln Chapter Il il was shown that the laboratory column exhibiled close to

plug flow transport (Nd ~ 0). Assuming this condition the flotation rate constant

(kc) from Equation VII.4 is the stope of the plot -Ln(1-RJReq) against residence

time (t). Figure VI1.5 is an example of this plot from tests using sparger # 1 (0.5

Jlm) at three values of superficial air velocity (Jg) in the 4" lab column.
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•
Figure VI1.5 Plot to estimate flotation rate constant for sparger # 1 (nominal pore

size 0.5 Jlm) in 4" lab column.



Table VII.3 is a summary of kc results trom lesting in the laboratory

column, assuming plug flow (Equation VII.4) and using Nd calculated from

Equation VII.16 and back calculating kc trom the axial dispersion model (A.D.M.)

(Equation VII.6). (For interest the kc assuming perfect mixing (P.M.) is included

(Equations VII.S». The estimate from the axial dispersion model is in good

agreement with that assuming plug flow because the large LJDc aspect ratio

gives Nd close to zero. The A.D.M. based results were used subsequently.

•
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Table VII.3 Summary offlotation rate constant estimation in 4" lab column.

55 Jg Eg db Sb kc (1/min)

Sparger (cmls) (%) (cm) (1/s) Plug A.D.M. P. M.

1 0.58 5.46 0.0980 35.57 0.2976 0.3204 0.5914

1 1.16 11.12 0.1089 64.12 0.4036 0.4586 1.0534

1 1.74 20.05 0.0989 105.62 0.6563 0.8025 2.9572

2 1.53 13.42 0.1263 72.69 0.4914 0.5676 1.4347

2 2.36 20.68 0.1270 111.48 0.7198 0.8761 2.8050

2 2.83 25.19 0.1315 129.23 0.7588 1.0215 3.4524

2 3.06 27.37 0.1336 137.59 0.7639 0.9898 3.2181

2 3.30 29.40 0.1347 147.06 0.7801 1.0102 3.2091

5 1.16 6.03 0.1503 46.32 0.2770 0.2989 0.5225

5 1.74 8.70 0.1635 63.86 0.3060 0.3414 0.6277

Selecting the A.D.M. estimates, kc is plotted against gas rate (Figure

VI1.6), bubble size (Figure VII.7), gas holdup (Figure V11.8) and surface area flux

(Figure V11.9) following the appreach of Gerain (1996). In each plot, the results

are for the SS spargers # 1 (0.5 J.1m), # 2 (2 J,1m) and # 5 (20 fJ1Tl). A simple linear

correlation was investigated for each case and the R2 coefficient is shoYJl1 in

Table V11.4.
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Figure VII.S Flotation rate constant as a function of superficial air velocity in 4"

lab column.
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Figure VII.7 Flotation rate constant as a function of bubble size in 4" lab column.•
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column.•



Table VlI.4 Correlation coefficient R2 and the slope for each plot in Figures VII.6

to VII.9 for the 4" lab column.•
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Correlation R2 Siope

kc vs. Jg 0.866 0.3369

kc vs. db 0.210 5.1051

kc vs. Eg 0.960 0.0386

kc vs. Sb 0.969 0.0073

112

Figures VI1.6 and 7 show kc against J g and dbt respectively. They show a

large scatter. the data indicating little correlation betNeen these parameters over

the range of operating conditions tested. This observation is supported by the low

R2 values (Table VII.3). Figures VII.S and VII.9 show the variation of kc with Eg

and Sb. There is a linear trend in both plots. supported by the values of R2 sho'Nt'l

in Table V11.3. The results indicate there is a some'Nhat better correlation bet\Yeen

kc and Sb than for Eg • and is represented by Equation VII.9 'Nhere the constant P

is the slope:

( VII.19 )

•

Finch et al. (2000) demonstrated a Iinear relationship between Sb and Eg

over a wide range of œil types and operating regimes. This is supported in Figure

VII.10. The Sb vs. Eg (%) relationship is:

(VII.20)

'Nhich is similar to that found by Finch et al. (2000) (slope - S.5 vs. - 5.3 here).
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Figure VI1.10 Surface area flux as a funetion of gas holdup in the 4" lab column

7.&.3 Flotation Rate Constant in 20" Pilot Unit

The collection zone flotation constant in the pilot unit was estimated using

the axial dispersion model (Equation V11.6) and the vessel dispersion number

(Equation VII.16). Table VII.S is a summary of kc: results. Figure VII.11 sho'NS a

comparison between the flotation rate constant in the 4" lab column and the 20"

pilot unit as a function of surface area flux. The model kc: = P * Sb is supported by

bath cases; again a Iinear dependence on &g is also avident (Figure VI1.12).

•
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Table VlI.S Summary of flotation rate constant estimation in pilot unit.
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Jg J. Eg St. Nd kc (1/min)
(cm/s) (cm/s) (%) (1/5) A.D.M.

2.64 0.893 10.24 53.81 0.5119 0.2923
2.81 0.622 11.30 59.38 0.6751 0.4469
2.92 0.710 11.56 60.74 0.6317 0.3693
2.97 0.759 11.90 62.53 0.6098 0.3807
3.08 0.493 13.56 71.25 0.8237 0.5203
3.12 1.130 13.84 72.72 0.4753 0.3483
3.16 0.573 14.80 77.77 0.7497 0.5083
3.17 0.951 15.70 82.50 0.5313 0.5017
3.17 0.804 15.45 81.18 0.5968 0.4811
3.22 0.658 15.80 83.02 0.6867 0.4874
3.22 1.002 17.24 90.56 0.5123 0.4839
3.28 0.962 17.12 89.96 0.5341 0.5172
3.28 1.091 17.72 93.11 0.4884 0.4907
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Figure VII.11 Flotation rate constant as a function of surface area flux in 4n lab

• column and 20n pitot unit.
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and 20" pilot unit.

7.6.4 Classical and New Scale-up

•

The classical column design procedure, using the axial dispersion model

and assuming f1otation to be a tirst arder process, has been used to predict the

performance of the pilot unit using a rate constant determined in a laboratory

column. Although alternatives have been proposed (e.g. Ityokumbul, 1992a & b),

most commercial scale-up procedures are based on this classical reactor design

approach. Procedures to use laboratory column data in the design of large units

have been extensively treated in the Iiterature (OeckvYer & Schumpe, 1993;

Luttrell et al, 1993c; Ityokumbul, 1992a; Mankosa, 1990; Oobby & Finch, 1986a).
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ln the present 'NOrk, the following assumptions are made:

116

1. Transport in the column follows the axial dispersion model.

2. Carrying capacity is not a limitation.

3. The partiele residence time is equal to liquid residence time.

Following is the step-by-step classical column flotation scaling-up procedure:

Plot Rank as a fundion of tp and determine a JI require to achieve

the target recovery, R'ink.

Select a design column geometry, Oc and Le (respecting building

Step3:

Step 4:

Step 5:

Step 6:

C/assical sca/e-up procedure

Step 1: Conduct a laboratory column flotation test as a fundion of

superfieial liquid velocity (JI) to control retention time. Use a

flotation column with a large Le/Oc aspect ratio to give elose to

plug flow and hence a simply determination of rate constant, kc.

ln the case of an existing plant, use samples from the operating

plant at the point in the process where flotation is being

considered.

Step 2: Determine the following parameters from the scale-up test:

a) Gas holdup Eg, (Eq. V.2).

b) Superfieial air and liquid veloeities JI and Jgl (Eq. 11.7 & 11.10).

e) Wash water flowrate, Jw.

d) % Consisteney S, (Eq. V.3).

e) Ink recovery Rtnkl (Eq. VII.18).

f) Partiele retentien time tp, (Eq. VII. 10).

g) Vessel dispersion number Ndl (Eq. VI1.16).

Assume a first-order rate procass with plug flow transport (Nd ~

0) and calculate a fletation rate constant kc. (Eq. VII.4).

Assume that the new column has the same kc.

•
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• Step 7:

Step 8:

Step 9:

Step 10:

Step 11:

Step 12:
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dimensions (height) if necessary).

Calculate cross section area Ac.

Assume that the Eg is equal in the laboratory and design column

at the same Jg.

Calculate a tp, (Eq. VII. 10)

Calculate Nd, (Eq. VII.16).

Knowing kc from step 4 and Nd trom step 10, determine a new

Rtnle with the axial dispersion model (Eq. VI1.6).

To have the same R'inie as in step 5, tp must be increased or

decreased. The new column geometry can be determined by

fitting JI or Oc in arder ta have the same R'inle

The main problem with this method is in steps 4 and 8. According with the

previous section kc is a function of Sb (or &g). While efforts are made to ensure St,

is the same in the full size units lack of measurement techniques are a handicap.

This handicap is being overcome and knowing how kc varies with Sb can be

brought into the scale-up procedure. Following is a proposai for scale-up of a

flotation column incorporating in step 5 Sb estimated from Equation V11.19.

New Sca/e-up procedure

Steps 1 to 4: Same as previous method

Step 5: Estimate Sb (Eq. VII.19).

Step 6: Estimate % &g (Eq. VII.20).

Step 7: Plot Rtnlc as a function of Tp and determine a JI required to

achieve the target recovery, R"nle.

Step 8: Select a new column geometry Oc and Le.
Step 9: Calculate cross section area Ac.

Step 10: Calculate Tp (Eq. VII.10) and Nd (Eq. VII.16).

• Step 11, 12: Same as previous method.



To test the new method, ink recovery in the pilot unit was predicted and

compared to the measured ink recovery (R.nk) in tests with zero froth depth. Table

VII.6 gives the details of one test and the comparison of classical and new

procedure is presented in Table VII.7.

•
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•

Table VII.6 Summary of operating conditions and results in the 20" pilot unit.

Le (cm) = 540 Eg (%) = 11.90

Dc (cm) = 50.8 Tp (min) = 10.45

Jg (cmls) = 2.97 Nd= 0.606

JI (cmls) = 0.76 Rtnk (%) = 77.31

Table VII.7 Summary of operating conditions and comparison of scale-up

predictions.

Parameter elassical New proposai

klDc 10.63 10.63

Area, Ac (cm:l) 2026.83 2026.83

Air velocity, Jg (cm/s) 2.97 2.97

Liquid velocity, JI (crnls) 0.76 0.76

Gas holdup, Eg (%) 11.90 11.90

Residence time, t p (min) 10.45 10.45

Ink recovery (target), R'lnlc (Ok) 77.31 77.31

Max ink recovery, Req (%) 87.00 87.00

Surface area flux, Sb (1/s) NIA 62.47

Rate constant, kc (1/min) 0.989* 0.456

Dispersion number, Nd 0.606 0.606

Ink recovery (prediction), Rmk (Ok) 85.38 79.&4

* From Table VI1.3



Following with the classical procedure, kc is the same in both columns.

The predicted and experimental Rmk in the pilot unit were 85.38°,{. and 79.64%,

respectively. This large difference is because the surface area flux in the

laboratory unit is higher than in the pilot unit. The sparging system in the

laboratory column produced St. =129 1/s with Jg = 2.8 cmJs and in the pilot unit

gave Sb = 62.5 1/s with J g =2.9 cm/s. Assuming the same kc, the target Rmt
would be matched by increasing JI from 0.76 ta 2.43 cm/s or decreasing Le from

540 ta 241 cm. Either way the capacity of the column is being over estimated with

potentially disastrous results.

•
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•

For a successful scale-up, knowledge of the true kc in the design column is

required. In the new proposai kc is predicted from Sb. For Sb =62.5 1/s the value

of kc is 0.456 1/min. Using this value there is a close agreement bel'Neen the

estimated and the aelual recovery (77.30°A» vs. 79.S4°,t, respectively). This

calculation illustrates that care must be taken ta aceaunt for differences in St.

bel'Neen the laboratory and full size columns. It is necessary to ensure that the

required Sb is achieved in the full size column. The results indicate that the new

procedure incorporating Sb gives improved scale-up predictions. It is appreciated

that the froth zone recovery is not included, the improvement in the modelling

applying only the collection zone.
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• 7.7 Summary of the Chapter

120

• The traditional scale-up procedure has been compared with a new proposai,

'Nhich incorporates the flotation rate constant kc as a fundion of bubble surface

area flux Sb.

• Improved scale-up predictions are made using the new procedure.

• A linear relationship betvveen the flotation rate constant kc and gas holdup &g

and bet\veen kc and bubble surface area flux Sb vvere obtained for the 4" lab

and 20" pilot column

The raw data and calculations experiments are given in Appendix E

•
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CHAPTER VIII

Conclusions

8.1 Overall Conclusions

121

A number of conclusions can be dravvn from the tests performed during

this thesis. They are described as follows:

• The column flotation scale-up procedure was revie'Ned with regard to paper

de-inking.

• A new scale-up procedure has been developed incorporating bubble surface

area flux.

• The permeability of rigid porous spargers calculated according to Darcy's law

for turbulent flow (Eq. Il.56) does not depend on the fluid, but reflects only the

nature of the sparger material itself.

• Oetermining the AP - (Ra * Jg) relationship can be used as a quality check on

sparger material homogeneity.

• Permeability, while checking homogeneity, is not a sufficient guide to the gas

holdup - air rate relationship that will be produced.

• Rigid spargers are not homogeneous even though they have the same nominal

porosity.

• Pulp viscosity estimation using a pipe test loop test may not be representative

of behavior in a flotation column.

• Gas holdup at a given air rate increased as nominal pore size decreased (as

expected).

• • Increasing pulp consistency decreased gas holdup.



• An expression which relates the vessel dispersion number as a function of

flowrates and column geometry was developed.•
Chapter VIII: Contributions to Knowledge 122

•

• Predictions can be made for large scale columns based on laboratory column

flotation test results using the new procedure that incorporates a kc • Sb

relationship.

• Linear relationships bet\Yeen flotation rate constant kc and gas holdup Eg and

bet\Wen kc and bubble surface area flux Sb were obtained for the 4" lab

column and pilot unit.

• The model kc =P * Sb is supported by the de-inking case study.

• The scale-up procedure was validated by testing predicted vs measured ink

recovery in the 20" pilot unit.

8.2 Contributions to Knowledge

1) A new scaling-up procedure for fiotation columns incorporating a linear

relationship belYleen collection zone rate constant and bubble surface area

flux.

2) A novel approach to estimate viscosity using bubble size measurements and

back calculation from drift flux analysis.

3) An expression to correlate vessel dispersion number as a function of flow

rates and column geometry for paper pulps.
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• 8.3 Suggestion for Future Work

123

• Sparger characterization should be revisited to study the affect of permeability

on the gas holdup - gas rate relationship.

• Study relationship bet'Neen pressure drop and air flowrate for each sparger

'NOrking simultaneously in the pilot unit.

• Study plugging effect of porous sparger.

• Extend the pulp viscosity measurement using bubble size measurements

procedure to more consistencies and ta minerai systems.

• Investigate the possible effect of froth zone recovery (Rd on f1otation rate

constant and determine the averall kinetics.

• Evaluate froth recovery affect on scale-up.

•
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• Appendix A: Bubble Generators

Fluid Test: Water. Spargers for 4" lab column
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T=21°C AP (Pa) AP (Pa) AP (Pa) AP (Pa) AP (Pa) AP (Pa) AP (Pa)
Q (lpm) 55#1 S5 #2 SS #3 55#4 55#5 55#6 S5#7

0.0 a a 0 0 0 a 0
0.1 16002 1377 1108 325 221 101 5
0.2 32078 2755 2221 650 451 203 10
0.3 48226 4133 3339 975 677 305 15
0.4 64446 5512 4461 1301 902 407 20
0.5 80740 6892 5588 1626 1128 510 25
0.6 97106 8272 6720 1951 1354 613 30
0.7 113545 9652 7857 2276 1579 716 35
0.8 130057 11033 8999 2601 1805 820 40
0.9 146641 12415 10145 2926 2030 924 45
1.0 163299 13797 11296 3251 2251 1028 50
1.1 180029 15180 12452 3576 2482 1133 56
1.2 196832 16563 13612 3902 2707 1238 61
1.3 213707 17947 14778 4227 2933 1343 66
1.4 230656 19332 15948 4552 3158 1449 71
1.5 247677 20717 17123 4877 3384 1555 76
2.0 27650 23069 6503 4512 2089 102
3.0 41557 35318 9754 6768 3183 155
4.0 55519 48043 13005 9028 4309 210
5.0 69537 61245 16257 11280 5469 266
6.0 83609 74923 19508 13536 6660 323
7.0 97736 89078 22759 15792 7885 381
8.0 111918 103709 26010 18048 9142 441
9.0 126156 118817 29262 20394 10432 502
10.0 140448 134401 32513 22660 11754 565
11.0 35764 24926 13109 629
12.0 39028 27192 14509 694
13.0 42280 29458 15918 761
14.0 45532 31724 17371 829
15.0 48785 33990 18857 899
16.0 52037 36256 20371 969
17.0 55289 38522 21926 1042
18.0 58541 40788 23510 1115
19.0 61794 43054 25127 1190
20.0 65046 45320 26789 1266
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Fluid Test: Air
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T=24°C AP (Pa)
Q(lpm) 55#1

0.0 0
5.4 932
10.8 1921
16.1 2965
21.4 4065
26.6 5221
31.7 6433
36.8 7701
41.8 9025
46.7 10405
51.6 11841
56.3 13332
61.0 14880
65.6 16483
70.1 18142
74.6 19857
78.9 21628
83.1 23455
87.3 25338
91.4 27277

T=24°C AP (Pa)
Q (Ipm) 55#2

0.0 0
5.4 1098

10.8 2195
16.1 3290
21.4 4384
26.6 5476
31.7 6566
36.8 7655
41.9 8742
46.8 9828
51.8 10912
56.7 11994
61.5 13075
66.3 14155
71.1 15232
75.8 16309
80.4 17383
85.0 18456
89.6 19528
94. 1 20598
98.6 21666
103.0 22733

T=24°C AP (Pa)
Q (Ipm) 55#3

0.0 0
5.4 946

10.8 1887
16.1 2825
21.4 3759
26.7 4689
31.9 5616
37.0 6538
42.1 7456
47.2 8371
52.2 9282
57.2 10189
62.1 11091
67.0 11991
71.8 12886
76.6 13777
81.4 14664
86.2 15548
90.9 16427
95.5 17303
100.3 18175
104.5 19043
108.6 19907
112.7 20767
116.7 21624
120.7 22476
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• Fluid Test: Air. Sparger for 6 " lab column
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T =23°C AP (Pa)
Q (Ipm) 55#1

0.0 0
5.4 492
10.7 986
16.0 1483
21.1 1983
26.2 2486
31.2 2991
36.1 3498
41.0 4009
45.7 4522
50.4 5038
55.0 5556
59.5 6077
64.0 6601
68.4 7128
72.7 7657
77.0 8189
81.1 8723
85.2 9260
89.3 9800
93.3 10343
97.2 10888
101.1 11435
104.8 11986
108.6 12539
112.3 13095
115.9 13654
119.4 14215
122.9 14779
126.4 15345
129.8 15914
133.1 16486
136.4 17061
139.6 17638
142.8 18218
145.9 18800
149.0 19385
152.0 19973
155.0 20564
157.9 21157
160.8 21753
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• Fluid Test: Air. Spargers for 20" pilot unit
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T =23°C AP (Pa)
Q (Ipm) 55#1

0.0 a
5.4 1585
10.7 3217
16.0 4894
21.1 6617
26.2 8385
31.2 10200
36.1 12061
40.8 13967
45.5 15919
50.1 17917
54.6 19961
59.1 22051
63.4 24186
67.6 26368
71.7 28595
75.8 30868
79.7 33187
83.6 35552
87.3 37963
91.0 40419
94.6 42922
98.1 45470
101.5 48064
104.8 50704
108.0 53390

T= 23°C AP (Pa)
Q (Ipm) 55#2

0.0 0
5.4 1287
10.8 2587
16.1 3899
21.3 5224
26.4 6561
31.5 7911
36.5 9273
41.5 10648
46.4 12035
51.2 13435
55.9 14848
60.6 16273
65.2 17710
69.8 19160
74.3 20623
78.7 22098
83.1 23586
87.4 25086
91.7 26599
95.8 28124
100.0 29662
104.0 31212
108.0 32775
112.0 34350
115.9 35938
119.7 37539
123.5 39152
127.2 40777
130.9 42415
134.5 44066
138.0 45729
141.5 47405

T= 23°C AP (Pa)
a (Ipm) 55#3

0.0 0
5.4 1946
10.7 3929
15.9 5949
21.0 8006
26.0 10099
30.9 12229
35.7 14396
40.4 16600
44.9 18841
49.4 21119
53.8 23433
58.1 25784
62.3 28172
66.4 30597
70.4 33059
74.3 35557
78.1 38093
81.8 40665
85.4 43274
89.0 45919
92.4 48602
95.8 51321
99.1 54078
102.3 56871
105.4 59700
108.4 62567
111.4 65471

•
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Fluid Test: Air
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T=23°C AP (Pa)
Q (Ipm) 55#4

0.0 0
5.4 811

10.8 1623
16.2 2435
21.5 3249
26.8 4062
32.0 4877
37.2 5692
42.3 6508
47.4 7324
52.5 8141
57.5 8959
62.5 9778
67.4 10597
72.3 11417
77.2 12237
82.0 13058
86.8 13880
91.6 14702
96.3 15525

101.0 16349
105.6 17174
110.3 17999
114.8 18825
119.4 19651
123.9 20478
128.4 21306
132.8 22135
137.3 22964
141.6 23794
146.0 24624
150.3 25455
154.6 26287
158.8 27119

T= 23°C AP (Pa)
Q (Ipm) 55#5

0.0 0
5.4 1890

10.7 3780
15.9 5670
21.0 7560
26.1 9451
31.0 11341
35.9 13231
40.6 15121
45.3 17011
49.9 18901
54.4 20791
58.9 22681
63.3 24571
67.6 26461
71.8 28352
76.0 30242
80.1 32132
84.1 34022
88.1 35912
92.0 37802
95.8 39692
99.6 41582

103.3 43472
107.0 45362
110.6 47253
114.2 49143
117.7 51033
121.2 52923

T=24°C AP (Pa)
Q (Ipm) 55#6

0.0 0
5.4 1673

10.7 3392
16.0 5159
21.1 6972
26.1 8832
31.1 10738
35.9 12692
40.7 14692
45.4 16739
49.9 18833
54.4 20974
58.8 23162
63.0 25396
67.2 27677
71.3 30005
75.3 32380
79.2 34802
83.0 37270
86.7 39786
90.3 42348
93.8 44957
97.2 47612

100.6 50315
103.8 53065
107.0 55861
110.0 58704
113.0 61593
115.9 64530
118.7 67513
121.4 70544
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• Fluid Test: Air. Spargers for 4" lab column
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T=23°C AP (Pa)
Jg* Rs 55#1
(cm/s)

0.0 0
1.08 932
2.15 1921
3.21 2965
4.26 4065
5.29 5221
6.31 6433
7.32 7701
8.31 9025
9.29 10405
10.26 11841
11.20 13332
12.14 14880
13.05 16483
13.95 18142
14.83 19857
15.69 21628
16.54 23455
17.37 25338
18.18 27277

T=25°C AP (Pa)
Jg* Rs 55#2
(cmls)

0.0 0
1.08 1098
2.15 2195
3.20 3290
4.25 4384
5.28 5476
6.31 6566
7.32 7655
8.33 8742
9.32 9828
10.30 10912
11.27 11994
12.24 13075
13.19 14155
14.14 15232
15.07 16309
16.00 17383
16.91 18456
17.82 19528
18.72 20598
19.61 21666
20.50 22733

T= 25°C AP (Pa)
Jg* Rs 55#3
(cmls)

0.0 0
1.08 946
2.15 1887
3.21 2825
4.26 3759
5.30 4689
6.34 5616
7.36 6538
8.38 7456
9.38 8371
10.38 9282
11.37 10189
12.35 11091
13.32 11991
14.29 12886
15.25 13777
16.20 14664
17.14 15548
18.07 16427
19.00 17303
19.96 18175
20.79 19043
21.61 19907
22.42 20767
23.22 21624
24.00 22476

•
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• Fluid Test: Air. Sparger 6" lab column.
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T= 23°C AP (Pa)
Jg* Rs 55#1
(crn/s)
0.00 a
0.38 492
0.76 986
1.13 1483
1.51 1983
1.88 2486
2.25 2991
2.61 3498
2.98 4009
3.34 4522
3.71 5038
4.07 5556
4.43 6077
4.78 6601
5.14 7128
5.49 7657
5.84 8189
6.19 8723
6.54 9260
6.89 9800
7.23 10343
7.57 10888
7.91 11435
8.25 11986
8.59 12539
8.92 13095
9.25 13654
9.59 14215
9.92 14779

T= 23°C AP (Pa)
Jg* Rs 55#1
(cm/s)
10.24 15345
10.57 15914
10.89 16486
11.21 17061
11.53 17638
11.85 18218
12.17 18800
12.48 19385
12.80 19973
13.11 20564
13.42 21157
13.72 21753

•
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• Fluid Test: Air. Spargers for 20" pilot unit
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T= 24°C AP (Pa)
Jg* Rs 85#1
(cm/s)
0.00 0
0.43 1585
0.86 3217
1.28 4894
1.70 6617
2.10 8385
2.50 10200
2.90 12061
3.28 13967
3.66 15919
4.03 17917
4.39 19961
4.74 22051
5.09 24186
5.43 26368
5.76 28595
6.09 30868
6.40 33187
6.71 35552
7.02 37963
7.31 40419
7.60 42922
7.88 45470
8.15 48064
8.42 50704
8.67 53390

T= 24°C AP (Pa)
Jg* Rs 55#2
(cmls)
0.00 0
0.44 1287
0.87 2587
1.29 3899
1.71 5224
2.12 6561
2.53 7911
2.93 9273
3.33 10648
3.72 12035
4.11 13435
4.49 14848
4.87 16273
5.24 17710
5.61 19160
5.97 20623
6.32 22098
6.68 23586
7.02 25086
7.36 26599
7.70 28124
8.03 29662
8.36 31212
8.68 32775
9.00 34350
9.31 35938
9.62 37539
9.92 39152
10.22 40777
10.51 42415
10.80 44066
11.09 45729
11.37 47405

T = 24°C AP (Pa)
Jg* Rs 55#3
(crnls)
0.00 0
0.43 1946
0.86 3929
1.28 5949
1.69 8006
2.09 10099
2.48 12229
2.87 14396
3.24 16600
3.61 18841
3.97 21119
4.32 23433
4.67 25784
5.00 28172
5.33 30597
5.65 33059
5.97 35557
6.27 38093
6.57 40665
6.86 43274
7.15 45919
7.43 48602
7.70 51321
7.96 54078
8.22 56871
8.47 59700
8.71 62567
8.95 65471

•
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Fluid Test: Air
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T=24°C AP (Pa)
Jg* Rs 58#4
(cm/s)
0.00 0
0.44 811
0.87 1623
1.30 2435
1.73 3249
2.15 4062
2.57 4877
2.98 5692
3.40 6508
3.81 7324
4.21 8141
4.62 8959
5.02 9778
5.42 10597
5.81 11417
6.20 12237
6.59 13058
6.97 13880
7.36 14702
7.74 15525
8.11 16349
8.49 17174
8.86 17999
9.23 18825
9.59 19651
9.95 20478
10.31 21306
10.67 22135
11.03 22964
11.38 23794
11.73 24624
12.07 25455
12.42 26287
12.76 27119

T=24°C AP (Pa)
Jg* Rs 55#5
(cm/s)
0.00 0
0.43 1890
0.86 3780
1.28 5670
1.69 7560
2.09 9451
2.49 11341
2.88 13231
3.26 15121
3.64 17011
4.01 18901
4.37 20791
4.73 22681
5.08 24571
5.43 26461
5.77 28352
6.10 30242
6.43 32132
6.76 34022
7.08 35912
7.39 37802
7.70 39692
8.00 41582
8.30 43472
8.60 45362
8.89 47253
9.17 49143
9.46 51033
9.73 52923

T=24°C AP (Pa)
Jg* Rs 55#6
(cmls)
0.00 0
0.26 1672
0.52 3392
0.78 5158
1.03 6971
1.27 8831
1.51 10738
1.75 12692
1.98 14692
2.20 16739
2.43 18833
2.64 20974
2.85 23162
3.06 25396
3.27 27677
3.46 30005
3.66 32380
3.85 34802
4.03 37270
4.21 39786
4.39 42348
4.56 44957
4.72 47612
4.88 50315
5.04 53065
5.19 55861
5.34 58704
5.49 61593
5.63 64530
5.77 67513
5.90 70544
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• Permeability Calculations
Fluid Test: Air. Sparger # 1 for 4l1li lab column

Sparger C4 - 1
Experimental data

Q DP Pm Q(TP) Q(TP) Ln Q(TP) LnDP 1JPm Kg Kg lin

Ipm Pa atm 'pm [mA3/s] 1/atm Darcy Darcy

5 132 1.00 5.43 I.oSE-G5 -1.310 8.131 0.11542 0.1145 0.1384

10 1121 1.01 10.81 1.1OE-CM -1.121 7.511 0.11081 0.1277 0.1359

1. 218. 1.01 18.14 2.1.E-CM -1.221 7.111 O"'ssa 0.1342 0.1314

20 4085 1.02 21.40 3.57E-G4 -7.131 8.310 0.18033 0.1377 0.1349
25 5221 1.03 28.80 4.43E-CM -7.721 8.581 0.17488 0.1315 0.1344

30 8433 1.03 31.74 S.2IE-G4 ·7.541 8.78' 0....23 0.1401 0.1338

35 7701 1.04 38.80 8.13E-G4 ·7.317 8.14' 0.18331 0.1400 0.1333

40 1025 1.04 41.80 8.17E.cM ·7.28' 1.108 0.'5738 0.1393 0.1327

45 10405 1.05 48.72 7.7IE-G4 -7.158 • .250 0.15118 0.1382 0.1321

50 11841 1.0& 51.56 8.51E.cM ..7.059 9.371 0.14480 0.1381 0.1315

55 13332 1.07 58.32 1.39E-G4 ~.I71 90498 0.93127 0.1353 0.1301

80 1.80 1.07 81.01 1.o2E-G3 ~.811 9.808 0.13180 0.1335 0.1302
85 18483 1.08 85.81 1.OIE-G3 ...818 9.710 0.12478 0.1318 0.1215

70 18142 1.G1 70.12 1.17E-G3 ~.712 • .808 0.91783 0.1291 0.1288
75 19857 1.10 74.55 1.24E-G3 ...IIi 1.896 0.11078 0.1274 0.1282
80 21828 1.11 78.90 1.31E-G3 -8.134 1.182 0.10358 0.1253 0.1275
85 23455 1.12 83.15 1.3IE-G3 ".581 10.083 0.89828 0.1231 0.1218
10 25338 1.13 87.31 1A6E-G3 ".533 10.1. 0.88888 0.1201 0.1280
95 27277 1.13 91.31 1.52E-G3 -6.487 10.214 0.88137 0.1188 0.1253

Avg= 0.1312
STD= 0.0035

Ln OP = LnA+ n Ln Q Klikenbera Effect
n= 1.2085 Kg = KI + b KI * (1/Pm]

RSQ= 0.9957 Y=A+BX
A= 17.9543 KI (A) = 0.0398 Darcy

Kg= 1.3E-13 mA 2 b KI (B) = 0.0188
Kg= 0.1310 Darcy b= 0.4733

RQS= 0.1955
Kg= 0.0576 Darcy

sro= 0.0007

•
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• Fluid Test: Air. Sparger # 2 for 4" lab column

Sparger C4 - 2
Experimental data

Q OP Pm Q(TP) Q(TP) LnQ (TP) Ln OP 1IPm Kg Kg ln
Ipm Pa atm Ipm [mA3/s] 1/atm Darcy Darcy

5 1098 1.01 5.43 9.05E-05 -9.311 7.001 0.99461 0.5039 0.5184
10 2195 1.01 10.80 1.80E-D4 -8.623 7.694 0.98928 0.5126 0.5181
15 3290 1.02 16.11 2.69E-04 -8.223 8.099 0.98402 0.5168 0.5178
20 4384 1.02 21.37 3.56E-04 -7.940 8.386 0.97883 0.5191 0.5175
25 5476 1.03 26.57 4.43E-D4 -7.722 8.608 0.97369 0.5203 0.5172
30 6566 1.03 31.72 529E-D4 -7.545 8.790 0.96862 0.5209 0.5169
35 7655 1.04 36.81 6.14E-D4 -7.396 8.943 0.96360 0.5210 0.5166
40 8742 1.04 41.85 6.98E-D4 -7.268 9.076 0.95865 0.5208 0.5163
45 9828 1.05 46.84 7.81E-D4 -7.155 9.193 0.95375 0.5204 0.5160
50 10912 1.05 51.78 8.63E-D4 -7.055 9298 0.94891 0.5197 0.5157
55 11994 1.06 56.68 9.45E-D4 ~.965 9.392 0.94412 0.5190 0.5154
60 13075 1.06 61.52 1.03E-D3 ~.883 9.478 0.93939 0.5181 0.5151
65 14155 1.07 66.31 1.11E-D3 ~.808 9.558 0.93471 0.5171 0.5148
70 15232 1.08 71.06 1.18E-03 ~.739 9.631 0.93009 0.5161 0.5145
75 16309 1.08 75.76 126E-03 ~.675 9.699 0.92552 0.5149 0.5143
80 17383 1.09 80.42 1.34E-D3 ~.615 9.763 0.92100 0.5138 0.5140
85 18456 1.09 85.03 1.42E-D3 ~.559 9.823 0.91653 0.5126 0.5137
90 19528 1.10 89.60 1.49E-D3 ~.507 9.880 0.91211 0.5113 0.5135
95 20598 1.10 94.12 1.57E-D3 ~.458 9.933 0.90774 0.5100 0.5132

100 21666 1.11 98.60 1.64E-D3 ~.411 9.983 0.90341 0.5087 0.5129
105 22733 1.11 103.04 1.72E-03 ~.367 10.032 0.89914 0.5074 0.5127

Avg= 0.5154
STO= 0.0018

LnDP=LnA+nLnQ Klikenberg Effect
n= 1.0317 Kg = KI + b KI * (1/Pm)

RSQ= 0.9999 Y=A+BX
A= 18.5845 KI (A) = 0.4583 Darcy

Kg= 5.1E-13 mA 2 b KI (B) = 0.0604
Kg= 0.5154 Darcy b= 0.1319

RQS= 0.1276
Kg= 0.5154 Darcy

STD= 0.0018

•
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• Fluid Test: Air. Sparger # 3 for 4" lab column

Sparger C4 - 3
Experimental data

Q OP Pm Q(TP) Q(lP) LnQ(TP) Ln OP 1JPm Kg Kg lin

Ipm Pa atm Ipm [mA3/s] 1/atm Darcy Darcy
5 946 1.00 5.43 9.05E-05 -9.310 6.852 0.99536 0.6506 0.6654

10 1887 1.01 10.81 1.80E..Q4 -8.621 7.543 0.99077 0.6581 0.6651
15 2825 1.01 16.15 2.69E-04 -8.220 7.946 0.98625 0.6619 0.6648
20 3759 1.02 21.43 3.57E-04 -7.937 8232 0.98179 0.6641 0.6645
25 4689 1.02 26.67 4.44E-04 -7.719 8.453 0.97738 0.6654 0.6642
30 5616 1.03 31.86 5.31E-Q4 -7.541 8.633 0.97304 0.6663 0.6639
35 6538 1.03 37.01 6.17E-G4 -7.391 8.785 0.96875 0.6667 0.6637
40 7456 1.04 42.11 7.02E-eM -7.262 8.917 0.96451 0.6670 0.6634
45 8371 1.04 47.17 7.86E-G4 -7.148 9.033 0.96033 0.6670 0.6631
50 9282 1.05 52.18 8.70E-04 -7.047 9.136 0.95620 0.6669 0.6628
55 10189 1.05 57.16 9.53E-04 ~.956 9.229 0.95213 0.6667 0.6626
60 11091 1.05 62.09 1.03E-03 ~.874 9.314 0.94811 0.6664 0.6623
65 11991 1.06 66.98 1.12E-03 ~.798 9.392 0.94414 0.6660 0.6620
70 12886 1.06 71.83 120E-03 ~.728 9.464 0.94022 0.6656 0.6618
75 13777 1.07 76.65 1.28E-03 ~.663 9.531 0.93634 0.6651 0.6615
80 14664 1.07 81.42 1.36E-03 ~.602 9.593 0.93252 0.6646 0.6613
85 15548 1.08 86.16 1.44E-03 ~.546 9.652 0.92874 0.6641 0.6610
90 16427 1.08 90.86 1.51E-03 ~.493 9.707 0.92502 0.6636 0.6608
95 17303 1.09 95.53 1.59E-03 ~.443 9.759 0.92133 0.6630 0.6605

100.2 18175 1.09 100.32 1.67E-03 ~.394 9.808 0.91770 0.6636 0.6603
104.8 19043 1.09 104.52 1.74E-03 ~.353 9.854 0.91410 0.6603 0.6600
109.3 19907 1.10 108.65 1.81E-03 -6.314 9.899 0.91055 0.6571 0.6598
113.8 20767 1.10 112.71 1.88E-03 ~277 9.941 0.90705 0.6540 0.6596
118.3 21624 1.11 116.72 1.95E-D3 ~.242 9.982 0.90358 0.6509 0.6594
122.8 22476 1.11 120.66 2.01E-03 -6.209 10.020 0.90016 0.6478 0.6591

Avg= 0.6629
S1O= 0.0015

LnDP=LnA+nLnQ Kllkenberg Effect
n= 1.0204 Kg = KI + b KI * Ci/Pm)

RSQ= 0.9999 Y=A+BX
A= 16.3341 KI (A) = 0.5997 Darcy

Kg= 6.5E-13 mA 2 b KI (B) = 0.0660
Kg= 0.6621 Darcy b= 0.1100

RQS= 0.1127
Kg= 0.6629 Darcy

sro= 0.0015

•
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• Fluid Test: Air. Sparger # 1 for 6" lab column

spalger CI -1
Experimental data

Q DP Pm Q(TP) Q(TP) Ln Q(TP) LnDP 1IPm Kg Kg lin

.pm Pa atm Ipm (mA3/s] 1/atm Darcy Darcy

5 412 1.00 5M 1.o7E~1 -8.308 8.188 0.11751 0.2115 0.3111

10 III 1.00 10.81 1.81E-eM -8.117 1.894 0.11511 0.3032 0.3193

15 1483 1.01 18.25 2.71E-eM -8.214 7.302 0.19273 0.3015 0.3110

20 1983 1.01 21.12 3.10E-eM -7.121 7.192 0..11031 0.3136 0.3187

25 2488 1.01 21... 4AIE-eM -7.701 7.81. 0.18788 0.3115 0.3184

30 2911 1.01 32.27 5.38E-M -7.528 8.003 0..18548 0.3188 0.3182

35 3498 1.02 37.55 1.28E-eM -7.376 8.180 0..18303 0.3200 0.3179

40 4001 1.02 42.81 7.14E-M -7.245 8.298 0.18010 0.3211 0.3176

45 4522 1.02 48.G4 8.01E-M -7.130 8A17 0.97817 0.3218 0.3173

50 5038 1.02 53.25 8.87E-M -7.027 8.525 0.97574 0.3223 0.3170

55 5556 1.03 58.43 1.74E-M .-.134 8.623 0.97331 0.3226 0.3167

60 6077 1.03 63.58 1.oIE~3 -6.850 8.712 0.17088 0.3227 0.31"
65 &801 1.03 &8.71 1.15E~3 '-.772 8.795 0.98845 0.3226 0.3162

70 7128 1.04 73.81 1.23E~3 -6.701 8.872 0.11802 0.3224 0.3159

75 7657 1.04 78.88 1.31E~3 -6.~ 8..43 0.18318 0.3222 0.3156

80 8189 1.04 83.92 1AOE~3 -1.572 9.010 0.16116 0.3218 0.3153

85 8723 1.04 88.14 1."E~3 -6.514 9.074 0.15873 0.3213 0.3150

10 9280 1.05 93.94 1.57E~3 -IA51 9.133 0.15630 0.3208 0.31t7

15 1800 1.05 98.10 1.85E~3 -6A08 1.110 0..15387 0.3202 0.3144

100 10343 1.05 103.85 1.73E~3 -1.351 9.244 0.15144 0.3118 0.3142

105 10888 1.05 108.76 1.81E~3 -6.313 9.295 0.14101 0.3181 0.3139

110 11435 1.06 113.65 1.8IE~3 -6.261 9.344 O....sa 0.3182 0.3136

115 11986 1.08 118.51 1.18E~3 ...227 9.391 0.14416 0.3174 0.3133

120 12539 1.06 123.34 2.0IE-43 -&.187 1.437 0.14173 0.3188 0.3130

125 13095 1.06 128.15 2.14E~3 -6.141 9.480 0.93130 0.3158 0.3127

130 13654 1.07 132.13 2.22E~3 -&.112 9.522 0.93888 0.3141 0.3125

135 14215 1.07 137.69 2.29E~3 -6.077 9.582 0.93445 0.3140 0.3122
1~ 14779 1.07 142.42 2.37E~3 -6.043 9.601 0.13203 0.3131 0.3111

145 15345 1.08 147.12 2.45E~3 -6.011 9.&3. 0.92961 0.3121 0.3116

150 15914 1.08 151.80 2.53E~3 -5.980 9.175 0.92719 0.3111 0.3113
155 16486 1.08 156.45 2.61E~3 -5.149 9.710 0.92477 0.3101 0.3110
160 17061 1.08 161.07 2.88E~3 -5.920 9.745 0.92235 0.3091 0.3107
165 17638 1.09 165.67 2.76E~3 -5.892 1.778 0.91993 0.3081 0.3105
170 18218 1.09 170.24 2.84E-43 -5.865 9.810 0.91752 0.3071 0.3102

175 18800 1.09 174.71 2.11E-03 -5.839 9.842 0.91510 0.3060 0.3099
180 19385 1.10 171.31 2.9IE~3 -5.813 9.872 0.91289 0.3050 0.3096
185 19973 1.10 183.80 3.06E~3 -5.788 9.102 0.11028 0.3039 0.3093
110 20584 1.10 188.27 3.14E-03 -5.784 1.831 0.10787 0.3028 0.3010
195 21157 1.10 192.71 3.21E-03 -5.741 1.160 0.10547 0.3017 0.3088
200 21753 1.11 117.13 3.2IE-03 -5.718 1.988 0.10306 0.3006 0.3085

Avg= 0.31.
51D= 0.0033

•
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Appendix A: Bubble Generators

Ln DP = LnA+ n LnQ Kllkenberg Etrect
n= 1.0844 Ka = KI + b KI • (1/Pm:

RSQ= 0.9992 Y=A+BX
A= 16.0306 KI (A) = 0.2170 Darcy

Kg= 3.32E-13 mA 2 b KI (B) = 0.1257
Kg= 0.3363 Darcy b= 0.5792

RQS= 0.1812
Kg= 0.3365 Darcy

STD= 0.0036

147
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• Fluid Test: Air. Sparger # 1 for 20" pilot unit

Sparger C20 - 1
Experimental data

Q OP Pm Q(lP) Q(lP) LnQ (lP) Ln OP 11f»m Kg Kg ln
Ipm Pa atm Ipm [nr'31s] 1latm Darcy Darcy

5 1585 1.01 5.41 9.02E-05 -9.313 7.37 0.9922 0.0321 0.0394

10 3217 1.02 10.74 1.79E-04 008.628 8.08 0.9844 0.0358 0.0392

15 4894 1.02 15.99 2.66E-04 008230 8.50 0.9764 0.0378 0.0391

20 6617 1.03 21.14 3.52E-04 -7.951 8.80 0.9684 0.0390 0.0390
25 8385 1.04 2620 4.37E-04 -7.736 9.03 0.9603 0.0397 0.0388

30 10200 1.05 31.17 520E-04 -7.563 923 0.9521 0.0401 0.0387

35 12061 1.06 36.06 6.01E-04 -7.417 9.40 0.9438 0.0403 0.0385

40 13967 1.07 40.84 6.81E-D4 -7292 9.54 0.9355 0.0404 0.0384

45 15919 1.08 45.54 7.59E-D4 -7.184 9.68 0.9272 0.0404 0.0383

50 17917 1.09 50.14 8.36E-04 -7.087 9.79 0.9188 0.0402 0.0381

55 19961 1.10 54.65 9.11E-D4 -7.001 9.90 0.9103 0.0400 0.0380

60 22051 1.11 59.06 9.84E-04 ~.924 10.00 0.9019 0.0397 0.0378

55 24186 1.12 63.38 1.06E-03 ~.853 10.09 0.8934 0.0394 0.0377

70 26368 1.13 67.61 1.13E-D3 ~.788 10.18 0.8849 0.0390 0.0375
75 28595 1.14 71.74 120E-03 ~.729 1026 0.8763 0.0386 0.0374
80 30868 1.15 75.77 125E-03 -6.674 10.34 0.8678 0.0382 0.0373
85 33187 1.16 79.72 1.33E-D3 ~.624 10.41 0.8593 0.0377 0.0371
90 35552 1.18 83.57 1.39E-D3 -6.576 10.48 0.8507 0.0372 0.0370
95 37963 1.19 87.33 1.46E-03 -6.532 10.54 0.8422 0.0367 0.0368

100 40419 120 91.00 1.52E-03 -6.491 10.61 0.8337 0.0362 0.0367
105 42922 121 94.57 1.58E-D3 -6.453 10.67 0.8252 0.0357 0.0365
110 45470 1.22 98.06 1.63E-D3 ~.417 10.72 0.8167 0.0352 0.0364
115 48064 124 101.45 1.69E-D3 -6.382 10.78 0.8083 0.0347 0.0362
120 50704 125 104.76 1.75E-D3 -6.350 10.83 0.7999 0.0342 0.0361
125 53390 126 107.98 1.80e-D3 ~.320 10.89 0.7915 0.0336 0.0360

Avg= 0.0377

S1O= 0.0010

•

LnDP=LnA+nLnQ Klinkenberg Effect
n= 1.1902 Kg = KI + b KI • (1/Pm)

RSQ= 0.9949 Y=A+BX
A= 18.2957 KI (A) = 0.0225 Darcy

Kg= 3.71E-14 mA 2 b KI (Bl = 0.0169
Kg= 0.0376 Darcy b= 0.7516

RQS= 0.1887
Ka= 0.0377 Darcy

STD= 0.0010
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• Fluid Test: Air. Sparger # 2 for 20" pilot unit

Sparger C20 - 2
Experimental data

0 OP Pm O(lP) Q(TP) LnO (lP) LnDP 1~m Kg Kg lin
Ipm Pa atm Ipm [m"3Is] 11atm Darcy Darcy

5 1287 1.01 5.42 9.04E.Q5 -9.311 7.160 0.99369 0.On4 0.0897
10 2587 1.01 10.78 1.80E-D4 .s.625 7.858 0.98740 0.0830 0.0896
15 3899 1.02 16.06 2.68E-04 .s.226 8.268 0.98112 0.0861 0.0894
20 5224 1.03 21.28 3.55E-D4 -7.944 8.561 0.97487 0.0880 0.0892
25 6561 1.03 26.43 4.41E-04 -7.728 8.789 0.96864 0.0893 0.0890
30 7911 1.04 31.51 5.25E-04 -7.552 8.976 0.96243 0.0902 0.0889
35 9273 1.05 36.53 6.09E-04 -7.404 9.135 0.95624 0.0907 0.0887
40 10648 1.05 41.48 6.91 E-04 -7.277 9.273 0.95008 0.0911 0.0885
45 12035 1.06 46.36 7.73E-04 -7.166 9.396 0.94394 0.0913 0.0883
50 13435 1.07 51.18 8.53E-04 -7.067 9.506 0.93782 0.0913 0.0882
55 14848 1.07 55.93 9.32E-04 -6.978 9.606 0.93173 0.0912 0.0880
60 16273 1.08 60.62 1.01 E.Q3 -6.897 9.697 0.92567 0.0911 0.0878
65 17710 1.09 65.24 1.09E-03 -6.824 9.782 0.91963 0.0909 0.0877
70 19160 1.09 69.80 1.16E-03 -6.756 9.861 0.91362 0.0906 0.0875
75 20623 1.10 74.30 1.24E-03 -6.694 9.934 0.90763 0.0902 0.0873
80 22098 1.11 78.73 1.31 E-03 -6.636 10.003 0.90168 0.0899 0.0871
85 23586 1.12 83.10 1.39E-03 -6.582 10.068 0.89575 0.0894 0.0870
90 25086 1.12 87.41 1.46E.Q3 -6.531 10.130 0.88985 0.0890 0.0868
95 26599 1.13 91.66 1.53E-03 -6.484 10.189 0.88397 0.0885 0.0866

100 28124 1.14 95.84 1.60E-03 -6.439 10.244 0.87813 0.0880 0.0865
105 29662 1.15 99.97 1.67E-D3 -6.397 10.298 0.87232 0.0874 0.0863
110 31212 1.15 104.04 1.73E-03 -6.357 10.349 0.86654 0.0869 0.0862
115 32n5 1.16 108.04 1.80E-03 -6.320 10.397 0.86078 0.0863 O.oaso
120 34350 1.17 111.99 1.87E-03 -6.284 10.444 0.85506 0.0857 0.0858
125 35938 1.18 115.88 1.93E-03 -6.250 10.490 0.84937 0.0851 0.0857
130 37539 1.19 119.71 2.00E-03 -6.217 10.533 0.84371 0.0845 0.0855
135 39152 1.19 123.49 2.06E-03 -6.186 10.575 0.83808 0.0839 0.0853
140 40777 1.20 127.21 2.12E-03 -6.156 10.616 0.83249 0.0833 0.0852
145 42415 1.21 130.87 2.18E-03 -6.128 10.655 0.82692 0.0826 0.0850
150 44066 1.22 134.48 2.24E-03 -6.101 10.693 0.82139 0.0820 0.0849
155 45729 1.23 138.03 2.30E-03 -6.075 10.730 0.81589 0.0814 0.0847
160 47405 1.23 141.53 2.36E-03 -6.050 10.766 0.81042 0.0807 0.0846

Avg= 0.0871
sm= 0.0016

•

LnDP=LnA+nLnQ Klinkenberg Effect
n= 1.1183 Kg = KI + b KI • (1/Pm)

RSQ= 0.9976 Y=A+BX
A= 17.4567 KI (A) = 0.0617 Darcy

Kg= 8.59E-14 mA2 b KI (B) = 0.0282
Kg= 0.0870 Darcy b= 0.4572

RQS= 0.1744
Kg= 0.0871 Darcy

STO= 0.0016
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• Fluid Test: Air. Sparger # 3 for 20" pilot unit

Sparger C20 - 3
Experimental data

Q DP Pm Q(lP) Q(TP) LnQ(lP) LnDP 1JPm Kg Kg lin
Ipm Pa atm Ipm [m"3/s] 1/atm Darcy Darcy

5 1946 1.01 5.41 9.01E-D5 -9.315 7.574 0.99049 0.0294 0.0359
10 3929 1.02 10.71 1.78E-04 -8.631 8.276 0.98098 0.0326 0.0358
15 5949 1.03 15.90 2.65E-04 -8.235 8.691 0.97148 0.0343 0.0357
20 8006 1.04 21.00 3.50E-04 -7.958 8.988 0.96200 0.0354 0.0355
25 10099 1.05 25.99 4.33E-04 -7.744 9.220 0.95253 0.0360 0.0354
30 12229 1.06 30.88 5.15E-04 -7.572 9.412 0.94309 0.0364 0.0353
35 14396 1.07 35.67 5.94E.04 -7.428 9.575 0.93367 0.0367 0.0352
40 16600 1.08 40.35 6.73E-04 -7.304 9.717 0.92429 0.0368 0.0351
45 18841 1.09 44.94 7.49E-04 -7.197 9.844 0.91494 0.0368 0.0350
50 21119 1.10 49.42 8.24E-04 -7.102 9.958 0.90562 0.0367 0.0348
55 23433 1.12 53.81 8.97E-04 -7.017 10.062 0.89635 0.0366 0.0347
60 25784 1.13 58.10 9.68E-04 -6.940 10.158 0.88713 0.0364 0.0346
65 28172 1.14 62.29 1.04E-03 -6.870 10.246 0.8n95 0.0361 0.0345
70 30597 1.15 66.38 1.11 E-03 -6.801 10.329 0.86882 0.0359 0.0344
75 33059 1.16 70.38 1.17E-03 -6.748 10.406 0.85975 0.0356 0.0343
80 35557 1.18 74.28 1.24E-03 -6.694 10.479 0.85073 0.0352 0.0342
85 38093 1.19 78.09 1.30E-03 -6.644 10.548 0.841n 0.0349 0.0340
90 40665 1.20 81.81 1.36E-03 -6.598 10.613 0.83287 0.0345 0.0339
95 43274 1.21 85.44 1.42E-03 -6.554 10.675 0.82404 0.0341 0.0338

100 45919 1.23 88.98 1.48E-03 -6.514 10.735 0.81521 0.0337 0.0337
105 48602 1.24 92.43 1.54E-03 -6.476 10.791 0.80656 0.0333 0.0336
110 51321 1.25 95.80 1.60E-03 -6.440 10.846 0.79792 0.0329 0.0335
115 54078 1.27 99.08 1.65E-03 -6.406 10.898 0.78936 0.0325 0.0334
120 56871 1.28 102.27 1.70E-D3 -6.374 10.949 0.78086 0.0321 0.0333
125 59700 1.29 105.39 1.76E-03 -6.344 10.997 0.n244 0.0317 0.0332
130 62567 1.31 108.42 1.81E-03 -6.316 11.044 0.76409 0.0312 0.0331
135 65471 1.32 , 11.37 1.86E-03 -6.289 11.089 0.75582 0.0308 0.0330

Avg= 0.0344

STO= 0.0009

LnDP=LnA+nLnQ Klinkenberg Effect
n= 1.17743 Kg = KI + b KI • (1/Pm)

RSQ= 0.9951 Y=A+BX
A= 18.3867 KI (A) = 0.0236 Darcy

Kg= 3.39E-14 mA 2 b KI (B) = 0.0124
Kg= 0.0343 Darcy b= 0.5266

RQS= 0.1777
Kg= 0.0344 Darcy

STO= 0.0009

•
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• Fluid Test: Air. Sparger # 4 for 20" pilot unit

Sparger C20 - 4
Experimental data

Q OP Pm Q(TP) Q(lP) LnQ(TP) Ln OP 1~m Kg Kg lin

Ipm Pa atm Ipm [m"3Js] 1/atm Darcy Darcy
5 811 1.00 5.44 9.06E~5 -9.309 6.698 0.99601 02434 0.2575

10 1623 1.01 10.83 1.80E.Q4 -8.620 7.392 0.99206 0.2500 0.2573
15 2435 1.01 16.18 2.70E.Q4 -8.218 7.798 0.98812 0.2535 0.2572
20 3249 1.02 21.48 3.58E.Q4 -7.935 8.086 0.98422 0.2556 0.2570
25 4062 1.02 26.75 4.46E.Q4 -7.716 8.310 0.98035 0.2570 0.2568
30 4877 1.02 31.97 5.33E~4 -7.537 8.492 0.97650 0.2580 0.2566
35 5692 1.03 37.16 6.19E.Q4 -7.387 8.647 0.97268 0.2586 0.2564
40 6508 1.03 42.30 7.05E.Q4 -7.257 8.781 0.96889 0.2590 0.2562
45 7324 1.04 47.40 7.90E.Q4 -7.143 8.899 0.96512 0.2593 0.2561
50 8141 1.04 52.46 8.74E.Q4 -7.042 9.005 0.96138 0.2593 0.2559
55 8959 1.04 57.49 9.58E.Q4 -6.951 9.100 0.95766 0.2593 0.2557
60 9778 1.05 62.47 1.04E~3 -6.867 9.188 0.95397 0.2592 0.2555
65 10597 1.05 67.42 1.12E-D3 -6.791 9.268 0.95031 0.2589 0.2554
70 11417 1.06 72.33 1.21 E-D3 -6.721 9.343 0.94667 0.2587 ·0.2552
15 12237 1.06 77.20 1.29E-D3 -6.656 9.412 0.94305 0.2583 0.2550
80 13058 1.06 82.03 1.37E-03 -6.595 9.4n 0.93946 0.2579 0.2549
85 13880 1.07 86.83 1.45E-D3 -6.538 9.538 0.93590 0.2575 0.2547
90 14702 1.07 91.59 1.53E-03 -6.485 9.596 0.93236 0.2571 0.2545
95 15525 1.08 96.31 1.51e-D3 -6.435 9.650 0.92884 0.2566 0.2544

100 16349 1.08 101.00 1.68E-03 -6.387 9.702 0.92535 0.2561 0.2542
105 17174 1.08 105.55 1.76E-D3 -6.342 9.751 0.92187 0.2555 0.2540
110 17999 1.09 110.27 1.84E-D3 -6.299 9.798 0.91843 0.2549 0.2539
115 18825 1.09 114.85 1.91 E-03 -6.258 9.843 0.91500 0.2544 0.2537
120 19651 1.10 119.40 1.99E-03 -6.220 9.886 0.91160 0.2537 0.2535
125 20418 1.10 123.91 2.01E-D3 -6.183 9.927 0.90822 0.2531 0.2534
130 21306 1.11 128.39 2.14E-D3 -6.147 9.967 0.90486 0.2525 0.2532
135 22135 1.11 132.84 2.21e-D3 -6.113 10.005 0.90153 0.2518 0.2531
140 22964 1.11 137.25 2.29E-03 -6.080 10.042 0.89822 0.2512 0.2529
145 23794 1.12 141.53 2.36e-D3 -6.049 10.0n 0.89493 0.2505 0.2527
150 24624 1.12 145.98 2.43E-03 -6.019 10.111 0.89166 0.2498 0.2526
155 25455 1.13 150.30 2.50E-D3 -5.989 10.145 0.88841 0.2492 0.2524
160 26287 1.13 154.58 2.58E-03 -5.961 10.1n 0.88518 0.2485 0.2523
165 27119 1.13 158.83 2.65E-03 -5.934 10.208 0.88197 0.2478 0.2521

Avg= 0.2547
STO= 0.0016

•

LnDP=LnA+nLnQ Klinkenberg Effect
n= 1.0452 Ka = KI + b KI * (1/PmJ

RSQ= 0.9996 Y=A+BX
A= 16.3827 KI (A) = 0.2104 Darcy

Kg= 2.51E-13 mA 2 b KI (B) = 0.0473
Kg= 0.2547 Darcy b= 0.2247

RQS= 0.1544
Kg= 0.2547 Darcy

STD= 0.0016
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• Fluid Test: Air. Sparger # 5 for 20" pilot unit

Sparger C20 - S
Experimental data

Q OP Pm Q(lP) Q(TP) LnQ(TP) Ln OP 1IPm Kg Kg lin
Ipm Pa atm Ipm [m"31s] 1latm Darcy Darcy

5 1890 1.01 5.41 9.01E-oS -9.314 7.544 0.99076 0.0752 0.0820
10 3780 1.02 10.71 1.79E-04 -8.630 8.238 0.98169 0.0787 0.0819
15 5670 1.03 15.93 2.65E-04 -8234 8.643 0.97278 0.0805 0.0818
20 7560 1.04 21.04 3.51E-04 -7.955 8.931 0.96403 0.0816 0.0817
25 9451 1.05 26.07 4.35E-04 -7.741 9.154 0.95544 0.0823 0.0816
30 11341 1.06 31.01 5.17E-04 -7.568 9.336 0.94700 0.0827 0.0814
35 13231 1.07 35.86 5.98E-04 -7.422 9.490 0.93871 0.0829 0.0813
40 15121 1.07 40.63 6.nE-04 -7298 9.624 0.93057 0.0830 0.0812
45 17011 1.08 45.31 7.55E-04 -7.189 9.742 0.92256 0.0830 0.0811
50 18901 1.09 49.92 8.32E-04 -7.092 9.847 0.91469 0.0829 0.0810
55 20791 1.10 54.44 9.07E-04 -7.005 9.942 0.90695 0.0828 0.Oe09
60 22681 1.11 58.90 9.82E-04 -6.926 10.029 0.89934 0.0826 0.0808
65 24571 1.12 63.27 1.05E-03 -6.855 10.109 0.89186 0.OS24 0.0807
70 26461 1.13 67.58 1.13E-03 -6.789 10.183 0.88450 0.0822 0.0806
75 28352 1.14 71.S1 1.20E-03 -6.728 10.252 0.Sn27 0.OS19 0.0805
80 30242 1.15 75.98 1.27E-03 -6.672 10.317 0.S7015 0.0816 0.0804
85 32132 1.16 SO.OS 1.33E-03 -6.619 10.378 0.86314 0.0813 0.0803
90 34022 1.17 84.11 1.40E-03 -6.570 10.435 0.85625 0.0809 0.0803
95 35912 1.18 88.08 1.47E-03 -6.524 10.489 0.84946 0.0806 0.0802

100 37802 1.19 91.99 1.53E-03 -6.480 10.540 0.84279 0.0802 0.0801
105 39692 1.20 95.83 1.60E-03 -6.440 10.589 0.83621 0.0799 0.0800
110 41582 1.21 99.62 1.66E-03 -6.401 10.635 0.82974 0.0795 0.0799
115 43472 1.21 103.35 1.72E-03 -6.364 10.680 0.S2337 0.0791 0.0798
120 45362 1.22 107.02 1.78E-03 -6.329 10.722 0.81710 0.0787 0.0797
125 47253 1.23 110.63 1.84E-03 -6.296 10.763 0.S1092 0.0783 0.0797
130 49143 1.24 114.20 1.90E-03 -6.264 10.S02 0.80483 0.07S0 0.0796
135 51033 1.25 117.70 1.96E-03 -6.234 10.S40 0.79883 a.an6 0.0795
140 52923 1.26 121.16 2.02E-03 -6.205 10.sn 0.79292 0.On2 0.0794

Avg= 0.0806
STO= O.OOOS

LnDP=LnA+nLnQ Klinkenberg Effect
n= 1.080 Kg = KI + b KI * (1/Pm)

RSQ= 0.999 Y=A+BX
A= 17.533 KI (A) = 0.0&90 Darcy

Kg= 7.95E-14 mA 2 b KI (8) = 0.0132
Kg= 0.0806 Darcy b= 0.1909

RQS= 0.1397
Kg= 0.0806 Darcy

STD= 0.0008

•
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• Fluid Test: Air. Sparger # 6 for 20" pilot unit

Sparger C20 - 6 L= 0.43 m
Experimental data

Q OP Pm a(TP) Q(TP) LnQ(TP) Ln OP 11Pm Kg Kg tin
Ipm Pa atm Ipm [mA3Js] 1Jatm Darcy Darcy

5 1673 1.01 5.41 9.02E-05 -9.313 7.422 0.99181 0.0134 0.0175
10 3392 1.02 10.73 1.79E-D4 -8.629 8.129 0.98354 0.0152 0.0175
15 5159 1.03 15.97 2.68E-D4 -8.232 8.548 0.97518 0.0163 0.0174
20 6972 1.03 21.10 3.52E-D4 -7.953 8.850 0.96674 0.0170 0.0173
25 8832 1.04 26.15 4.36E-D4 -7.738 9.086 0.95824 0.0174 0.0173
30 10738 1.05 31.10 5.18E-04 -7.565 9.282 0.94968 0.01n 0.0172
35 12692 1.06 35.95 5.99E-04 -7.420 9.449 0.94106 0.0179 0.0171
40 14692 1.07 40.71 6.78E-04 -7.296 9.595 0.93240 0.0180 0.0171
45 16739 1.08 45.37 7.56E-D4 -7.187 9.726 0.92370 0.0180 0.0170
50 18833 1.09 49.93 8.32E-04 -7.091 9.843 0.91497 0.0180 0.0169
55 20974 1.10 54.40 9.07E-D4 -7.006 9.951 0.90621 0.0180 0.0168
60 23162 1.11 58.n 9.79E-D4 -6.928 10.050 0.89743 0.0179 0.0168
65 25396 1.13 63.04 1.05E-03 -6.858 10.142 0.88864 0.0178 0.0167
70 276n 1.14 67.22 1.12E-03 -6.794 10.228 0.87983 O.01n 0.0166
75 30005 1.15 71.30 1.19E-03 -6.735 10.309 0.87103 0.0175 0.0166
80 32380 1.16 75.29 1.25E-03 -6.681 10.385 0.86223 0.0173 0.0165
85 34802 1.17 79.18 1.32E-03 -6.630 10.457 0.85344 0.0172 0.0164
90 37270 1.18 82.97 1.38E-03 -6.584 10.526 0.84466 0.0170 0.0164
95 39786 1.20 86.67 1.44E-03 -6.540 10.591 0.83589 0.0168 0.0163

100 42348 1.21 90.28 1.50E-03 -6.499 10.654 0.82715 0.0166 0.0162
105 44957 1.22 93.79 1.56E-03 -6.461 10.713 0.81844 0.0164 0.0162
110 47612 1.23 97.22 1.62E-03 -6.425 10.n1 0.80975 0.0161 0.0161
115 50315 1.25 100.55 1.68E-03 -6.391 10.826 0.80110 0.0159 0.0160
120 53065 1.26 103.80 1.73E-03 -6.360 10.879 0.79249 0.0157 0.0160
125 55861 1.28 106.95 1.78E-03 -6.330 10.931 0.78391 0.0155 0.0159
130 58704 1.29 110.02 1.83E-03 -6.301 10.980 0.n539 0.0152 0.0158
135 61593 1.30 113.00 1.88E-03 -6.275 11.028 0.76691 0.0150 0.0158
140 64530 1.32 115.90 1.93E-03 -6.249 11.075 0.75848 0.0148 0.0157
145 67513 1.33 118.71 1.98E-03 -6.225 11.120 0.75010 0.0145 0.0156
150 70544 1.35 121.44 2.02E-03 -6.203 11.164 0.74178 0.0143 0.0156

Avg= 0.0165
STO= 0.0006

•

LnDP=LnA+nLnQ Klinkenbera Effeet
n= 1.2245 Kg = KI + b KI • 11JPm)

RSQ= 0.9925 Y=A+BX
A= 18.6173 KI (A) = 0.00976 Darcy

Kg= 1.63E-14 mA 2 b KI (B) = 0.00782
Kg= 0.01648 Darcy b= 0.80158

RQS= 0.20528
Kg= 0.01654 Darcy

STO= 0.000598
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• Appendix B: Paper Pulp Viscosity
Measuremets of viscosity with Moddy-Colebrook and Darcy
Equations for turbulent Flow uisng a galvanized 'oop.

Results for 1/2" galvanized pipe (Oint =0.01480 m)
Fluid Test: Water

T= 23.5 oC

Density = 997.22 kglmA 3
Viscosity = 0.9216 cpoise

Q DP Re Friction ElD
[Umin] [cm H20) Factor
13.90 62.91 21557 0.0301 0.00240
16.70 88.47 25899 0.0294 0.00238
22.00 148.60 34118 0.0284 0.00239
27.60 229.00 42803 0.0278 0.00242
34.40 350.20 53349 0.0274 0.00248
37.10 402.90 57536 0.0271 0.00241
39.90 465.00 61878 0.0273 0.00257
43.30 543.00 67151 0.0268 0.00243
47.10 643.00 73044 0.0270 0.00257
49.30 702.70 76456 0.0268 0.00251
51.20 751.60 79403 0.0265 0.00244

Avg= 0.00245

•



•

•
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T= 35.5 oC

Density = 993.73 kglmA 3

Viscosity = 0.7123 cpoise

Q OP Re Friction ElO

[Umin) [cm H20) Factor

8.10 22.30 16197 0.0316 0.00247

11.50 42.78 22996 0.0301 0.00251

14.10 62.70 28195 0.0293 0.00253

19.80 118.96 39593 0.0282 0.00251

25.20 187.20 50391 0.0274 0.00242

30.90 277.00 61789 0.0270 0.00243

34.40 341.20 68787 0.0268 0.00244

37.90 413.78 75786 0.0268 0.00251

42.70 521.40 85384 0.0266 0.00251

46.10 603.20 92183 0.0264 0.00247

48.10 655.40 96182 0.0263 0.00248

51.10 736.80 102181 0.0262 0.00247

Avg= 0.00248

T= 47.2 oC

Density = 989.27 kg/mA 3

Viscosity = 0.5738 cpoise
Q OP Re Friction ElD

[Umin) [cm H20) Factor

5.80 11.67 14332 0.0324 0.00257

9.80 30.74 24217 0.0299 0.00253

14.20 61.74 35090 0.0286 0.00252

17.80 94.80 43986 0.0279 0.00251

22.70 1 150.90 56094 0.0273 0.00251

26.40 200.54 65237 0.0269 0.00243

30.50 264.78 75369 0.0266 0.00242

36.10 369.89 89207 0.0265 0.00250

40.90 470.93 101068 0.0263 0.00249

46.30 599.10 114412 0.0261 0.00247

48.20 648.74 119107 0.0261 0.00248

51.80 747.12 128003 0.0260 0.00249

Avg= 0.00249
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• Fluid Test: Polyacrylamide 0.03% wt

T= 26.5 oc
Density = 996.46 kglmA3

ElD= 0.00248

Q DP Friction Re Viscosity

[Umin) [cm H20) Factor [cpoise)

16.60 91.40 0.0308 19194 1.2351

19.60 124.00 0.0299 23234 1.2048

24.80 194.10 0.0293 27636 1.2816

27.50 236.90 0.0290 29371 1.3372

31.90 310.56 0.0283 37067 1.2291

35.80 386.14 0.0279 42123 1.2138

39.30 459.25 0.0276 48577 1.1554

42.60 540.30 0.0276 47884 1.2706

45.60 615.00 0.0274 51678 1.2602

48.80 696.10 0.0271 59830 1.1649

51.80 789.00 0.0273 55456 1.3340

T= 35.5 oC

Density = 993.73 kg/mA 3

ElD= 0.002418

Q OP Friction Re Viscosity
[Umin] [cm H20) Factor [cpoise]

16.60 87.20 0.0294 26459 0.8936

19.80 122.89 0.0291 28554 0.9876

24.90 189.60 0.0284 35439 1.0007

27.70 229.10 0.0278 45007 0.8766

31.50 292.30 0.0274 52455 0.8553

35.50 366.64 0.0270 61409 0.8234

39.50 451.20 0.0269 66690 0.8436

43.00 532.00 0.0268 71787 0.8531

45.60 597.40 0.0267 73396 0.8849

48.80 684.90 0.0267 72252 0.9620

52.00 769.30 0.0265 85910 0.8621

•
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T= 47.2 ·C
Density = 989.27 kglmA3

ElD= 0.00248
Q OP Friction Re Viscosity

[Umin] [cm H20) Factor [cpoise]

16.60 85.20 0.0289 30855 0.7628
18.80 107.40 0.0284 36053 0.7394
23.30 161.10 0.0277 45834 0.7208
26.20 202.10 0.0275 50080 0.7418
31.90 294.10 0.0270 63179 0.7159
35.40 361.20 0.0269 65577 0.7654
39.90 455.20 0.0267 73720 0.7674
42.20 504.84 0.0265 84598 0.7073
45.30 582.40 0.0265 82992 0.7739
48.50 662.30 0.0263 95439 0.7205
51.90 758.45 0.0263 95353 0.7717

Fluid Test: Polyacrylamine O.3°k

T= 26.5 oC

Density = 996.46 kglmA 3
ElD = 0.00248

Q DP Friction Re Viscosity
[Umin] [cm H20] Factor [cpoise]

14.70 89.40 0.0384 6015 3.4905
18.10 127.90 0.0362 7825 3.3037
21.50 174.30 0.0350 9264 3.3146
24.20 212.10 0.0336 11420 3.0266
26.60 256.80 0.0337 11290 3.3649
32.50 369.90 0.0325 13780 3.3682
35.80 439.52 0.0318 15615 3.2743
39.60 528.40 0.0312 17438 3.2433
44.90 671.40 0.0309 18826 3.4062
47.50 745.30 0.0306 19893 3.4102
51.50 863.80 0.0302 21966 3.3483

157



•

•

Appendix B: Paper Pulp Viscosity

T= 35.5 oC

Oensity = 993.73 kgJmA 3

E1D= 0.00248
Q DP Friction Re Viscosity

[Umin) [cm H20] Factor [cpoise]

19.10 133.80 0.0341 10525 2.5847

23.20 190.45 0.0329 12787 2.5841

27.40 259.41 0.0321 14675 2.6594

31.20 328.45 0.0314 16986 2.6160

35.30 412.32 0.0308 19300 2.6050

39.10 498.10 0.0303 21482 2.5924

42.80 590.40 0.0300 23235 2.6236

44.20 625.30 0.0298 24475 2.5721

47.80 726.10 0.0295 25860 2.6326

51.41 829.40 0.0292 28614 2.5589

54.30 918.60 0.0290 30407 2.5434

T= 47.2 oC

Density = 989.27 kglmA 3

ElD= 0.00248
Q OP Friction Re Viscosity

[Umin] [cm H20) Factor (cpoise]

16.70 103.40 0.0346 9725 2.4347

19.50 136.80 0.0336 11384 2.4288

24.90 215.60 0.0325 13766 2.5647

28.50 273.50 0.0314 16726 2.4160

32.60 349.09 0.0307 19674 2.3494

36.00 415.90 0.0300 23204 2.1998

39.80 507.60 0.0299 23454 2.4060

42.60 584.32 0.0301 22643 2.6675

46.00 665.80 0.0294 26995 2.4161

49.60 764.00 0.0290 30077 2.3382

53.00 869.00 0.0289 31080 2.4178

158



• Fluid Test: Grey Water

T= 26.5 oc
Density = 996.4& kglmA 3

ElD= 0.00248
Q OP Friction Re Viscosity

[Umin] [cm H20) Factor [cpoise)

17.90 113.40 0.0328 12970 1.9711

19.90 137.10 0.0321 14745 1.9275

23.00 178.80 0.0313 17097 1.9213

25.80 221.60 0.0309 18872 1.9525

29.60 284.10 0.0301 22678 1.8641

33.20 351.50 0.0296 25714 1.8440

37.70 449.90 0.0293 27266 1.9747

41.00 525.30 0.0290 30336 1.9303

45.70 642.20 0.0285 35013 1.8641

48.41 721.30 0.0285 34710 1.9919

50.20 772.30 0.0284 36133 1.9842

•

T= 35.5 oC

Density = 993.73 kg/mA 3
ElD= 0.00248

Q OP Friction Re Viscosity
[Umin] [cm H20] Factor [cpoise)

17.10 108.90 0.0346 9726 2.5041

20.20 146.10 0.0333 11972 2.4031

22.40 176.80 0.0328 13094 2.4365

24.20 202.20 0.0321 14742 2.3380

27.10 251.60 0.0319 15451 2.4981

29.10 284.10 0.0312 17618 2.3525

32.00 339.60 0.0308 19009 2.3976

35.00 404.80 0.0307 19475 2.5596

37.90 470.30 0.0304 20751 2.6013

43.00 600.20 0.0302 22056 2.7767

45.80 671.30 0.0298 24500 2.6625

47.50 721.00 0.0297 24776 2.7306

49.70 784.30 0.0295 26034 2.7190
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Appendix B: Paper Pulp Viscosity

T= 47.2 oC

Density = 989.27 kglmA 3
ElD= 0.00248

Q OP friction Re Viscosity
[Umin) [cm H20) Factor [cpoise)

17.10 113.90 0.0364 7643 3.1722
19.80 148.20 0.0353 8826 3.1809
23.10 195.98 0.0343 10208 3.2086
27.80 274.20 0.0331 12283 3.2091
31.00 334.50 0.0325 13689 3.2110
34.20 399.26 0.0319 15368 3.1554
36.70 455.30 0.0316 16320 3.1885
38.30 492.30 0.0313 17080 3.1794
41.50 571.20 0.0310 18442 3.1906
43.60 625.40 0.0307 19465 3.1759
46.20 697.10 0.0305 20465 3.2009
47.70 738.56 0.0303 21363 3.1659
49.70 798.60 0.0302 21980 3.2061
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Appendix B: Paper Pulp Viscosity

• Fluid Test: Paper Pulp 0.017% Wt.

T= 26.5 oc
Oensity = 996.46 kglmA 3

ElD= 0.00248
Q DP Friction Re Viscosity

[Umin) [cm H20) Factor [cpoise)

16.10 127.30 0.0455 3040 7.5636
18.00 152.78 0.0437 3538 7.2668
20.70 197.63 0.0428 3851 7.6770
22.10 221.50 0.0420 4113 7.6738
24.50 264.80 0.0409 4593 7.6181
27.10 311.30 0.0393 5419 7.1422
32.10 415.90 0.0374 6710 6.8320
36.80 532.60 0.0365 7559 6.9530
39.20 589.10 0.0355 8537 6.5578
42.80 696.50 0.0353 8889 6.8765
44.10 732.80 0.0349 9297 6.7743
46.60 818.60 0.0350 9277 7.1742
48.60 858.90 0.0337 11174 6.2119

•
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Appendix B: Paper Pulp Viscosity

T= 35.5 oC

Oensity = 993.73 kglmA 3
ElD= 0.00248

Q DP Friction Re Viscosity
[Umin] [cm H20] Factor [cpoise]

14.50 110.30 0.0488 2379 8.6798

16.60 137.50 0.0464 2841 8.3229

18.10 156.80 0.0445 3310 7.7876

20.60 198.30 0.0434 3624 8.0968

23.00 239.00 0.0420 4130 7.9317

26.00 298.10 0.0410 4550 8.1395

29.20 365.10 0.0398 5133 8.1018

32.70 448.60 0.0390 5596 8.3223

35.70 521.80 0.0381 6221 8.1734

38.40 592.50 0.0374 6763 8.0864
42.00 693.80 0.0366 7460 8.0184

44.90 780.60 0.0360 8031 7.9626

46.60 831.90 0.0356 8454 7.8508

T= 47.2 oC

Density = 989.27 kg/mA 3
ElD= 0.00248

Q OP Friction Re Viscosity
[Umin] [cm H20] Factor [cpoise]

17.10 150.30 0.0480 2515 9.6388
19.10 181.70 0.0465 2814 9.6252

21.70 227.60 0.0451 3139 9.8022
24.80 286.40 0.0435 3610 9.7410
27.80 348.20 0.0421 4102 9.6091
30.00 396.80 0.0412 4471 9.5131
32.40 459.10 0.0408 4620 9.9439
35.50 536.70 0.0398 5154 9.7663
37.60 595.30 0.0393 5405 9.8634
39.10 633.10 0.0387 5804 9.5513
41.20 697.90 0.0384 5988 9.7556
43.90 776.50 0.0376 6547 9.5070
45.90 843.10 0.0374 6751 9.6405
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Appendix B: Paper Pulp Viscosity

• Fluid Test: Paper Pulp 0.91% Wt.

T= 26.5 oC

Oensity = 996.46 kglmA 3
ElO= 0.00248

Q OP Friction Re Viscosity
(Umin] (cmH20) Factor [cpoise)

15.10 84.35 0.0343 10208 2.1126
18.70 123.40 0.0327 13188 2.0251
21.70 159.40 0.0314 16933 1.8303
24.80 197.40 0.0298 24472 1.4473
26.90 225.60 0.0289 30944 1.2415
29.80 269.87 0.0282 39206 1.0855
32.90 321.00 0.0275 51053 0.9204
36.40 385.60 0.0270 64989 0.7999
39.30 449.60 0.0270 64766 0.8666
42.90 528.00 0.0266 80683 0.7594
45.20 581.90 0.0264 91399 0.7063
47.70 651.20 0.0265 83972 0.8113
51.20 739.90 0.0262 108927 0.6713

•
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Appendix B: Paper Pulp Viscosity

T= 35.5 oC

Density = 993.73 kglmA 3

ElD= 0.00248

Q OP Friction Re Viscosity

[Umin] [cm H20) Factor [cpoise]

19.50 145.90 0.0357 8390 3.3104

22.20 179.80 0.0339 10823 2.9215

24.00 204.70 0.0330 12479 2.7393

26.30 241.30 0.0324 13869 2.7008

28.50 276.70 0.0317 15996 2.5376

31.40 324.50 0.0306 20017 2.2342

34.30 378.60 0.0299 23501 2.0787

37.10 436.20 0.0295 26429 1.9993

40.10 499.54 0.0289 31167 1.8325

42.80 550.40 0.0279 42812 1.4239

44.70 601.70 0.0280 41822 1.5223

46.80 650.40 0.0276 48694 1.3689

48.50 697.30 0.0276 49675 1.3906

T= 47.2 oC

Density = 989.27 kg/mA 3

ElD= 0.00248
Q DP Friction Re Viscosity

[Umin] [cm H20) Factor [epaise]

18.80 140.32 0.0371 6998 3.8088

21.20 172.60 0.0359 8175 3.6769

23.90 217.40 0.0355 8538 3.9691

26.00 246.30 0.0340 10642 3.4641

28.20 281.20 0.0330 12515 3.1949

30.50 324.40 0.0326 13542 3.1934

37.30 357.70 0.0320 14964 3.0604

34.50 400.70 0.0314 16747 2.9210

36.60 449.80 0.0314 17024 3.0484

39.00 495.10 0.0304 20946 2.6400

42.50 573.30 0.0296 25213 2.3900

45.40 641.30 0.0291 29601 2.1746

46.40 672.20 0.0292 28752 2.2881
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Appendix B: Paper Pulp Viscosity

Results for 3/4" galvanized pipe (Oint =0.0210 m)
Fluid Test: Water

T= 23.5 oc
Density = 996.46 kglmA 3

Viscosity = 0.9216 cpoise
Q OP Re Friction ElD

[Umin) [cm H20) Factor

13.90 12.87 15181 0.0354 0.00490
16.70 18.15 18239 0.0346 0.00485
22.00 30.61 24027 0.0336 0.00484
27.60 47.35 30143 0.0330 0.00488
34.40 72.10 37569 0.0324 0.00480
37.10 83.51 40518 0.0323 0.00481
39.90 96.32 43576 0.0322 0.00484
43.30 112.60 47289 0.0319 0.00479
47.10 132.68 51439 0.0318 0.00480
49.30 145.20 53842 0.0318 0.00482
51.20 156.10 55917 0.0317 0.00480

Avg= 0.00483
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Appendix B: Paper Pulp Viscosity

T= 35.5 oC

Density = 993.73 kglmA3

Viscosity = 0.7123 cpoise

Q DP Re Friction ElD

[Umin] [cm H20] Factor

11.50 8.72 16207 0.0352 0.00491

14.10 12.79 19871 0.0343 0.00486

19.80 24.46 27903 0.0333 0.00489

25.20 38.85 35513 0.0326 0.00486

30.90 57.61 43546 0.0322 0.00484

34.40 70.92 48479 0.0320 0.00483

37.90 85.53 53411 0.0317 0.00480

42.70 107.96 60176 0.0316 0.00481

46.10 125.40 64967 0.0315 0.00481

48.10 136.20 67786 0.0314 0.00480

51.10 153.40 72013 0.0313 0.00480

Avg = 0.00484

T= 47.2 oC

Density = 989.27 kg/mA 3
Viscosity = 0.5738 cpoise

Q DP Re Friction ElD
[Umin) [cm H20) Factor

9.80 6.32 17067 0.0352 0.00513

14.15 12.71 24643 0.0340 0.00514

17.75 19.60 30912 0.0333 0.00510

22.60 31.29 39359 0.0328 0.00512

26.27 41.86 45750 0.0325 0.00510

30.35 55.45 52856 0.0322 0.00510

36.04 77.50 62765 0.0320 0.00508

40.90 99.50 71229 0.0319 0.00511

45.99 125.21 80094 0.0317 0.00510

48.06 136.60 83699 0.0317 0.00511

51.59 157.00 89846 0.0316 0.00511

Avg= 0.00511
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Appendix B: Paper Pulp Viscosity

• Fluid Test: Polyacrylamine 0.03 %Wt.

T= 26.5 oc
Density = 996.4& kglmA 3

ElD= 0.00493
Q OP Friction Re Viscosity

[Umin] [cm H20] Factor [cpoise]

16.60 18.36 0.0354 15256 1.0952

19.60 25.13 0.0348 17871 1.1039

24.80 39.08 0.0338 23835 1.0473

27.50 47.68 0.0335 26015 1.0640

31.90 63.35 0.0331 30379 1.0569

35.80 79.11 0.0328 34080 1.0573

39.30 94.66 0.0326 37814 1.0461

42.40 109.65 0.0324 40800 1.0460

45.60 126.02 0.0322 45421 1.0105

48.80 143.76 0.0321 48776 1.0070

51.80 161.34 0.0320 52616 0.9909

T= 35.5 oC

Oensity = 993.73 kglmA 3

ElO= 0.00493
Q OP Friction Re Viscosity

[Umin) [cm H20) Factor [cpoise)

16.60 17.80 0.0344 19589 0.8506

19.80 24.90 0.0339 23243 0.8551

24.90 38.45 0.0331 30814 0.8111

27.70 47.28 0.0329 33594 0.8277

31.50 60.48 0.0325 39464 0.8012

35.50 75.98 0.0321 47477 0.7506

39.50 93.60 0.0320 52159 0.7601

43.00 110.21 0.0318 59616 0.7240

45.60 123.81 0.0317 61025 0.7501

48.80 141.20 0.0316 67324 0.7276

52.00 159.90 0.0315 71942 0.7255

•
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Appendix B: Paper Pulp Viscosity

T= 47.2 oC

Density = 989.27 kglmA 3
ElD= 0.00493

Q DP Friction Re Viscosity
[Umin] [cm Factor [cpoise]

H20]
16.60 17.32 0.0337 24810 0.6686
18.80 21.90 0.0332 29403 0.6389
23.30 33.12 0.0327 36349 0.6405
26.20 41.60 0.0325 40260 0.6503
31.90 60.69 0.0319 53592 0.5948
35.40 74.50 0.0318 57240 0.6180
39.90 93.80 0.0316 70404 0.5663
42.20 104.80 0.0315 72595 0.5809
45.30 120.30 0.0314 80550 0.5620
48.50 137.40 0.0313 89652 0.5406
51.90 156.96 0.0312 96905 0.5352

Fluid Test: Polyacrylamine 0.3 %wt.

T= 26.5 oc
Oensity = 996.46 kg/mA 3

ElD= 0.00493
Q OP Friction Re Viscosity

[Umin] [cm H20) Factor [cpoise]
18.10 25.80 0.0419 5402 3.3723
21.50 34.54 0.0397 7116 3.0410
24.20 43.46 0.0395 7396 3.2934
26.60 51.21 0.0385 8561 3.1274
32.50 74.50 0.0375 10068 3.2490
35.80 88.57 0.0367 11564 3.1160
39.60 106.58 0.0361 13052 3.0537
44.90 135.21 0.0357 14465 3.1244
47.50 150.31 0.0354 15272 3.1306
51.50 174.18 0.0349 17254 3.0042
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Appendix B: Paper Pulp Viscosity

T= 35.5 oC

Density = 993.73 kglmA 3

ElD= 0.00493
Q DP Friction Re Viscosity

[Umin) [cm H20) Factor [cpoise]

19.10 26.87 0.0393 7599 2.5230

23.20 38.10 0.0377 9663 2.4099

27.40 51.83 0.0368 11425 2.4074

31.20 65.85 0.0361 13246 2.3644

35.30 83.23 0.0356 14623 2.4231

39.10 100.47 0.0350 16742 2.3442

42.80 119.43 0.0348 17968 2.3909

44.20 126.75 0.0346 18795 2.3606

47.80 146.85 0.0343 20572 2.3323

51.41 168.54 0.0340 22279 2.3162

54.30 187.30 0.0339 23203 2.3490

T= 47.2 oC

Density = 989.27 kg/mA 3
ElD= 0.00493

Q OP Friction Re Viscosity
[Umin] [cm H20] Factor [cpoise)

16.70 20.62 0.0396 7249 2.3019

19.50 27.31 0.0385 8584 2.2700

24.90 42.78 0.0370 11116 2.2384

28.50 54.75 0.0361 13153 2.1651

32.60 70.50 0.0355 14904 2.1858

36.00 84.60 0.0350 17070 2.1073

39.80 102.50 0.0347 18473 2.1529

42.60 116.69 0.0344 19604 2.1714

46.00 134.57 0.0341 21870 2.1018

49.60 155.90 0.0339 22699 2.1835

53.00 176.89 0.0337 24294 2.1800
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Appendix B: Paper Pulp Viscosity

• Fluid Test: Grey Water

T= 26.5 oC

Density = 996.4& kglmA 3
ElD= 0.00493

Q OP Friction Re Viscosity
[Umin] [cm H20] Factor [cpoise]

17.90 25.50 0.0423 5130 3.5121

18.80 27.75 0.0417 5484 3.4503
19.90 30.75 0.0413 5799 3.4537
23.00 40.05 0.0403 6623 3.4956
25.80 49.22 0.0393 7548 3.4404
29.60 63.45 0.0385 8530 3.4926
33.20 78.15 0.0377 9734 3.4331
37.70 98.90 0.0370 11024 3.4422
41.00 115.20 0.0364 12277 3.3613
45.70 141.50 0.0360 13366 3.4415
48.41 157.41 0.0357 14295 3.4086

170

•

T= 35.5 oC

Density = 993.73 kglmA 3
ElD= 0.00493

Q OP Friction Re Viscosity
[Umin) [cm H20) Factor [cpoise]
17.10 24.80 0.0452 3781 4.5398
20.20 33.00 0.0431 4689 4.3246
22.40 39.75 0.0422 5176 4.3438
24.20 45.15 0.0411 5932 4.0947
27.10 55.95 0.0406 6312 4.3095
29.10 63.75 0.0401 6727 4.3419
32.00 76.20 0.0397 7171 4.4793
35.00 89.25 0.0388 8095 4.3401
37.90 103.20 0.0383 8804 4.3210
43.00 130.95 0.0378 9632 4.4810
45.80 145.80 0.0371 10902 4.2169
47.50 156.75 0.0370 10937 4.3593
49.70 169.28 0.0365 12034 4.1454
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Appendix B: Paper Pulp Viscosity

T= 47.2 oC

Density = 989.27 kglmA 3
ElD= 0.00493

Q DP Friction Re Viscosity
[Umin] [cm H20] Factor (cpoise]
17.10 25.78 0.0472 3148 5.4273
19.80 33.33 0.0455 3669 5.3922

23.10 43.75 0.0439 4310 5.3559
27.80 61.20 0.0424 5074 5.4744

31.00 74.15 0.0413 5773 5.3662
34.20 88.61 0.0406 6349 5.3827
36.70 100.40 0.0399 6928 5.2933
38.30 108.45 0.0396 7252 5.2777
41.50 125.10 0.0389 8025 5.1677
43.60 138.11 0.0389 8015 5.4359
46.20 152.70 0.0383 8791 5.2516
47.70 162.00 0.0381 9054 5.2645
49.70 175.10 0.0380 9306 5.3369
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Appendix B: Paper Pulp Viscosity

• Fluid Test: Paper Pulp 0.017 °kwt

T= 26.5 oc
Oensity = 996.46 kglmA 3

ElD= 0.00493
Q OP Friction Re Viscosity

[Umin) [cm H20) Factor [cpoise)
16.10 33.50 0.0687 867 18.6933
18.00 39.70 0.0651 1018 17.7992
20.70 49.50 0.0614 1224 17.0229
22.10 55.12 0.0600 1320 16.8562
24.50 65.40 0.0579 1482 16.6397
27.10 76.80 0.0556 1704 16.0073
32.10 101.40 0.0523 2116 15.2727
36.80 125.61 0.0493 2645 14.0019
39.20 140.20 0.0485 2823 13.9786
42.80 162.45 0.0472 3167 13.6047
44.10 171.23 0.0468 3262 13.6062
46.60 186.43 0.0456 3630 12.9225
48.60 200.56 0.0451 3807 12.8500

•
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T= 35.5 DC
Density = 993.73 kglmA 3

ElD= 0.00493
Q OP Friction Re Viscosity

[Umin] [cm H20) Factor [cpoise]

16.60 37.00 0.0716 769 21.6652

18.10 41.90 0.0682 887 20.4844

20.60 51.50 0.0647 1040 19.8904

23.00 61.00 0.0615 1220 18.9184

26.00 75.30 0.0594 1365 19.1208

29.20 90.30 0.0565 1616 18.1364

32.70 109.70 0.0547 1804 18.1921

35.70 126.30 0.0528 2042 17.5514

38.40 141.10 0.0510 2323 16.5902

42.00 163.20 0.0493 2643 15.9489

44.90 182.50 0.0483 2881 15.6462

46.60 193.40 0.0475 3077 15.2027

T= 47.2 DC
Oensity = 989.27 kglmA 3

ElD= 0.00493
Q DP Friction Re Viscosity

[Umin] [cm H20) Factor [cpoise]

17.10 40.70 0.0745 685 24.9344

19.10 48.30 0.0709 791 24.1388

21.70 59.50 0.0677 907 23.8996

24.80 73.10 0.0637 1094 22.6602

27.80 87.40 0.0606 1280 21.6956

30.00 98.60 0.0587 1420 21.1042

32.40 113.20 0.0578 1497 21.6213

35.50 131.20 0.0558 1688 21.0176

37.60 144.20 0.0546 1813 20.7287

39.10 153.70 0.0538 1908 20.4819

41.20 167.00 0.0527 2062 19.9645

43.90 185.10 0.0514 2253 19.4705

45.90 200.00 0.0508 2354 19.4854
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Appendix B: Paper Pulp Viscosity

• Fluid Test: Paper Pulp 0.91 %wt.

T= 26.5 oc
Density = 996.4& kglmA 3

ElD= 0.00493
Q OP Friction Re Viscosity

[Umin] [cm H20] Factor [cpoise]
15.10 18.69 0.0436 4460 3.4076
18.70 27.00 0.0411 5971 3.1525
21.70 34.87 0.0394 7486 2.9177
24.80 42.94 0.0371 10776 2.3163
26.90 49.51 0.0364 12422 2.1797
29.80 58.96 0.0353 15708 1.9095
32.90 70.40 0.0346 18842 1.7575
36.40 84.65 0.0340 22482 1.6296
39.30 96.87 0.0333 27673 1.4294
42.90 112.54 0.0325 39167 1.1025
45.20 123.30 0.0321 49011 0.9283
47.70 135.60 0.0317 63623 0.7546
51.20 153.70 0.0312 100498 0.5128

•

174



•

•

Appendix B: Paper Pulp Viscosity

T= 35.5 oC

Density = 993.73 kglmA 3
ElD= 0.00493

Q DP Friction Re Viscosity

[Umin] [cm H20] Factor [cpoise]

19.50 30.00 0.0421 5282 3.7058

22.20 37.84 0.0409 6060 3.6774

24.00 43.54 0.0403 6581 3.6608

26.30 50.94 0.0393 7604 3.4717

28.50 58.96 0.0387 8274 3.4576

31.40 69.54 0.0376 9892 3.1863

34.30 80.43 0.0364 12249 2.8108

37.10 92.58 0.0359 13838 2.6911

40.10 106.98 0.0355 15098 2.6659

42.80 118.90 0.0346 18718 2.2952

44.70 128.12 0.0342 21058 2.1307

46.80 138.00 0.0336 25396 1.8497

48.50 147.54 0.0334 26762 1.8191

T= 47.2 oC

Density = 989.27 kglmA 3
ElD= 0.00493

Q OP Friction Re Viscosity

[Umin) [cm H20) Factor [cpoise)

18.80 29.30 0.0444 4100 4.5822

21.20 35.26 0.0420 5311 3.9887

23.90 43.78 0.0410 5974 3.9975

26.00 50.60 0.0401 6773 3.8361

28.20 57.67 0.0388 8102 3.4780

30.50 66.78 0.0384 8609 3.5403

32.30 74.00 0.0380 9272 3.4812

34.50 83.47 0.0376 9971 3.4576

36.60 92.30 0.0369 11223 3.2588

39.00 103.20 0.0363 12525 3.1115

42.50 120.20 0.0356 14529 2.9229

45.40 134.78 0.0350 16815 2.6980

46.40 139.45 0.0347 18308 2.5326
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Appendix B: Paper Pulp Viscosity

• Results for bubble size measurements using a bubble viewer

Sparger # 3 (5 J1m) for 4" lab column.

Jg = 0.51 cm/s JL = 1.25 cm/s
Eg=5.1% Paper Pulp = 0.97 ok wt
Measurement Clas8 Mid point Relative Freq. Frequency

0.00 0.16 0.08 0.00 0
0.17 0.34 0.26 0.02 5
0.35 0.51 0.43 0.04 11
0.52 0.69 0.60 0.29 86
0.70 0.86 0.78 0.27 80
0.87 1.03 0.95 0.13 38
1.04 1.21 1.13 0.09 28
1.22 1.38 1.30 0.06 17
1.39 1.56 1.47 0.05 16
1.57 1.73 1.65 0.01 4
1.74 1.90 1.82 0.05 14
1.91 2.08 2.00 0.00 5

Sum= 1.00 304
d suater = 1.155

Jg = 1.03 cm/s JL = 1.25 cm/s
Eg = 10.47 oh Paper Pulp = 0.97 oh wt

Measurement Cla55 Mid point Relative Freq. Frequency

0.00 0.19 0.09 0.00 0
0.20 0.39 0.29 0.01 4
0.40 0.59 0.49 0.03 10
0.60 0.79 0.69 0.08 25
0.80 0.99 0.89 0.25 75
1.00 1.18 1.09 0.23 70
1.19 1.38 1.29 0.17 50
1.39 1.58 1.49 0.03 8
1.59 1.78 1.69 0.05 16
1.79 1.98 1.89 0.13 39
1.99 2.18 2.08 0.00 1
2.19 2.38 2.28 0.00 1

Sum= 1.00 300
d suater = 1.414

•
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Appendix B: Paper Pulp Viscosity

Jg = 1.51 cmls JL = 1.25 cml5
Eg = 16.3 % Paper Pulp = 0.97 % wt
Measurement Clas5 Mid point Measurement Mid point

Class
0.00 0.18 0.09 0.00 0
0.19 0.37 0.28 0.04 13
0.38 0.56 0.47 0.06 17
0.57 0.75 0.66 0.05 14
0.76 0.94 0.85 0.11 33
0.95 1.13 1.04 0.11 32
1.14 1.32 1.23 0.06 25
1.33 1.51 1.42 0.17 37
1.52 1.70 1.61 0.11 41
1.71 1.89 1.80 0.09 26
1.90 2.08 1.99 0.06 19
2.09 2.27 2.18 0.08 22
2.28 2.46 2.37 0.06 15
2.47 2.65 2.56 0.00 4

Sum= 1.00 298
d suater= 1.73
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Appendix C: Gas Dispersion on Paper Pulp 178

• APPENDIX C: Gas Dispersion on Paper Pulp

4 Il lab column Sparger # 1 (0.5 p.m) % Consistency: 1.3 %

Jg cmls %Eg db mm Sb 1/s

0.00 0.00 0.000 0.00

0.50 3.60 o.oao 37.86

1.01 6.70 0.132 45.77

1.51 10.50 0.155 58.31

2.00 14.25 0.170 70.70

2.33 17.00 0.171 81.85

4 " lab column Sparger # 1 (0.5 fJ.m) % Consistency: 1.1 %

Jg (cm/s) %Eg db mm Sb 1/s

0.00 0.00 0.000 0.00

0.50 4.22 0.075 40.39

1.01 9.26 0.120 50.35

1.51 14.25 0.137 65.97

2.00 18.31 0.145 82.89

2.33 22.14 0.149 93.94

4 " lab column Sparger # 1 (0.5 fJ.m) % Consistency: 0.9 %

Jg cm/s %Eg db mm Sb 1/s

0.00 0.00 0.000 0.00

0.50 5.20 0.074 40.93

1.01 10.29 0.102 59.23

1.51 16.10 0.118 76.60

2.00 19.89 0.124 96.93

2.51 23.78 0.128 117.57

•



Appendix C: Gas Dispersion on Paper Pulp 179

• 4 " lab column Sparger #1 1 (0.5Ilm) % Consistency: 0.7 0A.

Jg cmls %Eg db mm Sb 1/s

0.00 0.00 0.000 0.00

o.so 6.25 0.072 42.07

1.01 12.80 0.098 61.65

1.51 17.64 0.110 82.17

2.00 23.80 0.117 102.73

2.S1 27.30 0.118 127.54

4 " lab column Sparger # 1 (0.5 J1,m) % Consistency: 0.5 %

Jg cmls %Eg db mm Sb 1/s

0.00 0.00 0.000 0.00

0.50 7.50 0.060 SO.48

1.01 15.40 0.070 86.56

1.51 22.56 0.076 119.58

2.00 29.47 0.084 142.86

2.S1 33.31 0.087 172.98

4 " lab column Sparger# 6 (40 Ilm) % Consistency: 1.3 0A.

Jg (cm/s) %Eg db (mm) Sb (1/s)

0.00 0.00 0.000 0.00

0.51 1.75 0.138 22.00

1.01 3.16 0.250 24.28

1.52 4.80 0.320 28.44

2.02 6.10 0.350 34.65

2.54 7.24 0.378 40.26
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Appendix C: Gas Dispersion on Paper Pulp 180

• 4 .. lab column Sparger #1 6 (40 J,lm) % ConsÎstency: 1.1 %

Jg (cmJs) %Eg db (mm) Sb (1/s)

0.00 0.00 0.000 0.00

0.51 2.10 0.125 24.29

1.01 4.50 0.190 31.94

1.52 6.89 0.220 41.36

2.02 8.95 0.242 50.16

2.54 11.50 0.266 57.11

4 " lab column Sparger # 6 (40 J,Lm) % Consistency: 0.9 %

Jg (cm/s) 0/0 Eg db (mm) Sb (1/s)

0.00 0.00 0.000 0.00

0.51 1.96 0.130 23.35

1.01 4.01 0.238 25.50

1.52 6.10 0.280 32.50

2.02 8.10 0.300 40.42

2.54 9.98 0.320 47.56

4" lab column Sparger # 6 (40 J1m) % Consistency: 0.7 ok

Jg (cm/s) %Eg db (mm) Sb (1/s)

0.00 0.00 0.000 0.00

0.51 2.35 0.120 25.30

1.01 5.42 0.160 37.93

1.52 8.30 0.190 47.89

2.02 10.67 0.210 57.75

2.54 13.47 0.230 66.17
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Appendix C: Gas Dispersion on Paper Pulp

•

•

4 " lab column

Jg (cm/5)

0.00

0.51

1.01

1.52

2.02

2.54

%Eg

0.00

3.14

6.90

10.32

13.20

16.50

Sparg9r ## 6 (40 J1m)

db (mm) Sb (1/5)

0.000 0.00

0.098 30.98

0.110 55.17

0.130 70.00

0.140 86.62

0.148 102.83

Consistency: 0.5 %
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Appendix 0: Mixing

• APPENDIX 0: Mixing

Vessel dispersion number obtained at various conditions.

4 " lab column

182

Le JI Jg °kEg t* t** Nd KCI. (gr-minll)
(cm) (cmls) (cmls) (min) (min)

in out

243 1.12 1.10 14.10 4.10 3.49 0.1349 3.85 3.01

243 0.98 1.49 21.52 240 3.19 0.1590 3.85 3.41

243 0.99 2.14 27.24 2.08 2.94 0.1853 3.85 3.66

243 2.20 1.11 15.36 1.32 1.67 0.0756 3.50 3.47

243 2.14 1.48 23.85 1.14 1.50 0.1013 3.50 3.44

243 1.98 2.14 30.80 1.00 1.36 0.1146 3.50 3.46

163 1.02 0.48 2.45 2.40 2.58 0.1342 6.00 5.92

163 1.11 1.10 4.70 2.20 2.60 0.1819 6.00 6.00

163 1.14 1.48 7.10 2.04 2.46 0.2187 6.00 5.84

163 1.48 0.48 3.18 1.75 1.75 0.0975 4.79 4.67

163 1.54 0.97 6.23 1.52 1.70 0.1423 5.48 5.05

163 1.53 1.48 8.69 1.43 1.65 0.1829 5.48 5.51

110 0.98 0.48 2.80 1.65 1.73 0.1593 8.00 7.75

110 0.97 1.10 5.10 1.56 1.69 0.2678 9.00 9.27

110 1.12 1.47 8.46 1.47 1.62 0.2888 10.00 10.30

110 1.54 0.51 3.02 1.17 1.18 0.1354 6.85 6.87

110 1.47 1.12 6.10 1.07 1.15 0.1792 6.85 6.61

110 1.53 1.52 9.48 0.99 1.10 0.2250 6.16 5.57

* Nominal time. Volume of the column Iliquid flowrate

** RTD data
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Appendix D: Mixing 183

Nd= 0.1349 0.1590 0.1853 0.0756 0.1013 0.1146 0.1342 0.1819 0.2187

(9) E (9) E (9)) E (9) E (e) E (9) E(O) E (6) E (9) E (0)

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.037 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.073 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.110 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.005
0.147 0.002 0.006 0.017 0.000 0.000 0.000 0.002 0.015 0.042
0.184 0.013 0.034 0.069 0.000 0.002 0.005 0.013 0.063 0.131
0.220 0.050 0.097 0.165 0.001 0.011 0.022 0.049 0.156 0.264
0.257 0.119 0.198 0.293 0.008 0.038 0.065 0.117 0.281 0.416
0.294 0.220 0.323 0.434 0.026 0.092 0.139 0.217 0.420 0.562
0.330 0.343 0.458 0.570 0.067 0.175 0.241 0.339 0.557 0.690
0.367 0.474 0.588 0.692 0.134 0.284 0.362 0.470 0.679 0.793
0.404 0.601 0.705 0.791 0.230 0.409 0.492 0.598 0.782 0.870
0.441 0.717 0.803 0.869 0.350 0.540 0.620 0.715 0.861 0.922
0.477 0.817 0.880 0.924 0.484 0.668 0.737 0.814 0.919 0.954
0.514 0.897 0.937 0.959 0.624 0.785 0.839 0.895 0.957 0.968
0.551 0.957 0.974 0.978 0.759 0.886 0.923 0.956 0.978 0.969
0.587 0.998 0.995 0.982 0.883 0.968 0.987 0.998 0.984 0.958
0.624 1.022 1.002 0.975 0.990 1.030 1.031 1.022 0.978 0.939
0.661 1.031 0.996 0.958 1.076 1.072 1.058 1.032 0.963 0.914
0.698 1.028 0.981 0.935 1.140 1.096 1.069 1.029 0.941 0.884
0.734 1.014 0.959 0.907 1.181 1.104 1.066 1.015 0.913 0.851
0.771 0.991 0.930 0.875 1.202 1.098 1.052 0.993 0.881 0.816
0.808 0.963 0.898 0.840 1.205 1.081 1.029 0.965 0.847 0.780
0.845 0.929 0.862 0.804 1.191 1.054 0.999 0.931 0.811 0.744
0.881 0.892 0.825 0.767 1.164 1.019 0.962 0.894 0.773 0.708
0.918 0.852 0.786 0.729 1.126 0.979 0.922 0.854 0.736 0.672
0.955 0.811 0.747 0.692 1.080 0.934 0.879 0.813 0.699 0.638
0.991 0.769 0.708 0.656 1.027 0.887 0.834 0.771 0.662 0.604
1.028 0.727 0.670 0.621 0.970 0.839 0.789 0.729 0.626 0.571
1.065 0.686 0.633 0.586 0.911 0.790 0.743 0.688 0.592 0.540
1.102 0.646 0.596 0.553 0.851 0.741 0.698 0.647 0.558 0.510
1.138 0.606 0.561 0.522 0.791 0.693 0.654 0.608 0.526 0.482
1.175 0.569 0.528 0.491 0.732 0.646 0.612 0.570 0.496 0.455
1.212 0.532 0.495 0.463 0.675 0.601 0.571 0.534 0.466 0.429
1.248 0.498 0.465 0.435 0.620 0.558 0.531 0.499 0.439 0.405
1.285 0.465 0.436 0.409 0.567 0.516 0.494 0.486 0.412 0.381
1.322 0.433 0.408 0.384 0.518 0.477 0.459 0.434 0.387 0.359
1.359 0.404 0.382 . 0.361 0.472 0.440 0.425 0.405 0.364 0.339
1.395 0.376 0.357 0.339 0.429 0.406 0.394 0.377 0.341 0.319
1.432 0.350 0.334 0.318 0.388 0.373 0.364 0.350 0.320 0.301
1.469 0.325 0.312 0.299 0.351 0.343 0.336 0.326 0.300 0.283
1.505 0.302 0.292 0.280 0.317 0.315 0.311 0.303 0.282 0.267
1.542 0.281 0.272 0.263 0.286 0.289 0.287 0.281 0.264 0.252
1.579 0.261 0.254 0.247 0.258 0.265 0.264 0.261 0.248 0.237
1.616 0.242 0.238 0.232 0.231 0.242 0.243 0.242 0.232 0.223
1.652 0.224 0.222 0.217 0.208 0.222 0.224 0.224 0.218 0.211

• Dimensionless RTD curve E(e) ys. e using 4"lab column

•



1.689 0.208 0.207 0.204 0.186 0.203 0.206 0.208 0.204 0.198
1.726 0.193 0.193 0.191 0.167 0.185 0.190 0.193 0.191 0.187
1.762 0.179 0.180 0.179 0.149 0.169 0.174 0.178 0.179 0.176
1.799 0.165 0.168 0.168 0.133 0.154 0.160 0.165 0.168 0.166
1.836 0.153 0.157 0.158 0.119 0.141 0.147 0.153 0.158 0.157
1.873 0.142 0.146 0.148 0.106 0.128 0.135 0.142 0.148 0.148
1.909 0.131 0.136 0.139 0.095 0.117 0.124 0.131 0.139 0.139
1.946 0.122 0.127 0.130 0.085 0.106 0.114 0.121 0.130 0.131
1.983 0.113 0.119 0.122 0.075 0.097 0.104 0.112 0.122 0.124
2.019 0.104 0.111 0.115 0.067 0.088 0.096 0.104 0.114 0.117
2.056 0.096 0.103 0.107 0.060 0.080 0.088 0.096 0.107 0.110
2.093 0.089 0.096 0.101 0.053 0.073 0.081 0.089 0.100 0.104
2.130 0.083 0.090 0.095 0.047 0.066 0.074 0.082 0.094 0.098
2.166 0.076 0.084 0.089 0.042 0.060 0.068 0.076 0.088 0.093
2.203 0.071 0.078 0.083 0.037 0.055 0.062 0.070 0.083 0.088
2.240 0.065 0.073 0.078 0.033 0.050 0.057 0.065 0.078 0.083
2.276 0.060 0.068 0.073 0.029 0.045 0.052 0.060 0.073 0.078
2.313 0.056 0.063 0.069 0.026 0.041 0.048 0.056 0.068 0.074
2.350 0.052 0.059 0.065 0.023 0.037 0.044 0.052 0.064 0.070
2.387 0.048 0.055 0.061 0.020 0.034 0.040 0.048 0.060 0.066
2.423 0.044 0.051 0.057 0.018 0.031 0.037 0.044 0.056 0.062
2.460 0.041 0.048 0.054 0.016 0.028 0.034 0.041 0.053 0.059
2.497 0.038 0.045 0.050 0.014 0.026 0.031 0.038 0.050 0.055
2.534 0.035 0.042 0.047 0.013 0.023 0.028 0.035 0.047 0.052
2.570 0.032 0.039 0.044 0.011 0.021 0.026 0.032 0.044 0.050
2.607 0.030 0.036 0.042 0.010 0.019 0.024 0.030 0.041 0.047
2.644 0.028 0.034 0.039 0.009 0.017 0.022 0.028 0.039 0.044
2.680 0.026 0.032 0.037 0.008 0.016 0.020 0.025 0.036 0.042
2.717 0.024 0.029 0.035 0.007 0.014 0.018 0.024 0.034 0.040
2.754 0.022 0.028 0.033 0.006 0.013 0.017 0.022 0.032 0.037
2.791 0.020 0.026 0.031 0.005 0.012 0.015 0.020 0.030 0.035
2.827 0.019 0.024 0.029 0.005 0.011 0.014 0.019 0.028 0.034
2.864 0.017 0.022 0.027 0.004 0.010 0.013 0.017 0.026 0.032
2.901 0.016 0.021 0.025 0.004 0.009 0.012 0.016 0.025 0.030
2.937 0.015 0.019 0.024 0.003 0.008 0.011 0.015 0.023 0.028
2.974 0.014 0.018 0.022 0.003 0.007 0.010 0.014 0.022 0.027
3.011 0.013 0.017 0.021 0.003 0.007 0.009 0.013 0.021 0.025
3.048 0.012 0.016 0.020 0.002 0.006 0.008 0.012 0.019 0.024
3.084 0.011 0.015 0.019 0.002 0.005 0.008 0.011 0.018 0.023
3.121 0.010 0.014 0.018 0.002 0.005 0.007 0.010 0.017 0.022
3.158 0.009 0.013 0.017 0.002 0.004 0.006 0.009 0.016 0.020
3.194 0.009 0.012 0.016 0.001 0.004 0.006 0.009 0.015 0.019
3.231 0.008 0.011 0.015 0.001 0.004 0.005 0.008 0.014 0.018
3.268 0.007 0.011 0.014 0.001 0.003 0.005 0.007 0.013 0.017
3.305 0.007 0.010 0.013 0.001 0.003 0.004 0.007 0.013 0.016
3.341 0.006 0.009 0.012 0.001 0.003 0.004 0.006 0.012 0.016
3.378 0.006 0.009 0.011 0.001 0.002 0.004 0.006 0.011 0.015
3.415 0.005 0.008 0.011 0.001 0.002 0.003 0.005 0.010 0.014
3.451 0.005 0.008 0.010 0.001 0.002 0.003 0.005 0.010 0.013
3.488 0.005 0.007 0.010 0.001 0.002 0.003 0.005 0.009 0.013
3.525 0.004 0.007 0.009 0.000 0.002 0.003 0.004 0.009 0.012

•
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3.562 0.004 0.006 0.008 0.000 0.002 0.002 0.004 0.008 0.011
3.598 0.004 0.006 0.008 0.000 0.001 0.002 0.004 0.008 0.011
3.635 0.003 0.005 0.008 0.000 0.001 0.002 0.003 0.007 0.010
3.672 0.003 0.005 0.007 0.000 0.001 0.002 0.003 0.007 0.010
3.708 0.003 0.005 0.007 0.000 0.001 0.002 0.003 0.006 0.009
3.745 0.003 0.004 0.006 0.000 0.001 0.002 0.003 0.006 0.009
3.782 0.003 0.004 0.006 0.000 0.001 0.001 0.002 0.006 0.008
3.819 0.002 0.004 0.006 0.000 0.001 0.001 0.002 0.005 0.008
3.855 0.002 0.004 0.005 0.000 0.001 0.001 0.002 0.005 0.007
3.892 0.002 0.003 0.005 0.000 0.001 0.001 0.002 0.005 0.007
3.929 0.002 0.003 0.005 0.000 0.001 0.001 0.002 0.004 0.007
3.966 0.002 0.003 0.004 0.000 0.001 0.001 0.002 0.004 0.006
4.002 0.002 0.003 0.004 0.000 0.000 0.001 0.002 0.004 0.006
4.039 0.001 0.003 0.004 0.000 0.000 0.001 0.001 0.004 0.006
4.076 0.001 0.002 0.004 0.000 0.000 0.001 0.001 0.004 0.005
4.112 0.001 0.002 0.003 0.000 0.000 0.001 0.001 0.003 0.005
4.149 0.001 0.002 0.003 0.000 0.000 0.001 0.001 0.003 0.005
4.186 0.001 0.002 0.003 0.000 0.000 0.001 0.001 0.003 0.005
4.223 0.001 0.002 0.003 0.000 0.000 0.001 0.001 0.003 0.004
4.259 0.001 0.002 0.003 0.000 0.000 0.000 0.001 0.003 0.004
4.296 0.001 0.002 0.003 0.000 0.000 0.000 0.001 0.002 0.004
4.333 0.001 0.002 0.002 0.000 0.000 0.000 0.001 0.002 0.004
4.369 0.001 0.001 0.002 0.000 0.000 0.000 0.001 0.002 0.004
4.406 0.001 0.001 0.002 0.000 0.000 0.000 0.001 0.002 0.003
4.443 0.001 0.001 0.002 0.000 0.000 0.000 0.001 0.002 0.003
4.480 0.001 0.001 0.002 0.000 0.000 0.000 0.001 0.002 0.003
4.516 0.001 0.001 0.002 0.000 0.000 0.000 0.001 0.002 0.003
4.553 0.001 0.001 0.002 0.000 0.000 0.000 0.001 0.002 0.003
4.590 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.002 0.003
4.626 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.001 0.003
4.663 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.002
4.700 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.002
4.737 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.002
4.773 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.002
4.810 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.002
4.847 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.002
4.883 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.002
4.920 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.002
4.957 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.002
4.994 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.002
5.030 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001
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Nd= 0..0975 0..1423 0..1829 0..1593 0..2678 0..2888 0..1354 0..1792 0..2250

(0) E (9) E (9)) E (9) E (9) E (9) E (9) E(O) E (0) E (9)

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.037 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.073 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000
0.110 0.000 0.000 0.001 0.000 0.021 0.032 0.000 0.001 0.007
0.147 0.000 0.003 0.015 0.006 0.104 0.139 0.002 0.014 0.048
0.184 0.001 0.018 0.065 0.034 0.250 0.306 0.014 0.059 0.145
0.220 0.009 0.063 0.158 0.098 0.421 0.486 0.050 0.148 0.284
0.257 0.032 0.142 0.284 0.199 0.583 0.647 0.121 0.271 0.438
0.294 0.080 0.252 0.424 0.325 0.719 0.775 0.222 0.409 0.584
0.330 0.157 0.379 0.561 0.460 0.823 0.867 0.345 0.546 0.710
0.367 0.261 0.511 0.683 0.590 0.896 0.927 0.476 0.670 0.809
0.404 0.384 0.636 0.785 0.706 0.941 0.960 0.604 0.774 0.881
0.441 0.516 0.747 0.864 0.804 0.964 0.973 0.720 0.856 0.930
0.477 0.646 0.839 0.921 0.881 0.969 0.970 0.818 0.916 0.958
0.514 0.767 0.912 0.958 0.937 0.962 0.955 0.898 0.956 0.969
0.551 0.873 0.964 0.978 0.975 0.944 0.931 0.957 0.978 0.966
0.587 0.960 0.998 0.983 0.995 0.919 0.902 0.998 0.986 0.953
0.624 1.027 1.016 0.977 1.001 0.889 0.869 1.022 0.981 0.932
0.661 1.075 1.021 0.962 0.996 0.856 0.834 1.030 0.967 0.906
0.698 1.104 1.013 0.939 0.981 0.821 0.797 1.027 0.945 0.875
0.734 1.115 0.996 0.911 0.958 0.784 0.760 1.013 0.918 0.842
0.771 1.112 0.971 0.879 0.930 0.748 0.724 0.990 0.887 0.806
0.808 1.097 0.941 0.845 0.897 0.712 0.688 0.961 0.852 0.770
0.845 1.071 0.907 0.809 0.861 0.676 0.653 0.927 0.816 0.734
0.881 1.037 0.869 0.771 0.824 0.642 0.619 0.890 0.779 0.698
0.918 0.997 0.830 0.734 0.785 0.609 0.586 0.850 0.741 0.663
0.955 0.952 0.790 0.697 0.746 0.577 0.555 0.809 0.704 0.629
0.991 0.904 0.749 0.660 0.708 0.546 0.526 0.768 0.667 0.595
1.028 0.855 0.708 0.625 0.669 0.517 0.497 0.726 0.631 0.563
1.065 0.805 0.668 0.590 0.632 0.489 0.471 0.685 0.596 0.533
1.102 0.754 0.629 0.557 0.596 0.462 0.445 0.644 0.562 0.503
1.138 0.705 0.591 0.525 0.561 0.437 0.421 0.605 0.530 0.475
1.175 0.657 0.555 0.494 0.527 0.413 0.399 0.568 0.499 0.449
1.212 0.610 0.520 0.465 0.495 0.391 0.377 0.531 0.470 0.423
1.248 0.566 0.487 0.438 0.464 0.369 0.357 0.497 0.441 0.399
1.285 0.523 0.455 0.411 0.435 0.349 0.338 0.464 0.415 0.377
1.322 0.483 0.425 0.386 0.408 0.330 0.320 0.433 0.389 0.355
1.359 0.445 0.397 0.363 0.382 0.312 0.302 0.403 0.366 0.335
1.395 0.409 0.370 0.341 0.357 0.295 0.286 0.376 0.343 0.316
1.432 0.376 0.345 0.320 0.334 0.279 0.271 0.350 0.322 0.298
1.469 0.345 0.321 0.300 0.312 0.264 0.257 0.325 0.302 0.281
1.505 0.316 0.299 0.281 0.292 0.250 0.243 0.302 0.283 0.265
1.542 0.289 0.278 0.264 0.272 0.236 0.231 0.281 0.265 0.250
1.579 0.265 0.259 0.248 0.254 0.224 0.219 0.260 0.249 0.235
1.616 0.242 0.241 0.232 0.237 0.212 0.207 0.242 0.233 0.222
1.652 0.221 0.224 0.218 0.222 0.201 0.196 0.224 0.218 0.209
1.689 0.201 0.208 0.204 0.207 0.190 0.186 0.208 0.205 0.197
1.726 0.183 0.193 0.191 0.193 0.180 0.177 0.193 0.192 0.186
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1.762 0.167 0.179 0.179 0.180 0.170 0.168 0.179 0.180 0.176
1.799 0.152 0.167 0.168 0.168 0.162 0.159 0.166 0.168 0.166
1.836 0.138 0.155 0.158 0.157 0.153 0.151 0.153 0.158 0.156
1.873 0.126 0.144 0.148 0.146 0.145 0.144 0.142 0.148 0.148
1.909 0.114 0.133 0.139 0.136 0.138 0.136 0.132 0.138 0.139
1.946 0.104 0.124 0.130 0.127 0.130 0.130 0.122 0.130 0.131
1.983 0.094 0.115 0.122 0.119 0.124 0.123 0.113 0.121 0.124
2.019 0.086 0.106 0.114 0.111 0.117 0.117 0.104 0.114 0.117
2.056 0.078 0.099 0.107 0.103 0.111 0.111 0.097 0.107 0.111
2.093 0.071 0.092 0.100 0.096 0.106 0.106 0.089 0.100 0.104
2.130 0.064 0.085 0.094 0.090 0.100 0.101 0.083 0.094 0.099
2.166 0.058 0.079 0.088 0.084 0.095 0.096 0.077 0.088 0.093
2.203 0.053 0.073 0.083 0.078 0.091 0.091 0.071 0.082 0.088
2.240 0.048 0.068 0.078 0.073 0.086 0.087 0.066 0.077 0.083
2.276 0.043 0.063 0.073 0.068 0.082 0.082 0.061 0.072 0.079
2.313 0.039 0.058 0.068 0.063 0.078 0.079 0.056 0.068 0.074
2.350 0.036 0.054 0.064 0.059 0.074 0.075 0.052 0.064 0.070
2.387 0.032 0.050 0.060 0.055 0.070 0.071 0.048 0.060 0.066
2.423 0.029 0.047 0.057 0.051 0.067 0.068 0.044 0.056 0.063
2.460 0.026 0.043 0.053 0.048 0.063 0.065 0.041 0.052 0.059
2.497 0.024 0.040 0.050 0.045 0.060 0.062 0.038 0.049 0.056
2.534 0.022 0.037 0.047 0.042 0.057 0.059 0.035 0.046 0.053
2.570 0.020 0.035 0.044 0.039 0.055 0.056 0.033 0.043 0.050
2.607 0.018 0.032 0.041 0.036 0.052 0.053 0.030 0.041 0.048
2.644 0.016 0.030 0.039 0.034 0.049 0.051 0.028 0.038 0.045
2.680 0.015 0.028 0.036 0.032 0.047 0.049 0.026 0.036 0.043
2.717 0.013 0.026 0.034 0.030 0.045 0.046 0.024 0.034 0.040
2.754 0.012 0.024 0.032 0.028 0.043 0.044 0.022 0.031 0.038
2.791 0.011 0.022 0.030 0.026 0.041 0.042 0.020 0.030 0.036
2.827 0.010 0.020 0.028 0.024 0.039 0.040 0.019 0.028 0.034
2.864 0.009 0.019 0.027 0.022 0.037 0.038 0.018 0.026 0.032
2.901 0.008 0.018 0.025 0.021 0.035 0.037 0.016 0.024 0.031
2.937 0.007 0.016 0.024 0.020 0.033 0.035 0.015 0.023 0.029
2.974 0.007 0.015 0.022 0.018 0.032 0.033 0.014 0.022 0.028
3.011 0.006 0.014 0.021 0.017 0.030 0.032 0.013 0.020 0.026
3.048 0.005 0.013 0.020 0.016 0.029 0.030 0.012 0.019 0.025
3.084 0.005 0.012 0.018 0.015 0.028 0.029 0.011 0.018 0.024
3.121 0.004 0.011 0.017 0.014 0.026 0.028 0.010 0.017 0.022
3.158 0.004 0.010 0.016 0.013 0.025 0.027 0.009 0.016 0.021
3.194 0.004 0.010 0.015 0.012 0.024 0.025 0.009 0.015 0.020
3.231 0.003 0.009 0.014 0.011 0.023 0.024 0.008 0.014 0.019
3.268 0.003 0.008 0.013 0.011 0.022 0.023 0.008 0.013 0.018
3.305 0.003 0.008 0.013 0.010 0.021 0.022 0.007 0.012 0.017
3.341 0.002 0.007 0.012 0.009 0.020 0.021 0.006 0.012 0.016
3.378 0.002 0.007 0.011 0.009 0.019 0.020 0.006 0.011 0.015
3.415 0.002 0.006 0.011 0.008 0.018 0.019 0.006 0.010 0.015
3.451 0.002 0.006 0.010 0.008 0.017 0.019 0.005 0.010 0.014
3.488 0.002 0.005 0.009 0.007 0.016 0.018 0.005 0.009 0.013
3.525 0.001 0.005 0.009 0.007 0.016 0.017 0.004 0.008 0.012
3.562 0.001 0.005 0.008 0.006 0.015 0.016 0.004 0.008 0.012
3.598 0.001 0.004 0.008 0.006 0.014 0.016 0.004 0.007 0.011
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3.635 0.001 0.004 0.007 0.005 0.014 0.015 0.003 0.007 0.011

3.672 0.001 0.004 0.007 0.005 0.013 0.014 0.003 0.007 0.010
3.70S 0.001 0.003 0.007 0.005 0.012 0.014 0.003 0.006 0.010
3.745 0.001 0.003 0.006 0.004 0.012 0.013 0.003 0.006 0.009
3.782 0.001 0.003 0.006 0.004 0.011 0.012 0.003 0.006 0.009

3.819 0.001 0.003 0.005 0.004 0.011 0.012 0.002 0.005 0.008
3.855 0.001 0.003 0.005 0.004 0.010 0.011 0.002 0.005 0.008
3.892 0.001 0.002 0.005 0.003 0.010 0.011 0.002 0.005 0.007
3.929 0.000 0.002 0.005 0.003 0.009 0.011 0.002 0.004 0.007
3.966 0.000 0.002 0.004 0.003 0.009 0.010 0.002 0.004 0.007
4.002 0.000 0.002 0.004 0.003 0.009 0.010 0.002 0.004 0.006
4.039 0.000 0.002 0.004 0.003 0.008 0.009 0.002 0.004 0.006
4.076 0.000 0.002 0.004 0.002 0.008 0.009 0.001 0.003 0.006
4.112 0.000 0.002 0.003 0.002 0.008 0.008 0.001 0.003 0.005
4.149 0.000 0.001 0.003 0.002 0.007 0.008 0.001 0.003 0.005
4.186 0.000 0.001 0.003 0.002 0.007 0.008 0.001 0.003 0.005
4.223 0.000 0.001 0.003 0.002 0.007 0.007 0.001 0.003 0.005
4.259 0.000 0.001 0.003 0.002 0.006 0.007 0.001 0.003 0.004
4.296 0.000 0.001 0.003 0.002 0.006 0.007 0.001 0.002 0.004
4.333 0.000 0.001 0.002 0.002 0.006 0.007 0.001 0.002 0.004
4.369 0.000 0.001 0.002 0.001 0.006 0.006 0.001 0.002 0.004
4.406 0.000 0.001 0.002 0.001 0.005 0.006 0.001 0.002 0.004
4.443 0.000 0.001 0.002 0.001 0.005 0.006 0.001 0.002 0.003
4.480 0.000 0.001 0.002 0.001 0.005 0.006 0.001 0.002 0.003
4.516 0.000 0.001 0.002 0.001 0.005 0.005 0.001 0.002 0.003
4.553 0.000 0.001 0.002 0.001 0.004 0.005 0.001 0.002 0.003
4.590 0.000 0.001 0.002 0.001 0.004 0.005 0.000 0.001 0.003
4.626 0.000 0.001 0.001 0.001 0.004 0.005 0.000 0.001 0.003
4.663 0.000 0.001 0.001 0.001 0.004 0.005 0.000 0.001 0.003
4.700 0.000 0.000 0.001 0.001 0.004 0.004 0.000 0.001 0.002
4.737 0.000 0.000 0.001 0.001 0.004 0.004 0.000 0.001 0.002
4.773 0.000 0.000 0.001 0.001 0.003 0.004 0.000 0.001 0.002
4.810 0.000 0.000 0.001 0.001 0.003 0.004 0.000 0.001 0.002
4.847 0.000 0.000 0.001 0.001 0.003 0.004 0.000 0.001 0.002
4.883 0.000 0.000 0.001 0.001 0.003 0.004 0.000 0.001 0.002
4.920 0.000 0.000 0.001 0.001 0.003 0.003 0.000 0.001 0.002
4.957 0.000 0.000 0.001 0.000 0.003 0.003 0.000 0.001 0.002
4.994 0.000 0.000 0.001 0.000 0.003 0.003 0.000 0.001 0.002
5.030 0.000 0.000 0.001 0.000 0.003 0.003 0.000 0.001 0.002
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Le JI Jg %Eg t* t** Nd KCI, (gr-minll)
(cm) (emls) (em/s) (min) (min)

in out

258 1.24 0.47 12.20 3.23 3.76 0.1219 0.91 0.65

258 1.23 1.12 24.60 2.99 3.23 0.1709 1.36 1.10

258 1.14 1.48 35.60 2.87 2.76 0.1904 1.09 0.95

173 1.06 0.47 14.40 2.22 2.46 0.1354 0.91 0.$

173 0.97 1.12 27.41 2.04 2.08 0.1953 0.91 0.63

173 0.94 1.47 38.70 2.01 1.76 0.2176 0.45 0.38

173 1.47 0.46 15.60 1.50 1.62 0.1164 0.91 0.77

173 1.55 0.97 28.40 1.39 1.37 0.1559 0.61 0.52

173 1.51 1.51 38.90 1.35 1.17 0.1824 0.61 0.51

•

•

Appendix D: Mixing

6" lab column

* Nominal time, Volume of the column Iliquid flo'Nl"ate

** RTD data

189



Appendix D: Mixing 190

Nd= 0.1219 0.1709 0.1904 0.1354 0.1953 0.2176 0.1164 0.1559 0.1824

(9) E (9) E (9)) E (0) E (9) E (0) E (9) E (9) E (9) E (9)

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.037 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.073 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.110 0.000 0.001 0.002 0.000 0.002 0.005 0.000 0.000 0.001
0.147 0.001 0.010 0.020 0.002 0.023 0.041 0.000 0.005 0.015
0.184 0.007 0.048 0.077 0.014 0.086 0.129 0.005 0.030 0.064
0.220 0.031 0.126 0.179 0.050 0.193 0.261 0.024 0.091 0.157
0.257 0.083 0.240 0.312 0.121 0.330 0.412 0.069 0.187 0.283
0.294 0.167 0.374 0.455 0.222 0.474 0.558 0.146 0.310 0.422
0.330 0.278 0.511 0.590 0.345 0.609 0.686 0.250 0.444 0.559
0.367 0.404 0.638 0.709 0.476 0.725 0.790 0.373 0.575 0.681
0.404 0.534 0.747 0.805 0.604 0.818 0.867 0.503 0.693 0.783
0.441 0.658 0.836 0.879 0.719 0.887 0.921 0.630 0.794 0.863
0.477 0.769 0.903 0.930 0.818 0.935 0.953 0.746 0.874 0.920
0.514 0.863 0.949 0.962 0.898 0.964 0.968 0.846 0.933 0.958
0.551 0.938 0.977 0.977 0.957 0.976 0.969 0.927 0.973 0.978
0.587 0.993 0.990 0.979 0.998 0.975 0.959 0.988 0.996 0.984
0.624 1.029 0.990 0.969 1.022 0.964 0.940 1.031 1.005 0.978
0.661 1.049 0.979 0.951 1.030 0.945 0.915 1.056 1.001 0.963
0.698 1.054 0.960 0.927 1.027 0.919 0.886 1.065 0.987 0.940
0.734 1.047 0.934 0.898 1.013 0.889 0.853 1.061 0.965 0.912
0.771 1.029 0.904 0.865 0.990 0.856 0.818 1.046 0.938 0.880
0.808 1.004 0.870 0.830 0.961 0.821 0.782 1.023 0.905 0.846
0.845 0.972 0.834 0.794 0.927 0.784 0.746 0.992 0.870 0.810
0.881 0.935 0.797 0.757 0.890 0.748 0.710 0.955 0.833 0.772
0.918 0.895 0.759 0.720 0.850 0.711 0.674 0.915 0.794 0.735
0.955 0.852 0.721 0.683 0.809 0.675 0.639 0.872 0.755 0.698
0.991 0.809 0.683 0.647 0.768 0.639 0.606 0.828 0.715 0.661
1.028 0.765 0.646 0.612 0.726 0.605 0.573 0.783 0.677 0.626
1.065 0.721 0.610 0.579 0.685 0.571 0.542 0.738 0.639 0.591
1.102 0.678 0.576 0.546 0.645 0.539 0.612 0.693 0.602 0.558
1.138 0.636 0.542 0.515 0.605 0.509 0.483 0.650 0.566 0.526
1.175 0.595 0.510 0.485 0.568 0.480 0.456 0.607 0.532 0.495
1.212 0.556 0.480 0.457 0.532 0.452 0.430 0.567 0.500 0.466
1.248 0.518 0.451 0.430 0.497 0.425 0.405 0.528 0.469 0.438
1.285 0.483 0.423 0.404 0.464 0.400 0.382 0.491 0.439 0.412
1.322 0.449 0.397 0.380 0.433 0.376 0.360 0.456 0.411 0.387
1.359 0.417 0.372 0.357 0.403 0.354 0.339 0.423 0.385 0.363
1.395 0.387 0.349 0.336 0.376 0.333 0.320 0.392 0.360 0.341
1.432 0.359 0.327 0.315 0.350 0.313 0.301 0.363 0.336 0.320
1.469 0.332 0.306 0.296 0.325 0.294 0.284 0.335 0.314 0.300
1.505 0.308 0.287 0.278 0.302 0.276 0.268 0.310 0.293 0.282
1.542 0.285 0.268 0.261 0.281 0.260 0.252 0.286 0.274 0.264
1.579 0.263 0.251 0.245 0.260 0.244 0.237 0.264 0.255 0.248
1.616 0.243 0.235 0.230 0.242 0.229 0.224 0.243 0.238 0.232
1.652 0.224 0.220 0.216 0.224 0.215 0.211 0.224 0.222 0.218

• Dimensionless RTD curve E(9) vs. 9 using 6" lab column

•



1.689 0.207 0.206 0.203 0.208 0.202 0.199 0.206 0.207 0.204
1.726 0.191 0.192 0.191 0.193 0.190 0.187 0.190 0.193 0.191
1.762 0.176 0.180 0.179 0.179 0.179 0.176 0.175 0.180 0.179
1.799 0.163 0.168 0.168 0.166 0.168 0.166 0.161 0.168 0.168
1.836 0.150 0.157 0.158 0.153 0.158 0.157 0.148 0.156 0.158
1.873 0.138 0.147 0.148 0.142 0.148 0.148 0.136 0.146 0.148
1.909 0.127 0.138 0.139 0.131 0.139 0.139 0.125 0.136 0.139
1.946 0.117 0.129 0.130 0.122 0.131 0.131 0.115 0.127 0.130
1.983 0.108 0.120 0.123 0.113 0.123 0.124 0.105 0.118 0.122
2.019 0.099 0.113 0.115 0.104 0.116 0.117 0.097 0.110 0.114
2.056 0.091 0.105 0.108 0.097 0.109 0.110 0.089 0.102 0.107
2.093 0.084 0.099 0.101 0.089 0.102 0.104 0.082 0.095 0.100
2.130 0.077 0.092 0.095 0.083 0.096 0.098 0.075 0.089 0.094
2.166 0.071 0.086 0.090 0.077 0.090 0.093 0.069 0.083 0.088
2.203 0.065 0.081 0.084 0.071 0.085 0.087 0.063 0.077 0.083
2.240 0.060 0.075 0.079 0.066 o.oao 0.083 0.058 0.072 0.078
2.276 0.055 0.071 0.074 0.061 0.075 0.078 0.053 0.067 0.073
2.313 0.051 0.066 0.070 0.056 0.071 0.074 0.049 0.062 0.068
2.350 0.047 0.062 0.066 0.052 0.066 0.069 0.045 0.058 0.064
2.387 0.043 0.058 0.062 0.048 0.062 0.066 0.041 0.054 0.060
2.423 0.040 0.054 0.058 0.044 0.059 0.062 0.038 0.051 0.057
2.460 0.036 0.051 0.054 0.041 0.055 0.059 0.034 0.047 0.053
2.497 0.034 0.047 0.051 0.038 0.052 0.055 0.032 0.044 0.050
2.534 0.031 0.044 0.048 0.035 0.049 0.052 0.029 0.041 0.047
2.570 0.028 0.042 0.045 0.033 0.046 0.049 0.027 0.038 0.044
2.607 0.026 0.039 0.043 0.030 0.043 0.047 0.024 0.036 0.041
2.644 0.024 0.036 0.040 0.028 0.041 0.044 0.022 0.033 0.039
2.680 0.022 0.034 0.038 0.026 0.039 0.042 0.020 0.031 0.036
2.717 0.020 0.032 0.035 0.024 0.036 0.039 0.019 0.029 0.034
2.754 0.019 0.030 0.033 0.022 0.034 0.037 0.017 0.027 0.032
2.791 0.017 0.028 0.031 0.020 0.032 0.035 0.016 0.025 0.030
2.827 0.016 0.026 0.030 0.019 0.030 0.033 0.014 0.023 0.028
2.864 0.015 0.025 0.028 0.018 0.029 0.032 0.013 0.022 0.027
2.901 0.013 0.023 0.026 0.016 0.027 0.030 0.012 0.020 0.025
2.937 0.012 0.022 0.025 0.015 0.025 0.028 0.011 0.019 0.023
2.974 0.011 0.020 0.023 0.014 0.024 0.027 0.010 0.018 0.022
3.011 0.010 0.019 0.022 0.013 0.023 0.025 0.009 0.016 0.021
3.048 0.010 0.018 0.021 0.012 0.021 0.024 0.009 0.015 0.019
3.084 0.009 0.017 0.019 0.011 0.020 0.023 0.008 0.014 0.018
3.121 0.008 0.016 0.018 0.010 0.019 0.021 0.007 0.013 0.017
3.158 0.007 0.015 0.017 0.009 0.018 0.020 0.007 0.012 0.016
3.194 0.007 0.014 0.016 0.009 0.017 0.019 0.006 0.012 0.015
3.231 0.006 0.013 0.015 0.008 0.016 0.018 0.006 0.011 0.014
3.268 0.006 0.012 0.014 0.007 0.015 0.017 0.005 0.010 0.013
3.305 0.005 0.011 0.014 0.007 0.014 0.016 0.005 0.009 0.013
3.341 0.005 0.011 0.013 0.006 0.013 0.016 0.004 0.009 0.012
3.378 0.004 0.010 0.012 0.006 0.013 0.015 0.004 0.008 0.011
3.415 0.004 0.009 0.011 0.006 0.012 0.014 0.004 o.ooa 0.011
3.451 0.004 0.009 0.011 0.005 0.011 0.013 0.003 0.007 0.010
3.488 0.004 0.008 0.010 0.005 0.011 0.013 0.003 0.007 0.009
3.525 0.003 0.008 0.009 0.004 0.010 0.012 0.003 0.006 0.009
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3.562 0.003 0.007 0.009 0.004 0.009 0.011 0.003 0.006 0.008
3.598 0.003 0.007 0.008 0.004 0.009 0.011 0.002 0.005 0.008
3.635 0.003 0.006 0.008 0.003 O.OOS 0.010 0.002 0.005 0.007
3.672 0.002 0.006 0.008 0.003 0.008 0.010 0.002 0.005 0.007
3.708 0.002 0.006 0.007 0.003 0.007 0.009 0.002 0.004 0.006
3.745 0.002 0.005 0.007 0.003 0.007 0.009 0.002 0.004 0.006
3.782 0.002 0.005 0.006 0.003 0.007 0.008 0.002 0.004 0.006
3.819 0.002 0.005 0.006 0.002 0.006 0.008 0.001 0.004 0.005
3.855 0.002 0.004 0.006 0.002 0.006 0.007 0.001 0.003 0.005
3.892 0.001 0.004 0.005 0.002 0.006 0.007 0.001 0.003 0.005
3.929 0.001 0.004 0.005 0.002 0.005 0.007 0.001 0.003 0.005
3.966 0.001 0.004 0.005 0.002 0.005 0.006 0.001 0.003 0.004
4.002 0.001 0.003 0.004 0.002 0.005 0.006 0.001 0.003 0.004
4.039 0.001 0.003 0.004 0.002 0.004 0.006 0.001 0.002 0.004
4.076 0.001 0.003 0.004 0.001 0.004 0.005 0.001 0.002 0.004
4.112 0.001 0.003 0.004 0.001 0.004 0.005 0.001 0.002 0.003
4.149 0.001 0.003 0.004 0.001 0.004 0.005 0.001 0.002 0.003
4.186 0.001 0.002 0.003 0.001 0.004 0.005 0.001 0.002 0.003
4.223 0.001 0.002 0.003 0.001 0.003 0.004 0.001 0.002 0.003
4.259 0.001 0.002 0.003 0.001 0.003 0.004 0.000 0.002 0.003
4.296 0.001 0.002 0.003 0.001 0.003 0.004 0.000 0.002 0.002
4.333 0.001 0.002 0.003 0.001 0.003 0.004 0.000 0.001 0.002
4.369 0.000 0.002 0.002 0.001 0.003 0.004 0.000 0.001 0.002
4.406 0.000 0.002 0.002 0.001 0.003 0.003 0.000 0.001 0.002
4.443 0.000 0.002 0.002 0.001 0.002 0.003 0.000 0.001 0.002
4.480 0.000 0.001 0.002 0.001 0.002 0.003 0.000 0.001 0.002
4.516 0.000 0.001 0.002 0.001 0.002 0.003 0.000 0.001 0.002
4.553 0.000 0.001 0.002 0.001 0.002 0.003 0.000 0.001 0.002
4.590 0.000 0.001 0.002 0.000 0.002 0.003 0.000 0.001 0.002
4.626 0.000 0.001 0.002 0.000 0.002 0.002 0.000 0.001 0.001
4.663 0.000 0.001 0.002 0.000 0.002 0.002 0.000 0.001 0.001
4.700 0.000 0.001 0.001 0.000 0.002 0.002 0.000 0.001 0.001
4.737 0.000 0.001 0.001 0.000 0.002 0.002 0.000 0.001 0.001
4.773 0.000 0.001 0.001 0.000 0.001 0.002 0.000 0.001 0.001
4.810 0.000 0.001 0.001 0.000 0.001 0.002 0.000 0.001 0.001
4.847 0.000 0.001 0.001 0.000 0.001 0.002 0.000 0.001 0.001
4.883 0.000 0.001 0.001 0.000 0.001 0.002 0.000 0.001 0.001
4.920 0.000 0.001 0.001 0.000 0.001 0.002 0.000 0.000 0.001
4.957 0.000 0.001 0.001 0.000 0.001 0.002 0.000 0.000 0.001
4.994 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.001
5.030 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.001

•

•

Appendix D: Mixing 192



Appendix D: Mixing 193

Le JI Jg DA. Eg t* 't** Nd KCI, (gr-minll)
(cm) (emls) (emls) (min) (min)

in out

430 0.92 2.72 9.47 9.05 8.54 0.7512 8.62 6.74

430 0.64 2.90 11.30 12.84 11.90 0.9850 8.62 7.64

430 0.73 3.01 11.56 11.20 12.01 0.7912 8.62 8.20

430 0.78 3.06 11.90 10.45 9.86 0.8522 7.84 7.77

430 0.51 3.18 13.70 15.77 15.14 1.2545 7.84 7.71

430 1.17 3.22 13.40 6.86 6.32 0.7608 7.84 7.75

430 0.59 3.26 14.80 13.38 14.32 1.1239 13.44 13.26

430 0.98 3.27 15.70 7.98 7.15 0.7595 13.44 13.44

430 0.83 3.28 15.45 9.46 9.30 0.7392 13.44 13.08

430 0.68 3.32 15.80 7.44 8.09 0.9536 10.73 10.46

430 1.20 3.32 17.24 11.52 11.94 0.6955 12.28 11.31

430 0.99 3.39 17.86 6.62 5.93 0.7657 12.28 12.34

430 1.13 3.39 19.72 7.69 7.19 0.6974 17.92 17.36

• 20" pilot unit

* Nominal time, Volume of the column Iliquid flowrate

** RTD data

•



Appendix D: Mixing 194

Nd= 0.7512 0.9850 0.7912 0.8522 1.2545 0.7608 1.1239

(a) E (9) E (9)) E (0) E (0) E (a) E (0) E(O)

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.037 0.012 0.076 0.018 0.031 0.258 0.014 0.154
0.073 0.361 0.n8 0.426 0.532 1.284 0.376 1.041
0.110 0.850 1.293 0.932 1.053 1.680 0.870 1.508
0.147 1.141 1.461 1.206 1.297 1.685 1.157 1.592
0.184 1.256 1.452 1.299 1.356 1.561 1.267 1.519
0.220 1.268 1.371 1.293 1.324 1.407 1.275 1.396
0.257 1.228 1.266 1.240 1.252 1.258 1.231 1.266
0.294 1.163 1.158 1.166 1.166 1.124 1.164 1.142
0.330 1.090 1.056 1.086 1.078 1.006 1.089 1.031
0.367 1.014 0.964 1.006 0.993 0.905 1.012 0.933
0.404 0.942 0.880 0.931 0.914 0.817 0.939 0.846
0.441 0.873 0.805 0.861 0.843 0.741 0.870 0.771
0.477 0.810 0.739 0.797 0.7n 0.675 0.807 0.704
0.514 0.752 0.680 0.738 0.718 0.618 0.748 0.646
0.551 0.699 0.628 0.685 0.665 0.567 0.695 0.594
0.587 0.650 0.581 0.637 0.617 0.523 0.647 0.548
0.624 0.606 0.539 0.593 0.574 0.483 0.603 0.508
0.661 0.566 0.501 0.553 0.535 0.448 0.563 0.471
0.698 0.529 0.467 0.517 0.499 0.416 0.526 0.439
0.734 0.495 0.436 0.484 0.467 0.388 0.493 0.409
0.771 0.465 0.408 0.453 0.438 0.363 0.462 0.383
0.808 0.437 0.383 0.426 0.411 0.340 0.434 0.359
0.845 0.411 0.359 0.400 0.386 0.319 0.408 0.337
0.881 0.387 0.338 0.377 0.363 0.300 0.384 0.317
0.918 0.365 0.319 0.356 0.343 0.283 0.363 0.299
0.955 0.345 0.301 0.336 0.324 0.267 0.342 0.282
0.991 0.326 0.285 0.318 0.306 0.252 0.324 0.266
1.028 0.309 0.269 0.301 0.290 0.239 0.307 0.252
1.065 0.292 0.255 0.285 0.275 0.226 0.291 0.239
1.102 0.277 0.242 0.270 0.261 0.215 0.276 0.227
1.138 0.263 0.230 0.257 0.248 0.204 0.262 0.216
1.175 0.250 0.219 0.244 0.235 0.194 0.249 0.205
1.212 0.238 0.209 0.232 0.224 0.185 0.237 0.196
1.248 0.227 0.199 0.221 0.214 0.177 0.226 0.187
1.285 0.216 0.190 0.211 0.204 0.169 0.215 0.178
1.322 0.206 0.181 0.201 0.194 0.161 0.205 0.170
1.359 0.197 0.173 0.192 0.186 0.154 0.196 0.163
1.395 0.188 0.166 0.184 0.177 0.148 0.187 0.156
1.432 0.180 0.159 0.176 0.170 0.142 0.179 0.149
1.469 0.172 0.152 0.168 0.163 0.136 0.171 0.143
1.505 0.165 0.146 0.161 0.156 0.130 0.164 0.137
1.542 0.158 0.140 0.154 0.149 0.125 0.157 0.132
1.579 0.151 0.134 0.148 0.143 0.120 0.151 0.127
1.616 0.145 0.129 0.142 0.138 0.116 0.144 0.122
1.652 0.139 0.124 0.136 0.132 0.111 0.139 0.117

• Dimensionless RTD curve E(9) vs. 9 using 20" pilot unit

•
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Appendix 0: Mixing

1.689 0.134 0.119 0.131 0.127 0.107 0.133 0.113
1.726 0.129 0.115 0.126 0.122 0.103 0.128 0.109
1.762 0.124 0.111 0.121 0.117 0.100 0.123 0.105
1.799 0.119 0.107 0.116 0.113 0.096 0.118 0.101
1.836 0.114 0.103 0.112 0.109 0.093 0.114 0.097
1.873 0.110 0.099 0.108 0.105 0.090 0.109 0.094
1.909 0.106 0.096 0.104 0.101 0.087 0.105 0.091
1.946 0.102 0.092 0.100 0.098 0.084 0.102 0.088
1.983 0.098 0.089 0.097 0.094 0.081 0.098 0.085
2.019 0.095 0.086 0.093 0.091 0.078 0.094 0.082
2.056 0.091 0.083 0.090 0.088 0.076 0.091 0.079
2.093 0.088 0.081 0.087 0.085 0.074 0.088 o.on
2.130 0.085 0.078 0.084 0.082 0.071 0.085 0.074
2.166 0.082 0.075 0.081 0.079 0.069 0.082 0.072
2.203 0.079 0.073 0.078 0.077 0.067 0.079 0.070
2.240 0.077 0.071 0.076 0.074 0.065 0.077 0.068
2.276 0.074 0.068 0.073 0.072 0.063 0.074 0.066
2.313 0.072 0.066 0.071 0.069 0.061 0.072 0.064
2.350 0.069 0.064 0.068 0.067 0.059 0.069 0.062
2.387 0.067 0.062 0.066 0.065 0.058 0.067 0.060
2.423 0.065 0.061 0.064 0.063 0.056 0.065 0.058
2.460 0.063 0.059 0.062 0.061 0.055 0.063 0.056
2.497 0.061 0.057 0.060 0.059 0.053 0.061 0.055
2.534 0.059 0.055 0.058 0.057 0.052 0.059 0.053
2.570 0.057 0.054 0.057 0.056 0.050 0.057 0.052
2.607 0.055 0.052 0.055 0.054 0.049 0.055 0.050
2.644 0.054 0.051 0.053 0.052 0.047 0.054 0.049
2.680 0.052 0.049 0.052 0.051 0.046 0.052 0.048
2.717 0.050 0.048 0.050 0.049 0.045 0.050 0.046
2.754 0.049 0.047 0.049 0.048 0.044 0.049 0.045
2.791 0.048 0.045 0.047 0.047 0.043 0.047 0.044
2.827 0.046 0.044 0.046 0.045 0.042 0.046 0.043
2.864 0.045 0.043 0.044 0.044 0.041 0.045 0.042
2.901 0.043 0.042 0.043 0.043 0.040 0.043 0.041
2.937 0.042 0.041 0.042 0.042 0.039 0.042 0.040
2.974 0.041 0.040 0.041 0.040 0.038 0.041 0.039
3.011 0.040 0.039 0.040 0.039 0.037 0.040 0.038
3.048 0.039 0.038 0.039 0.038 0.036 0.039 0.037
3.084 0.038 0.037 0.037 0.037 0.035 0.038 0.036
3.121 0.037 0.036 0.036 0.036 0.034 0.037 0.035
3.158 0.035 0.035 0.035 0.035 0.033 0.035 0.034
3.194 0.035 0.034 0.034 0.034 0.033 0.035 0.033
3.231 0.034 0.033 0.034 0.033 0.032 0.034 0.032
3.268 0.033 0.032 0.033 0.033 0.031 0.033 0.032
3.305 0.032 0.031 0.032 0.032 0.030 0.032 0.031
3.341 0.031 0.031 0.031 0.031 0.030 0.031 0.030
3.378 0.030 0.030 0.030 0.030 0.029 0.030 0.029
3.415 0.029 0.029 0.029 0.029 0.028 0.029 0.029
3.451 0.028 0.028 0.029 0.029 0.028 0.029 0.028
3.488 0.028 0.028 0.028 0.028 0.027 0.028 0.027
3.525 0.027 0.027 0.027 0.027 0.026 0.027 0.027
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3.562 0.026 0.026 0.026 0.027 0.026 0.026 0.026
3.598 0.026 0.026 0.026 0.026 0.025 0.026 0.026
3.635 0.025 0.025 0.025 0.025 0.025 0.025 0.025
3.672 0.024 0.025 0.024 0.025 0.024 0.024 0.025
3.708 0.024 0.024 0.024 0.024 0.024 0.024 0.024
3.745 0.023 0.024 0.023 0.023 0.023 0.023 0.023
3.782 0.022 0.023 0.023 0.023 0.023 0.023 0.023
3.819 0.022 0.022 0.022 0.022 0.022 0.022 0.022
3.855 0.021 0.022 0.022 0.022 0.022 0.021 0.022
3.892 0.021 0.021 0.021 0.021 0.021 0.021 0.021
3.929 0.020 0.021 0.021 0.021 0.021 0.020 0.021
3.966 0.020 0.021 0.020 0.020 0.020 0.020 0.021
4.002 0.019 0.020 0.020 0.020 0.020 0.019 0.020
4.039 0.019 0.020 0.019 0.019 0.020 0.019 0.020
4.076 0.018 0.019 0.019 0.019 0.019 0.018 0.019
4.112 0.018 0.019 0.018 0.018 0.019 0.018 0.019
4.149 0.017 0.018 0.018 0.018 0.018 0.018 0.019
4.186 0.017 0.018 0.017 0.018 0.018 0.017 0.018
4.223 0.017 0.018 0.017 0.017 0.018 0.017 0.018
4.259 0.016 0.017 0.017 0.017 0.017 0.016 0.017
4.296 0.016 0.017 0.016 0.016 0.017 0.016 0.017
4.333 0.016 0.016 0.016 0.016 0.017 0.016 0.017
4.369 0.015 0.016 0.015 0.016 0.016 0.015 0.016
4.406 0.015 0.016 0.015 0.015 0.016 0.015 0.016
4.443 0.014 0.015 0.015 0.015 0.016 0.014 0.016
4.480 0.014 0.015 0.014 0.015 0.016 0.014 0.015
4.516 0.014 0.015 0.014 0.014 0.015 0.014 0.015
4.553 0.013 0.015 0.014 0.014 0.015 0.014 0.015
4.590 0.013 0.014 0.013 0.014 0.015 0.013 0.015
4.626 0.013 0.014 0.013 0.013 0.014 0.013 0.014
4.663 0.013 0.014 0.013 0.013 0.014 0.013 0.014
4.700 0.012 0.013 0.013 0.013 0.014 0.012 0.014
4.737 0.012 0.013 0.012 0.013 0.014 0.012 0.013
4.773 0.012 0.013 0.012 0.012 0.013 0.012 0.013
4.810 0.011 0.013 0.012 0.012 0.013 0.011 0.013
4.847 0.011 0.012 0.011 0.012 0.013 0.011 0.013
4.883 0.011 0.012 0.011 0.012 0.013 0.011 0.012
4.920 0.011 0.012 0.011 0.011 0.012 0.011 0.012
4.957 0.010 0.012 0.011 0.011 0.012 0.011 0.012
4.994 0.010 0.011 0.010 0.011 0.012 0.010 0.012
5.030 0.010 0.011 0.010 0.011 0.012 0.010 0.012
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Nd= 0.7595 0.7392 0.9536 0.6955 0.7657 0.6974

(9) E (9) E (9)) E (9) E (9) E (9) E (9)
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.037 0.013 0.011 0.063 0.007 0.014 0.007
0.073 0.374 0.342 0.718 0.277 0.384 0.280
0.110 0.867 0.825 1.239 0.732 0.880 0.737
0.147 1.155 1.120 1.426 1.042 1.165 1.046
0.184 1.265 1.242 1.432 1.188 1.272 1.190
0.220 1.274 1.260 1.362 1.227 1.278 1.228
0.257 1.231 1.224 1.264 1.207 1.233 1.208
0.294 1.164 1.162 1.161 1.157 1.164 1.157
0.330 1.089 1.090 1.062 1.093 1.088 1.093
0.367 1.013 1.017 0.971 1.025 1.011 1.024
0.404 0.939 0.945 0.888 0.956 0.938 0.956
0.441 0.871 0.877 0.814 0.891 0.869 0.890
0.477 0.807 0.814 0.748 0.829 0.805 0.829
0.514 0.749 0.756 0.689 0.772 0.747 0.771
0.551 0.696 0.703 0.636 0.719 0.694 0.718
0.587 0.647 0.654 0.589 0.671 0.645 0.670
0.624 0.603 0.610 0.546 0.626 0.601 0.625
0.661 0.563 0.570 0.508 0.585 0.561 0.585
0.698 0.526 0.533 0.474 0.548 0.524 0.547
0.734 0.493 0.499 0.443 0.514 0.491 0.513
0.771 0.462 0.468 0.414 0.482 0.461 0.482
0.808 0.434 0.440 0.389 0.453 0.433 0.453
0.845 0.409 0.414 0.365 0.427 0.407 0.426
0.881 0.385 0.390 0.344 0.402 0.383 0.401
0.918 0.363 0.368 0.324 0.379 0.361 0.379
0.955 0.343 0.347 0.306 0.358 0.341 0.358
0.991 0.324 0.329 0.289 0.339 0.323 0.338
1.028 0.307 0.311 0.274 0.321 0.306 0.320
1.065 0.291 0.295 0.260 0.304 0.290 0.303
1.102 0.276 0.280 0.246 0.288 0.275 0.288
1.138 0.262 0.266 0.234 0.274 0.261 0.273
1.175 0.249 0.252 0.223 0.260 0.248 0.260
1.212 0.237 0.240 0.212 0.247 0.236 0.247
1.248 0.226 0.229 0.202 0.236 0.225 0.235
1.285 0.215 0.218 0.193 0.224 0.214 0.224
1.322 0.205 0.208 0.184 0.214 0.205 0.214
1.359 0.196 0.199 0.176 0.204 0.195 0.204
1.395 0.187 0.190 0.168 0.195 0.187 0.195
1.432 0.179 0.181 0.161 0.186 0.178 0.186
1.469 0.171 0.173 0.154 0.178 0.171 0.178
1.505 0.164 0.166 0.148 0.171 0.163 0.170
1.542 0.157 0.159 0.142 0.163 0.157 0.163
1.579 0.151 0.152 0.136 0.156 0.150 0.156
1.616 0.144 0.146 0.131 0.150 0.144 0.150
1.652 0.139 0.140 0.126 0.144 0.138 0.144
1.689 0.133 0.135 0.121 0.138 0.133 0.138
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1.726 0.128 0.129 0.116 0.132 0.128 0.132
1.762 0.123 0.124 0.112 0.127 0.123 0.127
1.799 0.118 0.120 0.108 0.122 0.118 0.122
1.836 0.114 0.115 0.104 0.118 0.113 0.117
1.873 0.110 0.111 0.100 0.113 0.109 0.113
1.909 0.106 0.107 0.097 0.109 0.105 0.109
1.946 0.102 0.103 0.093 0.105 0.101 0.105
1.983 0.098 0.099 0.090 0.101 0.098 0.101
2.019 0.094 0.095 0.087 0.097 0.094 0.097
2.056 0.091 0.092 0.084 0.094 0.091 0.094
2.093 0.088 0.089 0.081 0.090 0.088 0.090
2.130 0.085 0.086 0.079 0.087 0.085 0.087
2.166 0.082 0.083 0.076 0.084 0.082 0.084
2.203 0.079 0.080 0.074 0.081 0.079 0.081
2.240 0.077 0.077 0.071 0.078 0.076 0.078
2.276 0.074 0.075 0.069 0.076 0.074 0.076
2.313 0.072 0.072 0.067 0.073 0.071 0.073
2.350 0.069 0.070 0.065 0.071 0.069 0.071
2.387 0.067 0.067 0.063 0.068 0.067 0.068
2.423 0.065 0.065 0.061 0.066 0.065 0.066
2.460 0.063 0.063 0.059 0.064 0.063 0.064
2.497 0.061 0.061 0.058 0.062 0.061 0.062
2.534 0.059 0.059 0.056 0.060 0.059 0.060
2.570 0.057 0.057 0.054 0.058 0.057 0.058
2.607 0.055 0.056 0.053 0.056 0.055 0.056
2.644 0.054 0.054 0.051 0.054 0.054 0.054
2.680 0.052 0.052 0.050 0.053 0.052 0.053
2.717 0.050 0.051 0.048 0.051 0.050 0.051
2.754 0.049 0.049 0.047 0.049 0.049 0.049
2.791 0.047 0.048 0.046 0.048 0.047 0.048
2.827 0.046 0.046 0.044 0.046 0.046 0.046
2.864 0.045 0.045 0.043 0.045 0.045 0.045
2.901 0.043 0.043 0.042 0.044 0.043 0.044
2.937 0.042 0.042 0.041 0.042 0.042 0.042
2.974 0.041 0.041 0.040 0.041 0.041 0.041
3.011 0.040 0.040 0.039 0.040 0.040 0.040
3.048 0.039 0.039 0.038 0.039 0.039 0.039
3.084 0.038 0.038 0.037 0.038 0.038 0.038
3.121 0.037 0.037 0.036 0.037 0.036 0.037
3.158 0.035 0.036 0.035 0.036 0.035 0.036
3.194 0.035 0.035 0.034 0.034 0.035 0.034
3.231 0.034 0.034 0.033 0.034 0.034 0.034
3.268 0.033 0.033 0.032 0.033 0.033 0.033
3.305 0.032 0.032 0.031 0.032 0.032 0.032
3.341 0.031 0.031 0.031 0.031 0.031 0.031
3.378 0.030 0.030 0.030 0.030 0.030 0.030
3.415 0.029 0.029 0.029 0.029 0.029 0.029
3.451 0.029 0.028 0.029 0.028 0.029 0.028
3.488 0.028 0.028 0.028 0.028 0.028 0.028
3.525 0.027 0.027 0.027 0.027 0.027 0.027
3.562 0.026 0.026 0.026 0.026 0.026 0.026
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3.598 0.026 0.026 0.026 0.025 0.026 0.025
3.635 0.025 0.025 0.025 0.025 0.025 0.025
3.672 0.024 0.024 0.025 0.024 0.024 0.024
3.708 0.024 0.024 0.024 0.023 0.024 0.023
3.745 0.023 0.023 0.024 0.023 0.023 0.023
3.782 0.023 0.022 0.023 0.022 0.023 0.022
3.819 0.022 0.022 0.022 0.022 0.022 0.022
3.855 0.021 0.021 0.022 0.021 0.021 0.021
3.892 0.021 0.021 0.021 0.020 0.021 0.020
3.929 0.020 0.020 0.021 0.020 0.020 0.020
3.966 0.020 0.020 0.020 0.019 0.020 0.019
4.002 0.019 0.019 0.020 0.019 0.019 0.019
4.039 0.019 0.019 0.020 0.018 0.019 0.018
4.076 0.018 0.018 0.019 0.018 0.018 0.018
4.112 0.018 0.018 0.019 0.018 0.018 0.018
4.149 0.018 0.017 0.018 0.017 0.018 0.017
4.186 0.017 0.017 0.018 0.017 0.017 0.017
4.223 0.017 0.017 0.018 0.016 0.017 0.016
4.259 0.016 0.016 0.017 0.016 0.016 0.016
4.296 0.016 0.016 0.017 0.015 0.016 0.015
4.333 0.016 0.015 0.016 0.015 0.016 0.015
4.369 0.015 0.015 0.016 0.015 0.015 0.015
4.406 0.015 0.015 0.016 0.014 0.015 0.014
4.443 0.014 0.014 0.015 0.014 0.015 0.014
4.480 0.014 0.014 0.015 0.014 0.014 0.014
4.516 0.014 0.014 0.015 0.013 0.014 0.013
4.553 0.014 0.013 0.014 0.013 0.014 0.013
4.590 0.013 0.013 0.014 0.013 0.013 0.013
4.626 0.013 0.013 0.014 0.012 0.013 0.012
4.663 0.013 0.012 0.014 0.012 0.013 0.012
4.700 0.012 0.012 0.013 0.012 0.012 0.012
4.737 0.012 0.012 0.013 0.012 0.012 0.012
4.773 0.012 0.012 0.013 0.011 0.012 0.011
4.810 0.011 0.011 0.012 0.011 0.012 0.011
4.847 0.011 0.011 0.012 0.011 0.011 0.011
4.883 0.011 0.011 0.012 0.010 0.011 0.010
4.920 0.011 0.011 0.012 0.010 0.011 0.010
4.957 0.010 0.010 0.012 0.010 0.011 0.010
4.994 0.010 0.010 0.011 0.010 0.010 0.010
5.030 0.010 0.010 0.011 0.010 0.010 0.010
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(D/L)*(JglUI) Nd
n X y LnX LnY (Ln X)A2 (In X) (Ln Y)

1 0.0353 0.1349 -3.3446 -2.0032 11.1864 6.7000

2 0.0499 0.1590 -2.9980 -1.8391 8.98n 5.5137

3 0.0658 0.1853 -2.7218 -1.6856 7.4079 4.58n
4 0.0179 0.0756 -4.0255 -2.5823 16.2044 10.3950

5 0.0220 0.1013 -3.8158 -2.2896 14.5606 8.7368

6 0.0313 0.1146 -3.4651 -2.1664 12.0067 7.5067

7 0.0286 0.1342 -3.5539 -2.0084 12.6300 7.1374

8 0.0589 0.1819 -2.8325 -1.7041 8.0230 4.8269
9 0.0752 0.2187 -2.5879 -1.5201 6.6974 3.9338

10 0.0196 0.0975 -3.9336 -2.3276 15.4734 9.1560

11 0.0368 0.1423 -3.3019 -1.9498 10.9023 6.4381

12 0.0551 0.1829 -2.8994 -1.6986 8.4067 4.9249
13 0.0440 0.1593 -3.1242 -1.8367 9.7605 5.7383
14 0.0994 0.2678 -2.3086 -1.3175 5.3296 3.0416
15 0.1110 0.2888 -2.1985 -1.2420 4.8333 2.7306
16 0.0297 0.1354 -3.5178 -1.9995 12.3750 7.0340
17 0.0661 0.1792 -2.7160 -1.7191 7.3767 4.6691
18 0.0831 0.2250 -2.4882 -1.4917 6.1910 3.7115
19 0.0197 0.1219 -3.9293 -2.1042 15.4392 8.2681
20 0.0406 0.1709 -3.2051 -1.7665 10.2726 5.6617
21 0.0494 0.1904 -3.0081 -1.6584 9.0485 4.9887
22 0.0336 0.1354 -3.3944 -1.9997 11.5217 6.7878
23 0.0738 0.1953 -2.6059 -1.6332 6.7908 4.2560
24 0.0844 0.2176 -2.4716 -1.5253 6.1089 3.7699
25 0.0233 0.1164 -3.7608 -2.1504 14.1433 8.0870
26 0.0395 0.1559 -3.2322 -1.8585 10.4468 6.0070
27 0.0538 0.1824 -2.9220 -1.7013 8.5382 4.9714
28 0.3161 0.7512 -1.1516 ..0.2860 1.3262 0.3294
29 0.4739 0.9850 -0.7467 -0.0151 0.5576 0.0113
30 0.4292 0.7912 -0.8459 -0.2342 0.7155 0.1981
31 0.4071 0.8522 -0.8987 -0.1600 0.8076 0.1438
32 0.6372 1.2545 -0.4506 0.2267 0.2031 -0.1022
33 0.2820 0.7608 -1.2659 -0.2734 1.6025 0.3461
34 0.5545 1.1239 -0.5898 0.1168 0.3478 -0.0689
35 0.3314 0.7595 -1.1043 -0.2752 1.2196 0.3039
36 0.3944 0.7392 -0.9305 -0.3022 0.8658 0.2812
37 0.4864 0.9536 -0.7208 -0.0475 0.5196 0.0342
38 0.2705 0.6955 -1.3075 -0.3632 1.7096 0.4748
39 0.3311 0.7657 -1.1054 ..0.2670 1.2220 0.2952
40 0.2851 0.6974 -1.2547 -0.3604 1.5744 0.4522

SUM= -96.7349 -52.0196 283.3337 162.2787

• Result of the Ieast square method.

•



•

•

Appendix D: Mixing

A =Ex [(283.33)* (- 52.01)- (162.27) *(- 96.73)] =0.67
P 40 *(283.33)- (-96.73Y

B = 40*(162.27)-(-96.73)*(-52.01) = 1.296
40 • (283.33) - (- 96.73)2
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Appendix E: Column Scale-Up

Appendix E: Column Scale-Up

Experiments at Bowater

4" lab column: diameter =10.16 cm, height =440 cm

% Consistency =- 1.0 % (plant)

Froth Depth =zero cm

Sparger # 1 (0.5 J.l.m)

T =41 oC

Jge 0.58 anI.
Q JI " Ea Vol ERIC ERIC Briahtneu "Conait lime B. Gain " FIoL " Rec a-87%

'pm cmI. literl F A F A F A min effic. -In (1-R1a) k
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.000

5.98 1.23 5.30 33.77 689.50 223.30 49.58 58.91 1.234 1.131 5.84 9.32 67.81 70.32 1.852 0.2927
8.12 1.67 5.45 33.72 832.55 270.60 49.14 57.84 1.353 1.212 4.15 8.50 57.22 61.70 1.235 0.2976

10.11 2.09 5.50 33.70 114.01 332.66 ".92 56•• 1.154 1.158 3.31 1.93 53.41 53.19 O•• 0.2851
12.65 2.60 5.60 33.66 108.74 369.80 49.03 55.92 1.244 1.150 2.66 6.• 47.82 51.76 O.SIM 0.3315

Jg- 1.16 anI.
Q JI !Ji Ea Vol ERIC ERIC Brici'itneu "Conait. lime B. Gain 4JiFioL 4JiRec a-87%

Ipm cm/I literl F A F A F A min effic. -In (1-R1a) k
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.000

5.40 1.11 10.84 31.79 689.150 155.60 51.• 81.67 1.320 1.232 5.89 10.19 77.43 18.94 2.379 0.404
5.89 1.21 10.90 31.77 689.50 168.50 51.19 61.30 1.234 1.218 5.40 10.11 75.56 75.. 2.057 0.381
8.22 1.• 11.20 31.61 632J55 205.60 49.14 58•• 1.• 1.263 3.85 9.24 61.50 69.61 1.613 0.419

10.17 2.09 11.10 31.70 714.07 265.10 41.92 57.10 1.154 1.1. 3.12 8.• 62.71 83.36 1.303 0.418
13.04 2.68 11.30 31.63 708.14 312.50 50.1 58.40 1.304 1.• 2.43 8.30 55.91 56.51 1.048 0.432
14.06 2.89 11.35 31.61 701.10 335.41 49.98 57.36 1.325 1.• 2.25 7.• 52.60 53.64 O.• 0.426

.Ige 1.74 anI.
Q JI " Eg Vol ERIC ERIC Briahtneu %ConsiL lime B. Gain !Ji FIoL %Rec a s 87%

Ipm cm/. liters F A F A F A min efrlC. -In (1-R1a) k
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.000
5.50 1.13 19.30 28.18 689.50 114.64 49.89 61.78 1.234 1.191 5.24 11.89 83.37 83.96 3.354 0.641
7.83 1.61 20.20 28.46 832.55 140.12 49.14 60.69 1.353 1.296 3.63 11.55 77.85 78.78 2.360 0.649

10.17 2.09 20.30 28.42 114.01 180.20 48.92 60.• 1.154 1.199 2.80 11.• 74.76 13.78 1.884 0.614
12.26 2.52 20.40 28.39 708.74 210.• 49.03 60.19 1.304 1.276 2.32 11.16 70.24 70.87 1.685 0.128



•
Appendix E: Column Scale-Up

Experiments at Bowater

4" lab column: diameter =10.16 cm, height =440 cm

% Consistency = -1.0 % (Plant)

Froth Oepth =zero cm

Sparger # 2 (2 ~m)

T=41 oC

203

•

Ja- 1.53 cmls
Q JI .. Eg Vol ERIC ERIC Brightness "Conait. lime B.gain .. Flot "Rec .-87%

Ipm cmls ,.,. F A F A F A min effic. .. '1-R1a' k
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.000
6.10 1.25 12.98 31.03 723.50 148.23 •.78 57.90 1.120 1.110 5.09 11.12 79.37 79.51 2.459 0.483
8.03 1.85 13.20 30.95 723.50 193.56 46.78 58.12 1.120 1.104 3.15 11.U 73.25 73.63 1.873 0.416

10.63 2.19 13.70 30.77 723.50 235.80 46.78 57.88 1.120 1.116 2.90 10.90 67.44 67.55 1.498 0.517
12.45 2.56 13.80 30.74 723.50 305.78 46.78 57.12 1.120 1.010 2.47 10.U 57.74 61.89 1.243 0.503

J'la 2.36 cm/s
Q JI .. Eg Vol ERIC ERIC Briahtneu "Conait. time B.gain % Flot %Rec .-87%

Ipm cm/. litera F A F A F A min effic. -In (1-R1a' k
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.000
5.92 1.22 20.28 28.43 853.80 156.42 47.02 58.20 1.200 1.116 4.80 11.18 81.68 82.95 3.066 0.639
8.15 1.68 20.45 28.37 853.60 181.18 47.02 58.47 1.200 1.125 3.• 11.45 78.77 80.10 2.S3oi 0.728

10.45 2.15 20.89 28.21 853.60 196.70 47.02 58.54 1.200 1.109 2.70 11.52 76.96 78.&9 2.349 0.870
12.4$ 2.57 21.10 28.14 853.60 226.30 47.02 58.96 1.200 1.164 2.25 11.94 73.49 74.28 1.923 0.854

Jg = 2.83 cm/a
Q JI " Eg Vol ERIC ERIC Brightneu "Conait. tirne B.gain " Flot %Rec .-87"

Ipm cm/a litera F A F A F A min efrlC. .. (1-R/a) k
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.000
6.25 1.28 24.49 26.93 745.65 153.20 46.94 58.39 1.244 1.102 4.31 11.45 79.45 81.79 2.816 0.654
8.27 1.70 25.10 26.71 745.65 162.35 46.94 58.20 1.244 1.153 3.23 11.26 78.23 79.81 2.493 0.772

10.36 2.13 25.40 26.60 745.65 171.52 46.94 58.10 1.244 1.208 2.57 11.16 77.00 77.66 2.231 0.8&9
12.64 2.80 25.76 26.47 745.65 186.98 46.94 57.98 1.244 1.167 2.09 11.04 74.92 76.46 2.111 1.008

Jg = 3.06 cm/a
Q JI " Eg Vol ERIC ERIC Brightnen "Conait. time B.gain " Flot "Rec aa87%

Ipm cm/. liters F A F A F A min efrlC. "(1-R1a k
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.000
6.25 1.28 26.57 26.19 901.30 184.28 46.44 57.32 1.376 1.180 4.19 10.88 79.55 82.47 2.954 0.705
8.23 1.69 27.40 25.89 901.30 211.94 46.44 57.45 1.376 1.206 3.15 11.01 76.49 79.39 2.43& 0.775

10.62 2.18 27.90 25.71 901.30 238.42 46.44 56.98 1.376 1.236 2.42 10.54 73.55 76.25 2.091 0.8&4
12.69 2.61 27.63 25.81 901.30 273.81 46.44 56.49 1.376 1.293 2.03 10.05 69.62 71.46 1.722 0.847

Jg- 3.30 cm/a
Q JI .. Eg Vol ERIC ERIC Brightneu "Conait. time B.gain " Flot "Rec a-87%

Ipm cm/. liters F A F A F A min efrlC. -In (1-R/a) k
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.000
6.28 1.21 28.75 25.41 895.60 198.23 46.56 57.05 1.351 1.097 4.05 10.48 77.87 82.03 2.812 0.707
8.44 1.74 29.12 25.28 885.60 233.12 46.56 57.04 1.351 1.030 2.91 iD.• 73.97 80.18 2.542 0.&48

10.61 2.18 29.78 25.05 895.60 245.92 46.56 56.57 1.351 1.268 2.36 10.01 72.54 74.23 1.919 0.813
12.72 2.61 29.98 24.97 885.60 263.43 46.56 5&.16 1.351 1.306 1.96 9.10 70.SI 71.57 1.729 0.•1
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Experiments at Bowater

4" lab column: diameter =10.16 cm, height =440 cm

% Consistency = -1.0 % (Plant)

Froth Depth = zero cm

Sparger 5 (20 ~m)

T= 41°C

204

•

Jg- 1.1' ens
a JI ~Ea Vol ERIC ERIC Brtghtness %Consl. lime B.g_ % Flot~Rec a-17%

Ipm CMS llers F A F A F A min eIIIc. ~n (1..R1a. Il
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.00 0.00 0.00 0.00 0.000
5.35 1.10 5.1S 33.51 5M.oo 215.10 a.1O 51.78 1.21. 1.015 8.28 10.1' 83.87 71.3. 1.711 0.27"
1.11 1.27 S.90 33.41 514.00 221.70 41.10 51.29 1.211 1.1. SAZ 8.11 .,.14 81.01 1A22 0.28Z3
1.07 1.88 5.90 33AI 514.00 283.10 ".80 57AO 1.211 1.188 ••15 1.10 55.5' 5'.78 1.1'1 0.2100
'.73 2.00 8.10 33A2 514.00 315.10 41.10 55'" 1.211 1.15' 3.... 7.01 ....14 52.20 0.118 0.2887

12A1 2..58 8.20 33.31 514.00 381.50 41.80 53.91 1.21. 1.138 2.11 5.31 38.14 46.22 0.751 0.2127
13.52 2.71 • .21 33.31 5M.oo 318.50 41.80 53A1 1.218 1.D1O 2A7 4.11 33.25 ".11 0.731 0.2981

Jg- 1.7. CMS
a Jlr. Ea Vol ERIC ERIC Brtghtness %Consl. lime B.gam ~FIol I%Rec .-17%

Ipm CMS llers F A F A F A min efIIc. -In (1-R1a. k
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5.30 1.ot 1.25 32.85 871.50 181.50 47.18 51. 1.312 1.128 8.1' 11.10 70M 7• .83 1.951 0.317
5.93 1.22 1.30 3Z-" .'.17 225.80 47.1' 57.12 1.312 1.151 5.50 •• 85... 89.19 1.121 O.2tl
7.73 1.58 1.50 32.56 861.17 211.90 .7. 56.71 1.312 1.111 4.21 1.12 56.30 6OA3 1.118 0.212
9.83 1.98 1.90 32A2 881.17 332.50 .7.18 55.53 1.312 1.1'1 3.37 7.87 .'.71 ...34 0.810 0.211

12AO 2.55 '.10 32.35 881.17 374.90 49.51 56.20 1.312 1.151 2.81 8.82 G.30 50.21 0.183 0.331
13.33 2.7. 9.12 32.34 861.17 395.80 .9.51 55.78 1.312 1.182 2A3 8.20 40.17 .7.01 o.m 0.320
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• Experiments at Bowater

20" pilot column: diameter =50.8 cm. height =540 cm

0A. Consistency = -1.0 % (Plant)

Froth Depth =zero cm

T=41°C

Jg JI. ERIC Brightness ·"Consit. lime B. %

cm/s cm/s ~ Eg F A F A F A min gain Flot. 0", Rec k
eflic.

2." 0.19 10.24 Ils 325 47.6 5&.0 1.40 1.10 9.05 1.38 63.27 71.18 0.2923

2.81 0.62 11.30 919 230 46.7 57.0 1.43 1.15 12.14 10.30 76.74 11.29 0.4469

2.92 0.71 11.56 1013 310 46.3 5&.4 1.45 1.13 11.20 10.14 71.37 77.71 0.3693

2.97 0.76 11.90 1013 215 46.3 55.3 1.45 1.25 10.4& 9.03 73.68 77.31 0.3807

3.08 0.49 13.5& 926 207 46.4 59.8 1.40 1.03 15.77 13.36 77.63 83.59 0.5203

3.12 1.13 13.84 895 365 47.6 54.9 1.50 1.12 6.16 7.26 59.27 69.47 0.3413

3.16 0.57 14.80 919 207 46.8 60.4 1.43 1.20 13.31 13.63 79.07 12.49 0.5083

3.17 0.95 15.70 877 233 46.8 59.1 1.43 1.19 7.98 12.35 73.38 77.93 0.5017

3.17 0.10 15.45 177 229 46.8 59.3 1.43 1.14 9.46 12.53 73.85 79.11 0.4111

3.22 0.66 15.10 989 245 46.8 59.4 1.43 1.10 11.52 12.62 75.22 81.03 0.4174

3.22 1.00 17.24 977 258 46.8 5&.6 1.43 1.27 7.44 9.12 73.59 76.54 0.4839

3.28 0.96 17.12 956 246 46.4 57.6 1.41 1.21 7.76 11.15 74.25 77.87 0.5172

3.28 1.09 17.72 946 250 46.4 5&.5 1.42 1.31 6.79 10.04 73.5& 75.51 0.4907
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Appendix E: Column Scale-Up

411 lab column

SS# ~g [cmls' JI [cm/s] %Eg ·k Rec Db [cm] Sb [1/5] K
1 O.SI 1.23 5.30 70.32 0.0930 37.42 0.2927
1 0.51 1.67 5.45 61.70 0.0962 36.17 0.2976
1 O.SI 2.09 5.50 53.19 0.0996 34.94 0.2151
1 0.51 2.60 5.60 51.76 0.1031 33.75 0.3395
1 1.16 1.11 10.14 71.94 0.1023 61.00 0.4040
1 1.16 1.21 10.90 75.11 0.1029 67.64 0.3111
1 1.16 1.69 11.20 69.67 0.1055 65.97 0.4111
1 1.16 2.09 11.10 63.36 0.11M 63.04 0.4179
1 1.16 2.61 11.30 56.51 0.1151 60.47 0.4321
1 1.16 2.19 11.35 53.64 0.1169 59.54 0.4263
1 1.74 1.13 19.30 13.96 0.0976 106.97 0.6406
1 1.74 1.61 20.20 71.71 0.0996 104.12 0.6494
1 1.74 2.09 20.30 73.71 0.0986 105.11 0.6739
1 1.74 2.52 20.40 70.87 0.0996 104.12 0.7271
2 1.53 1.25 12.91 79.56 0.1259 72.92 0.4134
2 1.53 1.65 13.20 73.63 0.1217 71.33 0.4159
2 1.53 2.19 13.70 67.55 0.1271 72.23 0.5175
2 1.53 2.56 13.10 61.19 0.1236 74.27 0.5033
2 2.36 1.22 20.28 82.95 0.1281 110.54 0.6385
2 2.36 1.68 20.45 80.10 0.1269 111.51 0.7211
2 2.36 2.15 20.19 78.69 0.1278 110.80 0.8701
2 2.36 2.57 21.10 74.28 0.1253 113.01 0.8537
2 2.83 1.28 24.49 81.79 0.1270 133.70 0.6535
2 2.83 1.70 25.10 79.81 0.1306 130.02 0.7719
2 2.83 2.13 25.40 77.66 0.1323 121.34 0.1689
2 2.83 2.60 25.76 76.46 0.1360 124.15 1.0080
2 3.06 1.28 26.57 82.47 0.1293 142.00 0.7051
2 3.06 1.69 27.40 79.39 0.1325 138.57 0.7745
2 3.06 2.18 27.90 76.25 0.1319 139.20 0.8636
2 3.06 2.61 27.63 71.46 0.1406 130.58 0.8470
2 3.30 1.29 28.75 82.03 0.1318 150.23 0.7074
2 3.30 1.74 29.12 80.16 0.1372 144.31 0.8490
2 3.30 2.18 29.76 74.23 0.1320 150.00 0.8127
2 3.30 2.61 29.98 71.57 0.1371 143.69 0.8810
5 1.16 1.10 5.85 71.39 0.1489 46.74 0.2744
5 1.16 1.27 5.90 66.01 0.1491 46.68 0.2623
5 1.16 1.66 5.90 59.76 0.1471 47.31 0.2800
5 1.16 2.00 6.10 52.20 0.1477 47.12 0.2667
5 1.16 2.56 6.20 46.22 0.15~ 45.37 0.2827
5 1.16 2.78 6.21 45.11 0.1558 44.67 0.2961
5 1.74 1.09 8.25 74.63 0.1649 63.31 0.3167
5 1.74 1.22 8.30 69.89 0.1651 63.23 0.2951
5 1.74 1.59 8.50 60.43 0.1645 63.47 0.2117
5 1.74 1.98 1.90 54.34 0.1600 65.25 0.2911
5 1.74 2.55 9.10 50.28 0.1624 64.29 0.3307
5 1.74 2.74 9.12 47.01 0.1641 63.62 0.3203
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Appendix E: Column SCale-Up

20" pilot unit

~g [cm/s: JI (cm/s] %Eg %Rec Db [cm] Sb [1/sJ K
2.&4 0.89 10.24 71.18 0.2943 53.81 0.2923
2.81 0.62 11.30 81.29 0.2842 59.38 0.4469
2.92 0.71 11.56 77.71 0.2883 60.74 0.3693
2.97 0.76 11.90 77.31 0.2848 62.53 0.3807
3.08 0.49 13.56 83.59 0.2597 71.25 0.5203
3.12 1.13 13.84 69.47 0.2571 72.72 0.3483
3.16 0.57 14.80 82.49 0.2436 77.77 0.5083
3.17 0.95 15.70 77.93 0.2303 82.50 0.5017
3.17 0.80 15.45 79.18 0.2346 81.18 0.4811
3.22 0.66 15.80 81.03 0.2324 83.02 0.4874
3.22 1.00 17.24 76.54 0.2130 90.56 0.4839
3.28 0.96 17.12 77.87 0.2188 89.96 0.5172
3.28 1.09 17.72 75.51 0.2114 93.11 0.4907
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