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ABSTRACT

.

’ -

’

A technique of bubble size éstimation in a bubble gswarm
is developed from drift-flux and Masliyah's hindered settling
equation with the particular contributions of-Dobby et~al [24]
afnd Yianatos et al [(88]. The ﬁe{surements required by the

technique are superficial gas aﬁd\liquid velocities and gas

\ .

"holdup. Predicted and measured (by photography) Bubble sized

agree within 15% over the tested ra%ge 0.5-1.5 mm. The upper
L /

bound of applicability is a "bubble Reynolds number

approximately 500, or bubble size approximately 2 mm, making
it well suited to flotation studies. In principle, there is no

lower bound to applicability of the method (a practical limit

with the present photographic measurements approximately 0.2

Inm).§ ‘ -
A scale-up model of spargers in column flotation is

model provides

developed. The an effective tool for the

control of bubble size and insight in understanding the effect

of sparger sizes on bubble diameter. Bubble size is shown to
: ~

depend dn the frother addition and the surface area of the

sparger, with a minor contribution from sparger material. A

sparger design criterion is suggested: the ratio of column

cross-sectional area to sparger surface area (Rs) should be

" 0.5 to 1.
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Oon a développé une techniqu pour estimer la taille des

'S

bufles dans un essaim de bulles en se servant de 1' analyse du
flux _de glissement eg de l'équatio?lde sédimentat{gﬁ ‘retenue
développée‘)pér Masliyah.” Cette technique.nécessite la mesure
des vélocités suéerficielles du gaz et du liquide,j et de la
fraction gazeuse. La taille prédite des bulles par le modele
est en accord avec la t;il;e mesurée (par photographie) a
+15%,° et ce pour des diamégres de bulle de 0.5 a 1.5 mm. La
technique pourrait s'appliquer jusqu'é des nombres de Reynolds
(des bulles) de 500, ou des bulles de 2 mm de diamétre. Elle
cgnvient donc parfaitement aux systemes de flottation. En
principe, il n'y a pas de limite inférieure a la taille des
bulles qu'on peut mesurer avec cette technique ( cette limiée
inférieure est de 0.3mm faites & partir de photographies).
Nous avons développé un modele pour le dimefisionnement
des disperseurs de bulles. Ce modéle peut servir a obtenir la
taille de bulles voulye et a mieux cBmprendre l'eff%tiqu'a la
dimension des diéperséurs sur la ta{lle des bulles. La taille
de ces dgrn;éres dépend surtout de l'aire du disperseur et,
dans une moindre mesure, du matériel duquel le disperseur est
forme . On suggere que, pour dimensionner un disperseur , le

S
ratio (Rs) diametre de la colonne/aire du disperseur-soit de

0.53 l‘
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CHAPTER 1 . X
INTRODUCTION
L) @ .
. . /
1-1 Debelopment of Flotation Column o

Extensi@e research work has been done recently on
flotation c?lumns (15, 17-26, 73-88), some 20 years after the
column was first introduced in Canada [4, 9-10]. Indusérial
applications of flotation columns are now Qidespreéd (12, 14-
15, 26]. Following the work of Sastry and Fuerstcnau [GQA,
Flint and Howarth [27] and Rice et al [57], Dobby and Finch
investigated extensively particle collection in-a flotation
column and the requirements for flotation column modelling and
scaie—up [17-23]. Subsequently, Yianatos, Finch and Laplante
directed attention to flotation column froth Lehaviour since
the froth has a significant effecE on column performance [80-
85]. Three aspects were stressed: - froth hydrodynamics,
cleaning action (rejection of ﬁydraulically entraingd
particles) and selectivity (separatién between particles of

different hydrophobicity). Meanwhile, Espinosa and Finch

conducted work on slime flotation by column [25-26]. Some

fundamental research concerning flotation kinetics (47, 76],

anyd aerosol frother addition and column control (28, 51, 87]

ha een conducted around the world.
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N

1-2 Objectives of the Research Work

The study 1is to in;estigate bubble generation using
spargers (bubble generating devices) by determining the
eﬁfects of sparger material and sparger sizé (surface area) on
gas holdup and bubble size. In order to be able to conduct
this work, a novel methﬂg to estimate bubble size was
developed from the contriput}ons of Dobby et al [24] ‘and
Yianatos et al [88]. UsiAg this technique‘the problem ‘of
photographic measurement of bubble size wa% elimipated,
permitting the effect of operating vaéiables on gas holdup and
bubble size tolbe extensively investigated. The ultimate

objective is to provide a methodology of sparger sizing for

flotation columns.

1-3 Outline of the Thesig

The thesis consists ‘of 10 chapters. Chapter 1 is
the general“intrdduction and’ﬁeséription of the research
objectives. The operating fundamentals and n;w developments in
flotation columns are briefly reviewed in chapter 2. Column

N §
operating variables, particle collection kinetics, coludhn

froth characteristics, and column, control strategies are
‘ a bt [

described and discussed. N

% .
In chapter 3, previous work related to bubble formation.
and the effects of some parameters on gas Hol&sp and bubble
size are reviewed. Chapter 4 proposes a technique for the

. . . A
estimation of bubble size which was used in the next chapters.




M’ - o

Finally, a scale-up model for spargers is aeveloped.
df . ’ in chapter 5, the experimental system and column
operation are described. 1In particular, the experimental
design is presented\‘in'some de;ail. All the experimeptal
results are presented in chapters 6, 7 and.8. The data used to
“verify the bubble size estima%ion tecthnique is presented in
chapter 6. It is shown that the bubble size estimation
technigue gives a ver; close prediction .of bubble size.

?
Chapter 7 presents the results concerning the effect of

operating variables on gas holdup and bubble size. It is found

3

-

that the major factors affecting gas heddyp and bubble éize

N

are frother concentration, gas flowrate and sparger size. In

l

o~

chapter . 8, the proposed scale-up procedure for spargers 1is
examined. It is demon&trated that. ;he model ;rovidesJ a
rational explanation for th; effect of sparger .,size on bubble
size.

> | Finally, all the results are critically(éfscussed in

chapter 9, In chapter 10& thesis | conclusions, with

I
v

suggestions for future work, are presented.

%

o




.CHAPTER 2 - -

GENERAL REVIEW OF COLUMN FLOTATION FUNDAMENTALS

p

2-1 Column Operating Variables

{
For a flotation column as shown in Fig.2-1, there are
- I

two readily 1identifiable zones: the collection zone (also

known as recovery or bubbly zone) and froth zone (cleaning
: _ )
zone). There exist a large number of variables which affect

column performance. A brief description of JLese variables are

given below.

2-1-1 Gas Holdup

Gas holdup is defined as the volumetric fraction of air.

,

in the\xair/slurry mixture and is used to <characterize the

hydrodynamics of the column [61]. It is a combined function of
)

bubble ,size and gas rate and varies directly with gas rate and

inversely with bubble size. Consequently, gas holdup can not

be adjusted independently of bubble size and gas rate.

I

2-1-2 Bubble Size

Bubble size is considered to be the most important
variable for the physical optimization of flotation °'[8,35].

For example, recent evidence suggests/that fine bubbles are
¢

able to float fine particles more effectiveiy than coarse

-
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bubbles. Szatkowski et al [63-65] investigated the flotdtion

kinetics with fine bubbles and claimed that, critical bubble
size can be determined as a function of particle size and

density: h

- Rl
Iy

P,g (a° ) - rdpg (Ps - P ) (db°r )2

- 18 db®" u vse - 36 dppu Vst = 0 [2-1]

where V; is the average net downward velocity of slurry.
The critical bubble size is Befiaed as the diameter of
the smallest mineral-laden bubbles which still rise to the

froth gainst an opposite pulp flow in the flotation ‘system,

*©

‘In stationary water, Eg.{2-1] can be simplified as follows :

(7 -

dp®’ = e [2-2]

i

» Tl
Ahmed and Jameson [1l] investigated the effect of bubble
size on the rate of flotation of fine particles and found that

the rate of flotation of fines can be accelerated considerably
1
using very small bubbles less than 100 um in diameter.

T -

Bogdanov et al (8] in&éstigated the flotation of martite

fine particles by different.sized bubbles and found that
without mixing, the flotation rate of - 10 um particles was

lowered when bubble size decreased from 0.5 to 0.2 mm.

-

i
W

L&)

W




The theoreticgl work by Dobby and Finch [22] suggests
thdt small bubbles [db<o.5mm] are not effective in., flotation
columns because ~reducing bubble size means the gas flowrate

must be reduced. The effect is that an optimum bubble “size

exists to maximize flotagion rate, Recent work conducted 1in

Q

parallel with this thesis showed [77] that for parﬁlcles 2um <

\

dp < 25 um, the optimum bubble siz% to maximize <carrying

) ) 2
-

capacity is about 1-1.5 mm.

-

There are 2§ lgrge number of factors affecting bubble
gize in a flotation column. Among them gas rate and frother
addition are the most importJHE. In general, wuniform bubbles
with diameter db;l—l.s ram cap be readily acﬁieved in

flotation columns with gas flowrates Vg=1-3 cm/s in the

bresence of frother.

: ‘ | N

\ . j

2-1-3 Gas Flowrate . )r

" Gas is introduced into a flotation column as bubbles

4

usudlly generated by an internal sparger. Superficial gas
velocity wiil be used to describe gas rate since it is
indepindent of column -‘dimensions. It 1is defined as the.
volumetric -+gas flowrate per:dhit column cross-sectional area
\ per unit time. Typical range is Vg=1-3 cm/s [86]. (Gas rates

are always gvan herefat standard conditions)

"  Gas flowrate is one of the most imporfant variables for

flotation column operation. The required gas flowrate must be

<

 determined in  each case. Gas rate has direct and- indirect

|

!
i

i X L 7

o~

O
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effects. For example, gas rate directly affects rate constant

v

and “indirectly affects it by affecting bubble size. Gas

(3

., flowrate has been used for flotation control in some Finnish

A

and Australian conventional flotation plants [4%].

*

2-1-4 Wash-Water and Bias Flowrate -
Wash water added at the top of Elétation column hégxgyo

functions: (1) to provide a dowqward flow of Qater which
prevents hydraulic entrainment of non-floatable minerals, (2)
to increase froth stability and allow a deep froth bed to be
built [83]. , .

An estimate of the wash water requirement, (superkicial
wash water rate Vw, cm/s), is given by [86]: \

a .\

£

{
<
L
i
|
1
§
t
]
i
i
+
<
o
o
S
w

» where

€c

"

8%

__________ ' - (2-4]

and reéresents the fractional holdup of/concentrate at the top
. of the column; Vb is the superficiql bias flowrate, Vc the
superficial concentrate rate, and Vg, the superficial gas
flowrate.
'Z, A positive bias flowrate, Qg, is obtained by having a

tailing volumetic: flowrate, Qy, slightly greater than that of

- + i
A &" ’

- ) . ' 4

\

P

=3,
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1

e “ .
the feed, Q. One way to control this i to maintain:

N
EN
Q1 - Qf = constant > 0 [2-5]

b

-

Qg

i

r

Superficial bias rates Vb Z 0.1-0.6 cm/s are used in plant

9

practice. ~

Another way of achieving a positive bias is to maintain
° . ™

a ratio of tailing flowrate to that of feed constant at some

value greater than one. This is a "bias ratio", Br, i.e.:

»

[}]

Br e —————— = constant > 1 [2-6]

o°

Br values from 1.01 t0 1.15 are typically recommended
(18], The relative merits of both bias strategies for control

are explored in some detail in sectioﬁ 2-4.

&

L]

2-1-5 Slurry Downward Flowrate

A flotation column is operated in the countercurrent
‘ L5

bubbly regime,. The slurry Qﬁﬂiﬂfﬁfd flowrate is ‘mainly

determined by the required residence time of golids. In
general, the superficial slurry downward flowrate V, 1is in

the range 1-2 cm/s.. The downward slurry velocity has .a

' significant effect on gas hol&up.

2-1-6 Residence Time s

g
Solids residence time governs recovery. The typical°

“ . .
/ \
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range of slurry residence time is 2;10 minutgs in laboratory
I and 10-20 in plant operdtions [86]. The mean residence time of
slurry, ., can be estimated as: . -
\ ‘ b
qe— ,
- \ Ac L (1l- Eg) ' J :
T T = [2-7],
N v ]

QT !
. - A a
S N "

where Ac is the column cross-sectional area, L represents the

. ), .
collection zone 1length (the distance between pulp/froth
interface and air input level).

In a flotation column particle residence time, Tp, 1is a

~O
function of the particle settling velocity (Up) and
P /\
interstitial liquid.velocity (Ui) (19,84]}:
4 )
Tp ui 4 "
= [2-8]
T ui + Up

4 :
where Up is the particle settling velocity in a swarm of
bubbles and particles. To estimate Up the equation of Masliygh
for hindered seftling in a multispecies particle systeh can be
. s

o used [84]). o f:%

2-2 Collection Zone
A flotation column consists of two flow regimes: the

collection zone (also known as recovery or bubbly zone) and

7 "

E




[ 1
froth zone \'(cleaning zone). The two zones have different

-
2

{ functions.
> ) /l// ' ) )
d 2-3-1 Collection Efficiency and Rate Constant
- A mineral particle is recovered by a gas bubble in the

collection zone of a column by one of two mechanisms: (1)
par;iclé—bubble coliision followed by attachment due to the
» ! . hydrophobic nature of the mineral surface (the true collection
”/r\\\\\~ process), or, (2) entrainment of the parti¢les within the
boundary/ layer and in' the wake of the bubbles. 1In a flotation
column, tracer tests have shown that there is virtually no
;Eeed water entering the concentrate (19]. This is due to the
wash water added at the top of a flotation column.
Consequgntly there 1is no entrainment of particles to the

concentrate [33, 3%—46, 72].

-~

‘The collection process in the collection zone is that of

countercurrent bubble/particle collision and attachment.
‘Dobby and Finch (23] have modelled the process. Collection
™~ efficiency, Ek, defined as the fraction of all particles swept
out by the projected area of the bubble that collide with,
attach to and remain atiached to the bubble until reaching the
cleaning zbne was caiculated. For a given system, the
collection efficiency is a cqmplex function\?f manxﬁparameters
among whiqh the most obvious are: particle siée, bubble size

and particle hydrophobicity. Collegtion rate constant, K, is

W'L | | ) s ’
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N 12
relateqvto Ek by [36]): N

K = mmmmemem——mm—ee " [2-9)

c

-

If Ek does not vary with solids content and bubble loading,

L 8 . )
the qollection rate mechanism is first-order with respect to

particle concentration. It is intuitive that Ek is constant

only for a narrow range of particle size and for a single

value of hydrophobicity.

-

“Fig.2-2 1s the simulation results from Dobby [(17] and

shows the effect of gas rate on collection efficiency, rate

e

coastant and bubble size. There exists a peak in collection
rate constant for a range of gas flqyraté. Fig.2-3 shows the
effect of induction time and particle size on collection

efficiency. As induction time decreases, collection efficiency
A -

Ek increases. v

2-2-2 Mixing Charaterigstics and Recovery

Recovery is determined by three* factors: the rate

constant, the mean residence time of solid particles and-the

mixing conditions in the collection =zone of a flotation

column.
AN

Ong extreme of mixing is plug flow, where the residance

time of all elements of the fluid and all mineral particles is
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Fig.2-2 Simulation example of effact of gas rate on
db, Zk and K for operating system
where db = C-vg"

n=0.53, dp=10 um, Ti=30 ms, v, =0 (171
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the same. Consequently i‘concen;ration gradient of floatable

QT mineral along the axis of the column exists. The other extreme

—
Pt

is. perfectly mixed flow in which there is a distribution of
particle residence time and the 'solid concentration 1is the
game throughout the system. For a first-order rate system

having plug flow and a retention time, 7 ,

\\ R =" 1 - exp ( - KT) (2-10]

and for a perfectly mixed first-order system having a mean

retention time, 7 , P

/\

R Z e ———— - [2_11]

‘ The flow conditions in a laboratory flotation column
would approximate plug flow, while the mixing conditions in
industrial coi:mné would be between plug flow and perfectly
mixed flow. The difference in performance between plug flow
and perfectly mixed flow is significant. Therefore, it is
important to know the degree of mixing of industrial flotation

columns and éo relate that mixing to recovery.

\ A dimensionless vessel dispersion number, Nd, and liquid

axial dispersion coefficient, E; , have been used to describe

mixing in bubble columns, where,




L

¢ 9

16

@ E
Nd = e ——— ‘[2—12] .
Ui L .
. .
- - B
and, -
VL [4
Ui - e . ([2-13]
1 - &g

<

where dc 1is the column diameter. Nd = 0 correspods to plug
flow and Nd = oo correspon o‘perfectly mixed flow.
The effect of varipus ph iéal and operating parameters

upon the liquid axial dispersion coefficient in bubble columns

has been reviewed by Shah et al [62]. They conclude that for °

cylindrical columns E  is essentially independgff of 1liquid
velocity and 1liquid properties such as viscosity, surféce
tension and density. *
v DobBy and PFinch qgamined the mixing chgrateristics of
industrial flotation column and prépésed (19]:
> \
E, = 0.63 dc (2-14]

-
3

with dc 1in meters, Eginm /s, Further, they showed from

particle tracer studies that;

Ep ~ E [2-15]

b

where fp is the particle axial dispersion coefficient. E;.

(and therefore Ep) is linked with Nd by the following

\




o

o 17
equation:
¢ v ‘
Nd L
? EL = e e e ——— 4 [2_16]
60 7
, For the purpose of scale-up and design of flotation

2-14)
\
The objective of measuring the mixing parameters is to

columns Eq. is quite adequate.
quantify the effe&t of mixing on recovery. For a first-order

rate system, the recovery is given by [44]:

1
4 a exp ( ——-———- )
2 Nd

R = 1 e e e e e e e — — ——— —— - ——

) a a

(l+a)’ exp (------ ) -~ (l-a)®exp ( - ---= )
2 Nd 2 Nd
where
a = (1+ 4KT7T%%a ) [2-17]

K3
)

2-2-3 Total Recovery and Froth Recovery

Recovery in the previous discussion is the recovery of

»

v+ collection zone. Since a deep froth bed exists in a flotation

column, some particles which have already entered the froth

zone may drop back tpo the collection zone gdue to detachment.
The work done by Yu [{79] an Yianatos [8 ]— shows that the
recovery in froth zone ca$ be lower than 50% depending on the

froth dépth.

&
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Defining the froth zone recovery Rf as the recovery to

thgg concentrate of parti?les entering thé'éroth zone from
collection zone then, for a cg}lection zone recovery éc, the

’

total column recovery Rt is (17]):

RE = mmmmemmomooo ' [2-18]
1 - Rc (1-Rf) S

an

2-3 Froth Zone
2—-3-1 Hydtodynamics -

The froth in a mechanical flotation cell” is unstable
and different from cell to cell. The froth in a flotation
column 1s relatively stable due to the wash water added at the
top of the flotation column. The chemical stricture of the
various “types of frothers exerts a marked influence on
frothing power and froth stability [43] in conventional
froths, and this may be the case in column frozhs.

}ig.2~4 shows the froth bed expansion of a water-air
system ' in a laboratory flotation column (83]. As wagh water
rate increases, froth depth increases. Thus, was ‘ water
addition is an important factor for the stablfzation of column
froth. Yianatos et al [83] investigated the effect of gas rate
and liquid downward flowrate'on the local gas holdup and they

(found that an 1incregse of either gas or liqu%d flowrate
significantly increases the liquid content in the froth =zone

[8l1]. The higher liquid holdup in the froth zone will increase

L

18
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the ipternal liquid drainage and entrainment, which may cause

:z an increase in the internal circulating load of gangue and
Yeakly hydrophobic minerals. It has also been observed that a
strong increase in wash water flowrate will drastically change

Y the near plug flow reglmf of the bubble bed éo -a more
heterogeneous behaviour including severe channelling and

recirculation.

wa= 7

The experimental data show that the bubbles remain

nearly spherical as coalescence increases bubble size to

about 2-3 mm. Fig.2-5 shows the surface loss of bubbles due EB

a

ey,

the coalescence [81]. In this figqure, "fragtional surface" is
used which is defined as the ratio getween the total bubble
sgrfage per unit time crossing the bubble bed at a certain
level and the total bubble surface per unit time enﬁéring the
froth zone at the interface level.

Based on the experimental observation and measurement in

- ) Ly
the two dimensional column, the froth structure shown in

A

% Fig.2~-6 has been proposed [83]. Basically, this structure
consists of three sections: (1) an expanded bubble bed, (2) a
packed bubble Bed; and (3) a conventional draining froth.

~

(1) the expended bhbble bed:\ Bubbles travel upward from
N ,

>

the collection zone with‘very_high rise velocity and enter the
* expanded bubblé bed sectiog>after collision with the fifSt
layer of bubbl§§ which define a very distinct intefface. At
this stage bubbles have a quite homogeneous and small size

(similar to that of the collection zone, 1-2 mm) and remain

spﬂerical. Bubble collisions against the interface generate a

B

3

{

/J .




21

[

(9

«

{o8] suos yyox Suors wof eoNjIns YqqnY

w3 JIVIYILNI IHL WOHL IINVISI]

At

o€ 02 01 :
T | T | . | Ay
. /
. 3
4 %0
. N
J 4 90 "
\ .
* - 80
- uedgi=seuion 7 IIV4HNS
o'l TVNOILDV YA
ey
L




L

wash
water

concentrate

=2
draining . ' OO O nggative
froth -~ | bias
€,>0.80 positive
, bias
packed
bubble bed
_€>0.74 .
. e
expanded
bubble bed "7 interfdce
€,<0.74 | __Z__l?vel
- ' o o - o .
) /\\\ bubbling o © ° o
.0 zone ° o |
) o o o
eg<o.zo\ Ve oo ° o
L AN
Fig.2—-6 Froth structure in s flotation column (80}

2

22

123




23
shock pressure wave w@%ch promote- additional collisions above

the interf;ce. .This phenomenon seems té be, the main cause of
bubble cc;alescence‘;g in a zone where high Qtacbbnal liéuid
content ( €, >0.26) m;kes natural drainage wunlikely as the
primary cause of film thinning and rqpture.

(2) the packed bubble bed: The sectioq just above the
expanded.b:bble bed, called a packed bubble bed, extends until

the wash water additional level. The fractional liquid content

-
[

is lower than 0.26 and bubblés remain nearly spherical. Most
bubbles move upward close to plug flow against a well
distributed flow of wash water. 1In this bed the rate of
coagescence is lower and is mainly due to collisions cauéed by

t‘e motion of larger bubbles, which travel upward at _a
velqcity higher than the average.\\//”/

(3) the conventional draining froth:\;;zg\seétion occurs
- immediately above the wash water input level and consists of a

coventional draining froth. Typical fractional liquid contents

are lower than 0.2 . .

2-3~2 Cleaning Action

\

Hydraulic entrainment and entrapment of fine particles

into ‘the froth -decrease concentrate grade in mechanical

flotation cells. Flotation column froths prevent hydraulic

entrainment by maintaining a Q?t downward flow of water

'

through the froth. In a flotation column, tracer tests have -

shown ‘that there is virtually no feedj;f?ter entering the

concentrate [19,82], indeed little even Yosses the interface,

4

o
[
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as shown in Fig.2-7. The entrainment mechansim of fine

particles are due to feed water recovery into the concentrate,
ﬂanh et al [45] discuss this point in someo detail for
mechanical flotation' cells. Fig.2—8 shows the linear
relationship between water and gangue recovery rates [45].
This implies that an increase 1n feed water recovery results
in an increasg in gangue recovery. In Fig.2-9, there 1s also
some evidence to suggest that an approximate relationship

@

exists between the recovery rate of valuables and water [45].

- Elimiflation of feed water prevenZi fines recovery by hydraulic

entrainment [33,45,46,73]. Yianatos et al {83] studied the
effect on cleaning action of three variables: gas rate, froth
depth and bias rate. One conclusion was that to have an
effective cleaning action 1 m froth depth is essential and gas
rate must be not higher'than 3-4 cm/s. As gas rate increases,
praley : oy L
more,  waer in the collection zone will entrain into the froth
zone and decrease cleaning efficiency. An increase 1in bias

rate (Vb>0.2-0.5 cm/s) iswdetrimental due to fncreased mixing

in the froth. The following recommendations were made:

g (1) superficial gas rate less than 1.5-2.0 cm/s
(2) froth depth be at least 1 m

(3) superficial bias ratehless than 0.2-0.4 cm/s
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273-3 Selectivity
Selectivity /}n the froth =zone of tGo industrial
flotation columnsi§has been examined [53,85] and in froths
deeper than 1 m absolute moiybdenite grade increase of 10% tO
15% were observed [85]. In shallow froths (less than 50 cm)
little grade increase was found. The difference in upgradiné
between deep and shallow- froths is due to the shallow froth

being almost completely mixed.

9

2-4 Cont;ol Strategies: Current and Proposed

Process control in a flotation column can be essentially
divided into two aspects: Stabilizing control and performance
or optimizing control. Recently, Moys and Finch reviewed the
developments in the control of flotation columns ([51]. They
conéluded that the major def iciéﬁcy of the methods currently
used for/ the control of flotation columns is that those
methaas rely entirely on inaccurate and indirect measuremengs
of slurr}—froth interface and bias flowrate. Thus, a new
technique is being developed by which more accurate
measurement of slurry-froth interface and bias flowraée can be

it

obtained.

v )

2-4-1 Stabilizing Control
Current stabilizing control has two objectives: first to
maintain a net downward flow of wash water (called positive

bias) shown in Fig.2-10, and second to maintain a known froth
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depth. The net downward flow of wash water must be positive to

ensure cleaning action, but must not be too 1a}ge otherwise
unnecessary dilution of the underflow occurs. The interface

level must be maintained near a pre-specified setpoint. If the
B

- level is too high, insufficient cleaning volume will exist and

concentrate grade will be reduced, while if the level is lower
than required, collecting volume is reduced unnecessarily and
recovery may Be reduced. In any case level must be controlied
within limits for stable operation. There are thrge
stabilizing control strgtegiesrwhich have been used and g&e
summarized in Table 2-1 [3,15,49,72]

To qontrol bias, Mines Gaspe [15] sets a constant
Qifference (Qy -Q >0), while Gibraltar [3] sets a constant
ratio (Q¢/Qf >1). Lornex ignores the bias control {49). The
diffegence may be significant.° For instance, the Gibraltar
strg}egy means a varyin&gwater flowrate which could influence
cleaning action. No systematic evaluation of these alternative
control strategies has been conducted and it is necessary to
clarify a situation which confuses users. Fig.2-11] is a plot
of retention time vs. feed flowrate for/ the two bias control
strategies ({781]. It is evident that) as feed flowrate
increases, the retention time 1in the case of Gibraltar
decreases faster than in the case 6f Gaspe. Retention time is
directly related to the recovery and the change in retention
time may affect recovery, especially, 1if the system |is

capacity constrained. Fig.2-12 [78] is a plot of wash water

flowrate as a function of feed flowrate and shows as feed

<A




TABLE 2-1

STABILIZING CONTRQOL STRATEGIES IN USE
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USERS CONTROLLED VARIABLES
BIAS/RATIO FROTH DEPTH
GASPE DIFFERENCE * TAILINGS WASH WATEgv
GIBRALTAR RATIO ** ‘ TAILINGS WASH WATER
LORNEX NON TAILINGS
*  Qr - QF >0 )
** Q1 / 2F > 1
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flowrate increases the wash water flowrate does aot change in

the. case of Gaspe but increases in the case of Gibraltar.
‘4 .
To control slurry-froth interface level, wash water 1is

-

used as a controlled variable at'Mines Gaspe and Gibralt%r,
tailings flowrate is used at Lornex [49]. | :

As pointed out by Moys and Finch (51}, the current
control strategies rely on inaccurate infered measurements for
the control variables: bias rate and interface level, and the
control configurations are inherently susceptible to control
loop interactions. For example, wash water is used both for

-

bias and interface control. -

2—-4-2 Performance Control

The objective of performance control: or optimizing
ééntrol is to control the metallﬁrgical performanés (i.e.
grade/recovery). Preliminary work toward this objectf%g has
been reported [3,f§]. Attention was focussed on récovery
because coluﬁﬁs, compared to conventional machines, already
give higher grades. Two different control loops have been used
at present and are summarised in Table 2-2, There is not
much evidence to evaluaég whéther a better relationship
betweegz gas holdup and recovery exists than that between gas
rate and recovery. However, it is expected that gas holdup may
be a better indicator since the effect of bubble size" are

]

included and bubble size does influence recovery.
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T ——
GASPE GAS RATE
GIBRALTAR GAS HOLDUP
Y

Ea




¢ 9

‘ v 36
2-4-3 Novel Control Possibilities: Use of Temperature

The common technique for lével measurement’ is the use of
transducers near the interface sensitive to- hydrostatic
pressure. However, the pressure at a fixed point below the

overflow lip \is a function not only of interface level (if the

~interface is above the measurement point) but also of several

i

other .amportant variables such as gas rate and bubble size
(which affect the holdup of liquid) and solids loading (solids
holdup). T%us, this measurement is subject to supstantial
errors.( The error in the manometric measurement at ja given
level can be as high as 30% [51].

A new method for measuring interface and biés rate basged
on- measurements of the temperature profile in the c¢leaning
zone 1s being deJéloped. It is based on the assumption that
the wash water (which is generally recirculated from'a tailing
dam, but ,could be plant make-up water) will be significanqu
cooler than the feed which ha§ pagsed through a grinding mill
and perhaps a bank of a conventional stirred flotation cells.
Several measurements made on plants in Canada revealed
temperature differences of 2-10 C in the spring and summer
months: these differences are expected to increase in winter.
When this assumpt%gﬁ holds, the EempeFature distfibution on
the froth zone will be a function of the relative flowrate

through it. Fig.2-13 and Fig.2-14 show the close agreement

between true level and measured by temperature (51].

a
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CHAPTER 3 >

PREVIOUS WORK ON BUBBLE FORMATION AT A SPARGER

3-1 Introduction
° The bubble formation process is a complex' phenomenon.
Many studies on bubble formation from a single orifice and a

large number of models to describe this formation process have

been proposed (11, 13].

The main objective of sparger design and scale-up for
, flotation columns is to produce uniform bubbles since non-
uniform bubbles induces mixing, and larger bubbles rising more
rapidly causing downflow of liquid and smaller bubble%. The .
second objective of sparger design is to avoid the build-up of
solids particles on the surface of spargers. X;

Little attention has been paid to the problemh of how
spargers influence bubble size and what governs the formation
méchanism of bubbles on the surface of a sparger in a

flotation column. This chapter gives a brief review of

previous work on this subject.!

)

3-2 Bubble Formation and Effect of Gas Rate
Gas bubbles suspended in fluids usually tend to
agglomerate (coalesce) and sose their identity, and the

existence @f small bubbles is only transitory. When gas 1is

+
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forced through the orifices‘8§~a sparger, bubbles are formed;
B 4

a process affected by a large number of factors. In general,
the formation process is mainly controlled by the propertées
of liquid, particularly frother addition in the case of 3at3t,
gas velocity and sparger design [29,58,67-69,84). There exist
a large number of theoretical models proposed to Idescribe

1

bubble formation in liquids. -All are based on a sequence of
events from photographic ob;ervation and depend on some form
of force balance for predicting one or more stages in bubble
groch. Many assumptions are made for those models, such as
that bubbles remain spherical. In fact, this assumption is
most closely approched in flotation since frother ‘is added.
Fig.3-1 presents the general view of gas bubble formation on
the surface of a rigid sparger. There are two processes
affecting bubbles: the formation and the subsequent passage
through the continuous liquid. A .good generation of wuniform
bubbles can be achieved only if the gas passes through all the
poésible holes. This cohdition can be satisfied if the Weber

number based on the diametéf:and the gas density is equal to

or greater than 2 [2]:
Weo =  —=————mm——m— > 2 [3-1]

where do, Qo are the hole diameter, the gas flowrate per hole,

respectively. Pg is the gas disgity and § is the surface

% tension of the liquid.

B T e
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- van Krevelen and Hoftijzer [69] divided bubble formation
process into two types: the formation of separate bubbles and
the formation of bubbles in sgries. They proposed several
empirical correlations for bubble size, superficial gas
velocity and orifice diameter. ' Recently, Bhavaraju et al [1l1)
conducted a more detailed discussion on this subject. On the

basis of gas flowrate, three distinct regimes of bubble

formation can be defined.

3-2-1 Very Low Gas Flowrate

In this regime, bubbles of constant volume are formed
and there 1is no interaction between Ibubbles. *(i.e. the
distance between one bubble and another is, larger than the
bubble size). The bubble size is found to be a function of
orifice diameter, surface tension and buoyancy. The bubble
grows until 1its buoyancy férce exceeds the suface tension
force. A balance between buoyancy and surface tension forces
yields Rﬁe followintlg relation for the bubble diameter [11]:

[
6 6 do L
db = [ ] | (3-2]

> 9 (R -FR)

4

-

where P 'is liquid density and g is acceration due to gravity.

]

3-2-2 Moderately High Gas Flowrate

With further increase in gas velocity, surface tension
\.

t

S I,
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becomes less important (even neqgligible), and bubble size is

determined by a balance of buoyancy, inerfial and viscous

forces. In this regime, a .mass » balance results 1in the

relationship [11]:

™

[3-3])

6 Qo
db - [ ]
T F

§
where F 1is the bubble formation freqyency.

The moderately high gas flowrate case corresponds to the
&
flowrate used in flotation columns, with superficial gas

velocity typically around 0.5-3 cm/s [86].

3-2-3 Very High Gas Flowrate ! .
+ At very high gas flowrate, the formation process of
bubbles 1is complicated. However, flotation columns do not

operate in this condition since flooding, breakup and

coalescence of bubbles occur [69] which are undesirable for

column operation. It 1is observed that the bubbles are not
uniform and a number of large bubbles are formed. These large
bubbles are enriched at the column center and very effectively
collect small bubbles in their wake. %his situation leads to

excessive turbwlance which should be avoided.

3—-3 Effect of Surfactants

Gas holdup increases conéiderably when water contains

-some surfactants. For example, the gas holdup increases in
- \

“
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the following qrder [40]:,

n-butanol > n—propaﬁol > i-propanol
> ethanol > methanol > water

The decrease. in surface tension in the presence of
alcohols was not sufficient to explain this phenomenon. Kelkar
et al discussed this subject in some detail and found that the
number of carbon atoms in the straight chain ofithe surfactant
is an 1important factor affecting .gas holdup ([40]. For
flotation columns, 1in the presence of alcohols (frother), the
bubbles become more rigid and hence have low rise velocities
resulting in a bubbly flow regime up to suéprisingglhigh
superficial gas velocities (8—i0 cm/s) (40]. It is also noted
that in flotation columns the interaction of frother and‘
collector may affect gas holdup and the stability of froth

2]

bed. e o

3-4 Effects of Spargers

The effects of sparger material and orifice diameter on
bubble formatiod and bubble size have been studied by many
investigators for bubble columns in ch%mical engiéering.
Typically those investigators use perforateé plates with few
orifices and with diameters greater than 0.5 mm. Consequently,
bubble size is essentially dependent on the dynamic
equilibrium among the buoyancy, drag and the gravitational

forces through the contindus 1liquid. In contrast, fo

flotation columns, the spargers usaully have a large number ‘o
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orifices with diameters less than 100 um. There is relatively

little data on these type of spargers.

3-4-1 Orifice Size, Shape and Porosity

When bubbles are formed from a sparger adjacent orifices

&

%

may@“affect the bubble size formed at any single orifice.

bubble.

example, several holes may contribute to a single

Attempting to use the correlations developed
K

for

+

For

single

orifices is rendered difficult, for example, at low gas rates

0

when not all the orifices are active, and because in

spargers there is a range in orifice size and shape [5].

is no systfmatic work regorted to evaluate the

typical

effect

orifice size, shape and porosity on bubble formation

bubble size for flotation columns.

The influence of orifice shape may not be so

for spargers compared with

There

of

and

important

single orifices. For very

low

gas flowrates, where the surface tension effect is dominant,

bubbles appear to form from an equisided oxifice,

such as

an

equilateral triangle or regulart?exagon, as from the inscribed

14

circular orifice. At higher flow rates, an orifice with

shape not too far fromhcircular gives roughly the same

size as the circular orifice of the same area at

a

the

a

bubble

same

flowrate., Irregular goecometries, such as elodbated rectangular

slots, show more complex hehaviour [13].

Porosity 1is the number of orifices per uni

t

area

-

of

sparger surfaces In general, the porosity of a perforated

»

)
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plate is quite low (less than S). In contrast, the porosity of

a sparger used in flotation columns is considerably higher
(more than 50 and/up to 150). The effect of porosity on bubble

size is not known.

3-4-2 Sparger Materials

The effect of sparger materials on bubble size has been
erorted . by many investigators [13,17,22,58-59,70]}. The
flexibility and hydrophobicity of sparger materials may have
an effect on bubble formation. After studying the effect of

rigid and flexible spargers on gas holdup and bubble size,

‘Rice et al [58] concluded that rubbey spargers are inherently

self-requlating, with hole are§ increasing in direct relation
t; the pressure drop across the sparger. The ,rubber sparger
can ocsillate and deform, thus preventing fine particle build-
up on the sparger which is important in mineral processing.
Recently, Rice et al [59] examined thin elastic membrance
spargers. It see that high gas holdup and small bubble size
can be achieved with this type of sparger. On the other ha;d,
if the surface of sparger is poorly wetted with water, the

bubbles will remain on it longer and this may result in an

increase in bubble size [13].

-]

3-5 Effects of Flow of Continuous Pluid

If the continuous fluid has a net vertical velocity




o . a7
component, the additional drag causes earlier or later

detachment of bubbles and hence reduces or increases bubble
size formed according toewhether the drag force assists or
impedes the detachment. Significantly smaller bubbles can be
produced Ey causing the continuous fluid to flow cocusrently
with the dispersed phase ([13]. Horizontal component of
velocity aiso tends to affect the bubble size produced at an
orifice. At low flowrates, there 1s little effect, but larger

bubbles tend to be formed as the horizontal mean velocity 1is

increased [13].
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- CHAPTER 4

THEORY: DEVELOPMENT OF' BUBBLE SIZE ESTIMATION
TECHNIQUE AND SPARGER SCALE-UP MODEL

4-1 Bubble Size Estimégion
( Several methods for measuring bubble size have been
Proposfd. The most frequ&etly used is photography either used
directly or to calibrate a proposed alternati®e method (62].
Photography is tedious and restricted to vessels with
transparent walls and rgiatively low bubble concentrations.
Thus, for flotation column work, it is necessary to have an

alternative way to estimate bubble size.

The technique described in this chapter is a further

* development of the bubble size estimation technique proposed

by Dobby et al [24). 1In that technique the terminal velocity
(Ur ) of a single bubble is first estimated and Uy is then
related to bubble size. A variety of relationships were
tested, which, over the range of interest, gave similar
results, The technqiue developed here is similar but gives a

direct estimate of db.

4-1-1 Dobby's Method:
This method used the concept of drift-flux introduced by
Wallis [74] to relate phase flow rates and gas holdup to

physical properties of a two-phase system,
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For counter-current flow of gas bubbles and water in a

bubble column the slip velocity Us is:

"

Us =  —=mommeee b mmmmmem e © [4-1]

where Vg and V are Qhe<;§périfical gas and liquid velocities,

respectivley (both positive quantities). Wallis [72] also

postulated th;L Us is a function of terminal rise velocity Uy
of a single bubble and the gas holdup, in the follwing form:

» -
Us = Ur (1-E&g)m [4-2]

As noted by Bhaga [6] this form of the relationship satisfies

two boundary conditions:
1) as 88— 0, Us — Uy, and
‘ 2
2) as €g— 1, Us — 0. -
m is ,a parameter defined according to Richardson and

Zaki {56], for 1l<Re<200

db o, A
m = { 4.45 + 18 -———- ] Re {4-3]
» dc
and For 200<Re<500
m = 4.45 Re~N (4-4)
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and the Reynolds number is defined [56] as:
™

db Ur B :

- ' 4-5
Re P { ]

Combining Eq.[4-1] %nd Eq.[(4-2] gives:
Ur T eemmme———— e + memmmm e [4-6)

Eq.[4-6] is derived assuming a uniform flow profile and
uniform bubble concentration across the column cross-section.
For large columns, this a reasonable assumption. For "small
columns, correction faétors are required and given by Bhaga
(7]«

)

vg Co (W, - Vg)
Ko UT o= + [4-7]
© Eg (1-&g)m=! (1- €q)m=l

When gas holdup is uniform over the cross section, Ko = Co = 1
Gas holdup measurements are made at varying levels of V, for
constant Vg. Since bubble diameéer increases .with gas rate,
Vg must be held constant. A plot of Vg/Eg(l-€g)m-1-vs -(y, -
Vg)/(1-€g)™=1'results in an intercept = Ko U and slope = - Co.
In counter-current flow, it is difficult to estimate Ko, which
Bhaga [7] has discussed in detail., Considering the relatively
low gas rate and small bubble size common to flotation

columns, the theoretical predictions of Bhaga (7] uggest
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0.95<Ko<l., For this work it is assumed that Ko=0.97, thus, Uy

can be estimated.

Concha and Almendra [16] developed an equati®n for the
terminal velocity Uy of a spherical Qaréicle for © hindered
settling, which can be rewritten for a single bubble because

of the similarity in behaviour between small rigid bubbles and

* g8olid particles. -

20.52 M db 2
Ut = [‘( 1+ 0.092 (-—)ai’ 1”- 1]
db p
. ) &)
. where ,
T
M =
R, K
. ‘ 3 ~a é
P [(—E— 148
- 4 P9 c

-
Knowing Uy 7 it is easy to solve Eq.(4-8] for bubble

size.’

L}

[y

4~-1-2 Developed Method

Masliyah derived a general expression for relative

particle to fluid velocity (or slip velocity) €for hindered g

settling of spherical particles in a multi-species system
[52]. Bubbles and rigid spheres in water have virtually

equivalent drag coefficient up to Reynolds number (Re)

z
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approximately 500 [55]. Thus, for Re less than 56@w7:an

analogous expression for bubbles can be written;

¢ ?

g 4t F(&) ( Po - p%usp ) .
Us = - [4-9)
18 % [ 1 + 0.15 Reb>®®"

where /’“§§

Reb = } 4-10])

F(€) = &M% = (1 -¢gqg )m-2 [4-11]

where m is defined according Richardson and Zaki in Eq.[4-3]
and Eq.[4-4]. Eq.(4-9] can be simplified for a two phase (gas

liquid) system, since _pb 20, to:

g d® (1- egf™l-p, )
Us = . (4-12)
18 # ( 1.+ 0.15 Reb9087) -

where - sign means the bubbles are rising.
/ The solution for db is by repeated substitution of
. estimates of db in Eq.[4-12] until the calculated Us in Eq.[4-

12] is equal to the measured Us in Eqg.[4-1]. (see appendix C

for the numerical analysis of the solution in detail or refer

LS
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Figﬂl in appendix G).

4-2 Development of Sparger Scale-up Model
The relation between gas holdup and superficial gas

p
velocity, Vg, for a certain range of operating conditions, is

given by:

g = « vgP [4-13]

!

whereq, (3 are empirical constants. The value of 8 reflects
the flow regime in the system [33,61]. A £flotation column

should operate in the bubbly r;gime where3 is between 0.7 and

b

1.2 [33,61]. <

It has been empirically established that bubble size is

a function of superficial gas velocity [22]:

db =. Cc vgh [4-14)"

=

»

where C and n are constants. A modification is here proposed

to account for the sparger size effect, namely:

< db = Cc [ Rs-vg " [4-15]

where Rs 1is the ratio of column cr2§§>sé2tional area ¢to

sparger surface area,

Rs = mmmmmemmmmme [4-16]
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and Ac, As are the cross—sectional area of a column and

jz sparger surface area, respectively. It is observed that Rs.Vg
is the volumetric gas rate per unit area of sparger.

Eq.[4—15] can be derived theoretically. Assuming that

the orifices are uniformly distributed on the surface of a

sparger and have a diameter, do,*® then any change in sparger

\

surface area will no%l affect the orifice diameter and
v

. ﬁorosity, ¢, + For a single orifice, the following equation

\, can be obtained from the gas volume balance:

-5

Qo = mmme—e—e- (4-17]
AN

where Qo 1is orifice volumetric gas flowrate, i.e. the

5

volumetric - flowrate Qg into a column divided by the total

number of orifices N:

N ¢o As , (4-18]

Defining.a superficial orifice gas velocity:

cfi" )
Qo
Vo = mem—em—ee— [4-19])
Ao
and noting that,
| Qg Ac Qg
‘ . mmm—- = memm—— e Fo——- = Rs Vg (4-20]
| As As Ac

¢ .4




o

thus,

Rs Vg T F db®
= R [4—21]

\ pn 6

From experimental observation, it is not possible to
measure F. However, Epe bubble formation frequency is mainly
determined by the orifice gas velocity, Vo, orifice pressure

A
drop, APo and surface tension,§ . It 1s here proposed that F

as a function of Vo, APo and § and can be expressed as
A
follows: (
K Ao Vép
F = ¥ (4-22]
6 Apo

L}

where Y, ¢ are constants.

The pressure drop across a singleaorifice is [29]:

. ) P 2 |
' APo = — Vo (4-23]
- 2 g CD L~

where Cp is the orifice discharge coefficient.
Combining all the equatiions from Eé.[4—l7] to Eq.(4-23],

the following expression can be achieved:

T 4 = 2 A0 ]1/3 [RS-V }‘3'%‘8 [4-24]
[ YTpg Cp (Ao ¢g)® ¥ g ‘
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Comparing Eqg.{4-15] with Eq.[4-24], then

/ 3P 1

c = [ L0 ]‘5 [4-25]

YT pug qp? (Ao o) ¥

3 -9

n = © - —_ (4-26]
3 .

4

From Eq.[4-25] and Eq.{4-26], it can be seen that for
constant operating conditions, a change of sparger surface
area will not affect constants, C and n, since the change of
sparger surface area does not affect any term 1in the two

equations, Eg.[4-25] and Eq.[4-26].

s

- -
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CHAPTER 5

EXPERIMENTAL \-

.(/”\”/m

5-1 Laboratory Column §et—up

\

e

Fig.5-1 shows the laboratory column set-up. The column.

was constructed from Plexiglas tubing. For most of the tests,
water was the oAiy feed and was fed through the wash water
inlet. Water flow rate was controlled by a variable speed pump
(Masterflex), and the discharge flowrate was controlled by a
Moyno pump. Compresséd air was introduced into the column
through a variety of spargers. A flowmeter, calibrated at 20
psi, was used to regulate gas flow. In order to investigate
the scale-up of gas spargers, four columps of different
dimensions were constructed: 3.8 c¢cm, 5.71 cm, 10.16 cm
(circular) and 2.5*10 cm (recta?gular); Var%ous combinations
of the sparger type, size and'éolumn size were obtained to

test the effects on gas holdup and bubble size. Fig.5-2 shows

a particular design of sparger system for the scale-up study

of sparger?}/

5-1-1 Measurement of Gas Holdup >

Gas holdup is one of the most imbortant parameters which

1

characterize the hydrodynamics of bubble columns [61,62]. The j/

IR
techniques for the measurement of gas holdup can be classified
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into two categories: local and global measurements.

of thé local measurement techniques, the most frequently
used are based on either eleectrical conductivity or X-ray
absorption which depend on the concentration of each phase.
There are two global methods, bed expansion and the manometric
technique based on pressure drop along the column. In this
study, global measurement were used. Each Aeasurement of gas
holdup was repeated at least three times and the average 1is
presented in all the following figdres. It was found that when
no froth zone exists at the top of the column, the two global

methods are in good agreement (within 3%). All experiments

were performed at room temperature (293+2K).

5-1-2 Measurement of Bubble Dgameter

The common way to measure bubble size is by photography
which is accurate only with dilute bubble systems and \which
can not be used with slurrid®. A Plexiglas box gilled; with
water was placed around the column for photographic
measurement of bubble size. ;he water~filled box reducés
dptical distortion due to the curved wall of the column.
Bubble size distribution and bubble shapes were determined
using 4-5 times enlargement. Counting and measurement of
bubble size was done manualiy or automatica%ly using a Zeiss

Digitizer. Accuracy was better than +0.1 mm. A minimun of 400-

600 bubbles were counted.
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5-1-3 Morphology of Sparger Types
Scanning electron microscopical analysis of each sparger
was conducted. This gave an idea of morphology and permitted
pore size and porosity to be estimated. Fig.5-3 prgsents a

general illustration of the surface and shape of spargers used

in this work.’

o

(1) Steel Sparger

This type of sparger is made from stainless steel and is
available through the Flotation Column Co. of Canada Limited.
Fig.5-4a shows the holes and the distribution of holes. The
number of orifices per unit area (porosity) ii quite low with
rezpect to the dead area and the orifices are distributed

randomly. The enlargement (Fig.5-4b) indicates the holes are

"not circular and there is a distribution of hole sizes. The

average diameter is approximately 50 um. The number of holes

per unit area is difficult to estimate.

(2) Rubber Spa%ger

This type of sparger was recommended by Wheeler [73].
For example, it is used at Mines Gaspe. Fig.5-5 shows the
regular distribution of holes. The estimaged porosity is

around 42 and average orifice diameter is around 80 pum.

{

(3) Ceramic Sparger

1

This sparger was obtained from Fisher Scientific Inc and
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Cloth Sparger g Aubber Sparger
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Fig.5-4 Microscopical Observation of

Stainless Steel Sparger Surface
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'is often used in laboratory columns [86). The average orifice

diameter is 60 um. Fig.5-6a shows that the distribution of
orifices s random and porosity is higher in comparison with

steel and rubber spargers. Fig.5-6b indicates the shape of

y

. orifices is not circular. . T

«{4) Filter Cloth Sparger

This ty%g of sparger is common in "home-made" columns
L4

(e.g. Gilbraltar). It has the attraction of being cheap and
d
easy to build.' Fig.5-7 shows, as expected, the structure is

-

completely different. It is not possible to estimate hole

size; it is ipteresting”to note that there is no jdentifiable

hole at all.

From this 'microscopical observation of the sparger

-
w i

% . . . . . . C, .
surface, ' some Enformatlon was obtained and is summarized 1in
* “

g

Table 5-1.

5-2 Operation of Laboratory Column

~Thé laborétory operation of a column is ¥elatively
simple. Manual control of.froth/slurry interface is realised

.by adjusting wash water flowrate with tailing discharge
flowrate at a.set value. If wash QaterAflowrate has to be set
coanstant, tafling discharge flowrate can be' regulated to
control the interface level. Before taking any measurements,

steady state operation has to be reached. .

I :
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Fig5-6 Microscopical Observation of @

Ceramic Sparger Surface
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5-1
i N &
1 DESCRIPTION OF SPARGERS
USED IN THIS WORK
TYPE  ORIFICE DIAMETER SURFACE AREA  POROSITY
jm cm? (%) 1/cm?

N STEEL 50 20 - 60 10
RUBBER 80 56 2
CLOTH ax 37.8-213.63 o
CERAMIC 60 19 - 57 140 -

*  the range of sparger surface area tested

** impossible to estimate

y

LN

&
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5-3 Experimental Design

’

The experimental work was essentialf} d;vided into three
individual parts. The first dealt with the bubble size
estimation technique, second with the effects of operating
variables on gas holdup and bubble size, and the last with

testing the sparger scale-up methodology.

5-3-1 Verification of Bubble Size Estimation Technique

For the wverification of the bubble size estimation
technique, three columns were used. A suhmary of these column
characteristics is- given in Table 5-2. Bubbles were generated
either with porous stainless steel or ceramic spargers, and
bubble size was controlled by a variety of frothing agents.
"The test range of superficial gas velocity and liquid velocity
with different frother is summarized in Tabie 5-3. For each
test series, pressure drop (gas holdup) was manometq&g&lly
measd%iﬁ and bubble size was measured from photographies.‘
5-3-2 Effect of Operating Variables

on Gas Holdup and Bubble Size

After the bubble size estimation technique was
developed, the effect of operating variables on gas h?ldup and
bubble size was e;tensively investigated. The test conditions
are summarized in Table 5-4. All the work was. carried out in

two columns: the 3.81 cm and 5.71 cm diameter columns.

/

44
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TABLE 5-2

k]

AN

COLUMN CHARACTERISTICS FOR VERIFICATION ™

OF BUBBLE SIZE ESTIMATION TECHNIQUE -

7

COLUMN SHAPE DIAMETER HEIGHT SPARGER

TEST SERIES
(cm) (cm) (*)
1 circular 3.81 200 ceramic 1,4,5
2 circular 5.71 ' 200 ceramic 3
3 ., rectangular 2,5X10 180 steel 2

L

* Test series number is presénted according

to the type of frothers and different column

dimensions (refer to T?ble 7-1 results)

]
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TABLE 5-3

TEST CONDITIONS FOR VERIFICATION OF

BUBBLE SIZE ESTIMATION TECHNIQUE

\ s,
TEST SERIES FROTHER (%) ppm - Vg v
(cm/s) (cy/s)
%o
1 DOW 5-25 1.0 0.7-1.0
' 2 DOW 10-25 1.5-2.1 0.3
3 DOW 15 © 0.5-1.8  0.3-1.3
4 ' TES 5-25 1 ."o 0.8-1.0
S MIBC : 20-75 1.0 0.9-1.0

/ {
/ * DOW : Dowfroth 250C (polypropy‘lée{xe glycol methyl ether)

TEB : Tri ethoxy butane
MIBC: Methylisobutyl carbinol (methylamyl alcohol)
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TABLE 5-4
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TEST CONDITIONS FOR THE EFFECT OF OPERATING

VARIABLES ON GAS HOLDUP AND BUBBLE SIZE

SPARGER FROTHER CONCEN., Vg \'7}
PPM * (cm/s) (cm/s)
steel 15 0.5-1.8 JL.0
P ~
rubber 15 0.5-1.3 1.0¢
’*‘{\ Y

EY
* Dowfroth  50C
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5-3-3 Testing Effect of Sparger Surface Area
(Sparger Scale—up)

In order to examine systemati@allx the effect of sparger
design on gas holdup and bubble size and to test the sparger
scale-up model (refer to Chapter 4), various sizes of spargers
were constructed froﬁ three type of materials: ceramic,
stainless steel and filter cloth. Table 5-5 presents the

sparger surface areas. In the case of ceramic spargers, two or

_ three individual spargers were combined (Fig.5-2) and called,

‘respectively, sparger #2 and sparger #3. For the stainless

steel sparger, part of sparger surface was sealed with tape to
generate different surface areas. Filter cloth spargers were
home-made and various sizes were built.

The important purpose of the experimental design here is
to obta%n a wide range of Rs -- the ratio of column cross-
sectional area to sparger surface area.‘ Table 5~-6 summarizes
the column and sparger combinations.

For all the test work in this part, E£froth depth was 0.5
m and collection 2zone length was 1.5 m. The frother
concentration was 15 ppm (Dowfroth 250C) ahd superficial
1iquid downward flowragp {discharge flowrate) was 0.3 cm/s.

a

All the test work was,carrled out 1n three columns: 3.81 cm,

5.71 cm and 10.18 cm in diamete;.

/
5-4 Plant Test of Pilot Unit ' \,/

In order to see the effect of sparger surface area on

the metallurgical performance of column, plant tests were

’
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' TABLE 5-5
SPARGER SIZES FOR TESTING SPARGER SCALE-UP
CERAMIC SPARGE $1- (%) 2 3
SURFACE AREA (cm? 19.00 38.00 " 57.00
=
STEEL. SPARGER - #4 5 46
SURFACE AREA (cm?2) 20.00 40.00 60.00
I}
CLOTH SPARGER ' 47 #8 #9
SURFACE AREA (cm?) " 37.80 81.07 113.10.
CLOTH SPARGER #10 $11
SURFACE AREA (cm?) 144,51 213.63
* sparger number forgi@ti ication
‘E,



LS .
TABLE 5-6
SPARGER AND COLUMN COMBINATIONS
FOR TESTING SPARGER SCALE-UP
Rs COCUMN #1 COLUMN #2  =—. COLUMN i#3
|
sparger #1.  No.l. (*) 0.6 N0.2, 1.35(**%) No.3,! 4.23
sparger #2 No.4, 675 No.5,| 2.13
#3 No.6, 0.45 No.7,‘ 1.42
#4 No.8, 1.28 / No.9, 4.05
#5 NO.].O, 0.64 NO.ll' 2‘03
#6 No.12, 0.43 No.13, 1.35
#7 No.1l4, 0.68 No.15, 2.14
8 No.16, 0.316 No.17, 1.00
9 No.18, 0.72
$10 No.19, 0.56
$11 No.20, 0.38

* : test number, will appear in results analysis

** : Rs

75
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conducted at Brunswick Mining and Smelting. Fig.5-8 shows the

column set-up in plant. The total length of column was 7.5 m
and the column diameter was 5,71 cm. The plant operation was
relatively difficult due to difficulties in observing the

froth/slurry interface.
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CHAPTER 6

RESULTS: VERIFICATION OF BUBBLE SIZE
ESTIMATION TECHNIQUE !

1 ¢ ~ w

6-1 Photographic Measurement of Bubble Size

Since bubbles generated by spargers in flotation columns
usually have a size distribution rather than a unique size,
there are a number of ways to define the mean bubble " diameter

(61].

Sauter mean diameter: the Sauter mean diameter is the most

o

consistent representation of mean bubble diameter obtained

from various techniques according to.Shah et al [Gllﬁand. is

-,

defined as the volume-to-surface mean diameter:

' ‘ D.ni dbi’ ’ .

dbs = , (6-1]

. D.ni dbi’ ]

\

A
Volumentri¢c mean diameter: the volumentric mean diameter is

also used to present mean bubble diameter [17] and is defined: -

’ ,
3 ni dbi® S
dvs = A// 2: : . ) [6-2)

ni ‘
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.deviation is about 20%.
W g

“ e
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Fig.6-1 shows the bubble size distribution obtained by
photography: in the collection zone. Little dxfference was

%,
noted between two mean diameters, This isJexpected since the

range in size distribution is small, typical relative standard

a - —

-

N
R
-

6-2 Comparison between Dobby's methoé, Developed
Method, and Photographic Measurement

For the estimation of bubble size by drift-£flux
analysis, gas holdup'measﬁrement has to be made at wvarying
values of liquid downward velocity at constant gas velocity. A

3

typical plot of gas holdup vs superficial gas velocity for

. different 1liquid velocity is shown in Fig.6-2. Plotting

Vg/'fi-l;;i('l-eg’)l“-‘ . vs (VL —Vg)/(l-ﬁg)m"" , as shown in Fig.6-3,.

they intercept can be estxmabed Therefore, the terminal
velocity of a single bubble can be calculated by aeéuming Ko =

0.97. Using Concha and Almendra' equation (16] (Eq.([4-8]),

bubble eize is compgted. . : '
Fig.6~4 presents the comparison of *the bubble sizes b§

Dobby's method, the developed method and photography. There is

little\ difference noted between the two methods and both are

O

in good agreement with photographic meas&rement.

-

t \i.' . d\
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Gondition:

35~ . Dowfroth: 15ppm

[

— Sparger: E’Qéainless steel

30~ Columpn kg&ani'é‘ter: 5.71cm

Y ) Yy -

R
o
w
\g 25—-
2
Q
=
-
o 20~
15 .
3 Liqu‘id down velocity
(cm/s)
. 2 T
10+ 1. 0377 )
2. 1.00
3. '1.28
! 2 3 l [l l ] l ‘ 1 1 l ) ] v‘
1.8

> o 0.5 0.8 1.0 1.2 1.5

Superticial gas velocity Vg (cm/s)

Fig8—2 '}'he Relationship between Gas Holdup
‘ an;i Superﬂc:igl Gas Velocity

“v
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Vg =0.5cm/s, m=3.19
Vg =0.8 cm/s, m=3.12
I ,
| L. 1) i | ! 1 L !
3 /—‘é/ = 1 o] 1 Lz
- VQ - VC
(1"39)‘“-1 ' ¥
Fig6—3 The Drit—flux Plot to Eatimate the Terminal Rise
Velocity of Bubbles. condition: the same as Fig.4=1
; .
\
ki
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1.0 T
: - 3 . .
« . ok ] ® Dobby’'s method
09k O Proposed method ) ° . o
<. " —— Measured by photography
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2 S
a -
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@ 0.6fo0
0.5
v 1 1 3 |, 1 | I | 1 1 { 1 ' |
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Superficial gas velocity Vg, cm/s
- Fig.6-4 . Bubble size vs. superficial gas velocity, the )
comparison of measured bubble size with those
estimated by Masliyah's equation and Dobby's
method. Conditions shown in Fig.6-2
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. 6-3

5

v

In Flotation Columns '

S
[

Table 6-1 comBares measured bubble size with that
calculated by the developed method and the method used by

Dobby (24]. Fig.615 summarizes the excellent agreement between

measured and calculated bubble size in flotation columns.

*

+

y
6-4 In* Mechanical Cells . .
- {

6-2 presents the data obtained from a mechanical

’TaSle
cell by Szatkowski [65]. The iiquid downward velocity in this

A

-
case is zero (batch system). This table provids all the

information necessary for computation of ‘bubble size. The

calculated bubble size is presented in Table 6-2 and ‘compared

measured vs.

with the measured bubble size. Fig.6-6 plots
calculated bubble size and shows a good 4dgreement -between
values; i . N
%y. <
) L3
, 7~
? ; @
. \ g ‘_‘ ' L4
[ 4
“ \
» ’ //
o ’/ |
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BUBBLE SI.ZE MEASURED AND ?RZJICTED

a

JUBSLE 3IZE. m

TEST FROTHER S ppa  \g 'Y gy Re Reb NEASURED -PREDICTED 11
SERIES ca/s ca/s 1 dbs De.wiooec  Dovo.
1 DOW s L0 0.9 9.3 17 20 120 Lt
10 1.0 0.9 2.9 7 84 0.3  0.87
15 10 0,82 " 15,3 i a7 0T 0l
20 L0 0.95 tsls b 4 0.69 0.7
' 2% L0 0T 1e2 7 i“ 0.1l 04 '
2 oo 10 21 03 1.7 B L3 LK
- 19 LS 0.0 14.0 183 1t L127 ta
3 ooN 15 .08 - 13 . w8 0.2 0.5 0.6l
15 0.8 1,90 17.0 - SRR SR Y B WY | 0.59
15 1.0 1.00 20,0 . 33 070 0.49 07
15 1.2 1,00 7.4 L} ) 074 0.7 0.73
19 1.8 1,00 28:0 %8 3 0.8 0.80 0.82
; 15 1.8 1,00 2.0 2 7oK 0.88  0.97 0.90
. 4 ' TEB £ L0 09 112 121 87 0.97  0.98
T 1.0 0.58 1.2 9 b4 0.85 0.8
157 1.0 0.91 14 a7 1) 0.85 0.8
0 1.0 0.97 1.7 70 ") 082  0.12
3 1.0 0.83 1.8 50 29 0.70 ¢ 0.68
- NIBC 20 1.0 0.90 132 % 1l 0.78 0.96
» 0 Lo 0.90 13.3 9 64 073~ 0.8
A4S 1.0 0.9 13.4 b 8 0.90  0.84
60 1.0 0.9 153 8 %0 0.7  0.78
™ L0 0% 18.0 n T 0.67 072,

A
>

§ DOW: Dowfroth 220C (solvpropylene glycal sethyl ether)

TES: Tr: ethoxy butane

. v NI3C: Methyl:sobutvicardinal (aethviieyi alczhol)

13 liquid density

s | g/ea’

liuid viscomity = 0.01 g/cs-s
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TEST CONDITIONS AND RESULTS

". TABLE

6-2

-

»

Liquid Rate V=0
Liquid Density = 1 g/caS
db : measured bubble size

dﬁ': calculated bubble size

¥

vg €9 db SD db
(cas = (il (ua ¥ A
0.0333 4 %0 70 143
0.0333 4 210 85 143
0.2333 6 490 . 120 402
0.2333 s 180 105 33
0.2333 8 310 50“ 334
0.5 11 490 120" 486
0.5 14 415 125 421
0.5 15 375 125 407
. 1.167 18 610 200 714
1.167 22 600 210 639
1.167 22 50 - 170 629
Notes: SD: Standard Deviation
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Measured bubble size dy (lmi)
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. CHAPTER 7
RESULTS : EFPFECTS -OF OPERATING VARIABLES
i ON GAS HOLDUP AND BUBBLE SIZE
g ’
. &; @
Gas Héldﬁé and the Effect of Gas — /

Flowrate and Frother Addition

i1
- +
“ +
¥

Fig.7-1 and Fig.7-2 show clearly that in flotation
£4)
Node,

‘ columns gas holdup is proportional to superficial gas

veloci
noted

same s

in th

. holdup
colupﬁ

“ This i
~may be
frothe

In ’Fi
‘concen
concen

(maxim

ty. That |is, from Eq.[4-13] B 1is equal to 1. It is

in Fig.7-2, for the same chemical conditions and the
parger, gas holdup in e smaller column is larger than.
e larger column. The Ji:eét of column dimension on gas
is due to the difference in the ~parameter; Rs, , the

L3

”.cross—sectional-.area to sparger surface area ratio.
mplies that for the largef column, a la:ger s%arger size

required téuachieve a similar gas holdupi The effect of
r concentration on gasfholdup can be found in Fig.7-3.
g.5-3. gas holdup is plotted as a function “of frother
tration. Gas holdup increases with frother to a certain
tration above ' which the gas ho}dup is constant

:

um) . s
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7-2 Bubble Formation and the Impact of ' '
Gas Flowrate and Frother Addition

3
L

As shown in Fig.7-4, at very }ow gas velJocity (0-0.6
cm/s), bubble size ingfeases with gas velocity, aléhougﬁ the
totél change in bubble size is less than 0.1 mm. It shod&d be
noted that there exists a ;élatively large error 1in the
measurement of gas holdup when gas ho}dup is small (<5%). This
is refered by the error bar on db in Fig.7-5. It was observed
that at very low gas flowrfte, the gas only goes through the
1arger holes on the top of the sparger. (There is a limitation
for the lowest gas flowrate. If gas flowrate is less than 0.03
cm/s, no gas discharges in this case). Once : gas flowrate
increases, the smaller orifices begin to work. An effort was
made to measure the pressure drop inside the sparger, it was
found to be very small (less than 2 psi@. b

Fig.7-5 shows the photography taken of the collection'.
zone 1in tﬁe column, revealing the shape, size and density of
gas bubbles with and without frother addition. The frother
addition is }an important factor affecting bubble sizZe -and
shape. It can be noted in Fig.7-5a that the interface of
froth/glurrx is readily identified when frother is added.

Fig.7-f shows that in the same chemical environment
using the same superficial gas Qelocity and the same spargeﬁ%
the° bubble size ;s smaller in the small column than in the
la{ge colﬁmn (corrg;ponding to the gas holgup being larger in
the small column th%n in the large column, see Fig.7-2). T;e

-

w o . 51
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(a) With Frother Addition! Dowfroth 15 ppm

|
(b) Without Frother Addition

Fig.7- 5 Photographies Showing the Effect of
Prother Addition on Bubble Size
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the same superficial gas velocity is to be maintained. As a

97
reason for this  is that as the column Cross-section

\ . .
increases, the volumetric flowrate of das also increases if

result, the gas flowrate per unit area of sparger increases,
which produces lé&ger bubbles. By plotting bubble size vs.
Rs.Vg ggaS' flowrate per qnit area of sparger) as shown in
Fig.7-7, the relation between bubble size and gas rate is
independént‘of the column dimension. This implies that Eq.[{4-
15] does take into account §§arger size,

| , l o
.

o

7-3 The Influence of Gas Sparger Types on Gas Holdup
and Bubble Size: Preliminary Findings

-

The bubble size without frother addition for the four
type of spargers is presented in Fig.7-8. Cusual inspection
suggests that the bubbles produced by the rubber sparger are
the largest and by/the filter cloth are the smallest. Fig.7-9
is the bubble size distribution for the four gype of #spargers
without frother addition. The maximum difference in size
between the largest and-smallest.ﬁﬁbbles is up to 3 mm. In
other words, the distribution of bubblecsize is very wide. The
bubblé ‘size distribution with frother addition for . steel
sparger isxfhéwn in Pig.7-10. 1In general-the distribution is

4

very narrow éfter frother is added. Tug_pagge in bubble size

-

¢
becomes less pronounced after ftother' is added. An Qgerage

bubble size (diameter) now becomes a useful parameter.
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Fig.7-10 /“ Bubbles Size Distribution for Stainless
Steel Sparger with Frother Addition
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Fig.7-11 is a plot of gas holdup as. a function of

superficial gas velocity for the four type of spargers’ under
the same conditions. ' Fig.7-12 is bubble size vs. superficial

gas veloéity based on_ Fig.7-11. The curves are nearly

l
.parallel, implying that the n valie for Bach sparger is about

the same. By piotting bubble size ;s. gas flowrate per unit
area of sparger, Fig.7-13 is obtained. It is seeh.from this
figure that the correlation betweerd bubble size and gas rate
can be approximately /éeneralised by Eqg.(4-15]. From,K this
preliminary study, it can be concluded that the major effect.
of\ the sparger on gas holdupdénd’bubble size is the sparger

surface area, rather than'sparger material.

1
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RESULTS: TESTING THE EFFECT OF SPARGER SIZE

] A SCALE-UP MODEL
) Y

{\From the work presented in chapter 7, it was found that

v , : K .
sparger size is one of the important parameters affecting gas
'holdup and - bubble size. This is important for selecting

v

sparger size, i.e, scaling-up of spargers.

81 Laboratory Studies
8-1-1 Minimum Gas Flowrate, Gas Maldis-—
tribution and Bubble Coalescence 0
When gas flowrate reaches zero, gas holdup should be
zero. However, from ébserqatién a minimum superficial gas
velocity 'exists below which no gas emerges from the sparger
(i.e.‘ gas holdup 1is zero). There is a'difference 1in this
minimum flowrate -depending whetHer the gas rate is being
increased or decreased. is hysteresis is if?dstrated in
Fig.8-1. It 1is noted tha:QE&BEtfé$se of sparger surface area
will slightly increase this velocity. {
Gas maldistribution was observed for the spargers used
ig this work, particularfy for the home-made ﬁilter- cloth
spargers. Gas maldistribution may be evidenced by jetting
occturing at some orifices while other orifices remain

- &
‘ inactive. It is important to avoid gas maldistribution since

e
%
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it \affects the generation of uniform bgbbles and very serious
gas aldistribution leads to poor column performance. Gas
maldistribution can be avoided to some extent by using
spargers which have a uniform orifice distribution and ;niform
orifice size. Gas maldistribution was eliminated by cargful

s
adjustment (avoiding any sudden change)r of gas flowraté in

\
Y

this work.

-

Fig.8-2 shows one effect of gas maldistributibn on gas
holdup for  the home-made filte} cloth sparger. When gas-
maldistributiog occurs, gas holdup no longer extrapolates to
zero with decreasing gas rate.
kyéubbie coalescence associated with sparger design may
occur when several individdal sgfrgers are used: In the
present wor¥, for sparger #2 and 3, lserious bubble
coalescence was found and was eliminated to some extent by
using baffles between each sparger (Fig.5-2). When bubble-
swarms ¥rom two or more individual spargers meet, bubble
coalescence may occur. This would expiain the increased bubble
size and\ reduced gas holdup with the unbaffled sparqefs in
Fig.8-3. Most work presented here is for a single sparger.

<

8-1-2 Ceramic Sparger Series (Tests No.l to No.7)

Gas holdlp vs. superficial gas velocity is plotted ia™

%

Fig.8-4. It is seen from this figure as Rs increases, the Gas

holdup reduces. When Rs>1.42, ip this case, the relation
o ﬂ @
between gas holdup and superficial gas velocity deviates from

a straight line. Bubble size as a function of superficial gas
. . r

’
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A Sparger' #7 gas jetting
A Sparger #8 gas jetting
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“Fig. 8-2 The effect of gas maldistribution on gasAhe_ldup.
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. 8-3 The eféect of bubble coalescence on gas:holdup.
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Fig. 8-4 Gas hol&up vs superficial gas velocity for
ceramic sparger series.
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velocity is shown in Fig.8-5 based on the data in Fig.8-4. It

@r) is clear that as the sparger sqrface area decreases (or Rs
increases) ‘bubble size increases. If bubble size (excluding
those curves, 3,5 gnd 7 in Fig.B—S) is replotted as a function
of [Rs.Vg] as shown in Fig.8-6, all the data represents a new
curve which follows Eq.[4-15) with n=0.18. If all bubble sizes

are included, n will be 0.32

8-1-3 Steel Sparger Series (Tests No.8-No.13)

“ | Gas holdup as a function of superficial gas velocify for
the steel sparger series is plotted in Fig.B—Z. In this casec
when Rs>1.28, the relation between gas holdup and superficial
gas velocity |is changed(frém a straight line to a curve.
Bubble size as a‘function of gas flowfate per unit area of
sparger is plotted in Fig.8-8 (excluding those curves, 9, 11
and 13 in Fig.8-7). The regression of the data in Fig.8-9

represents a new curve which follows Eq.[4-15] with n=0.2 . If

curves 9, 11 and 13 are inclu%éd, n will be 0.37.

8-1-4 Cloth Sparger Series fTests No.14-No.20)

Fig.8-9 presents gas holdup as a function of superficial
gas veloci;y. In this case, little deviation from the straight
iine -between gas holdup and superficial gas velocity occurs

¢ when Rs>liVBubble size as a function of gas flowrate per unit
- area of sparger is plotted id Fig.8-10. Fig.8-10 does not

include the bubble size calculated from curve 15 in Fig.8-9.

Constant n in this case is 0.28 when excluding curve 15, and

<

7
wn
(=)
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BUBBLE SIZE db, (mm)
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Fig. 8-5 Bubble size vs superficial gas valocity.
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Fig. 8-6 Bubble size vs gas flowrate per unit area
of sparger for ceramic sparger.
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Fig 8-8 Bubble size vs gas flowrate per unit area
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0.365 when including all the data.

8-2 Pilot Unit Tests.

Some plant test work was performed at Brunswick Mining
=
and Smelting, the stream tested mainly €ontained sphalerite

and pyrite. The-abjective of the flotation is to separate ZES

from - FeS2. The . reagent conditioning was the same as in the

plant operation. To aveid the problem of caﬁé}iﬁ% capaqitf

limitation [25], the feed was diluted to 10% by-weight. Fig.8-
« l -
11 plots mass fraction to concentrate wvs. su ergicial gas
i %

velocity for two different sparger sizes. Fig.8-12 ploté

recovery of zinc and iron wvs. superficial gas’ velocity.
Recovery was 5% higher after doubling the sparger size in this

LCcase. |

5 ]
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A ‘ CHAPTER 9
DISCUSSION

9-1 Buhble Size Estimation Technique -
- o

The technique of bubble size{fistimation developed in

this work is a direct adaptation .of the particle hindered

settling equation of Masliyah which gives the method a

/—————fundamgntal basis. Its development’ has been made possible by

>

)

repetitive substitutions of db using a numerical approach
and gives Ehe direct prediction of bubble size. Fig.6-5 and
Fig.6-6 show t:that the predictéd bubble size is within 10 to
158 of the measured size, which is about the 1limit of
experimental error. This accuracy is:- adequate for most

purposes.
& -

In principle, there is no lower bound to ™applicability
of .the method (a practical iimit with the present photogaphic
measurement of db is approximately 0.2 mm). The upper bound is
db approf}ﬂétely 2 mn. Above 2 mm bubbles are ;o longer
spherical and rise along mpre tortuous paths ([33]. The

I\

possible application of the method in mechanical cells is very
h¢ work by Kaya et al [38] shows a more

encouraging, although t
¢

complex situation exists in agitatéd cells than in flotation

columns, Mechanical agitation tends to give\a non-uniform

axial distribution of gas holddp [37-39], and recirculation of

[y .
o
B

=
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--gas- bubbles by the impeller action may cause an increase in

/

-

123 )

gas holdyp without affecting bubble size. It is not possible

atﬂﬁhe time to claim general applicability of the approach to , —
mechanically agitated vessls. Nevertherless, the slccess ,
shown in Fig.6—6'should encouraée further evaluation to the «»

estimation technique in mechanical flotation machines.

}

9-2 Effects of Operating Variables
on Gas Holdup and Bubble Size %

4

S

The bubble formation process in al flotation column is
very complex, and no one single model can fully predict bubblke

size. ' The work presented in chapter 7 shows that the major

variables which influence gas holdup and bubble size are

= L

frother addition, gas flowrate and sparger surface area. The
¢t

following two factors in order are the most important for

bubble size control: .
(1) frother addition -
(2) gas flowrate per unit area of sparger
The effect of variou; types of frother on gas holdup and
bubble size has noé been fully explored.  For Dowfroth 250C,
gas holdup increases as frother concentration inéreqses to the

point where maximum gas holdup is reached.

’
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The effect of gas flowrate on gas holdup is strong and

there exists a 1linear relation between gas hgldup and

superficial gas rate for relatively low gas flowrate in

v +

ﬁlotation columns provided Rs<l1.5 (or. Rs.Vg<4.5). When gas
?lowrate is too high, fhe fiow regime is changed from bubbly
flow into churn turbulent flow which is not desirable 1in
column flotation.

The effect of sparger size on gas holdup is complex. 1In
general, the increase of Rs (the decrease of sparger size)
decreases gas holdup as ;hown in Fig.8-4, 8-7 and 8-9. Thé
parameter & of EqE£4—l3] is plotted as a function of Rs tin
Fig.9-1. It is noted from this figure that for the three type
of spargers tested, « decreases as Rs increases. That is, «a is'

inversely proportional to Rs. No simple dorre;ation is

obtained but the trend is clear.

»
-
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9-3 Sparger Scale-up

-

The sparger‘ scale-up model presented in chapter 4 is
semi-theoretical since it was based on the observed }act that
db is proportional to [Rs.Vg] . The importance of the method
correctly scaling-up the sparger is illustrated by Egq.[2-9].
For scale-up of flotation coflmns, it %s essential to maintain
similar flotation rate constants. To achieve this, 1t 1is-=
required to keep constant Vg and db. Vg can be easily
controlled by setting a constant gas flowrate. Bubble size is‘
first controlled by frother addition and secondly b§‘
ensuring the same gas rate per unit area of sparder. Sparger
scale-up 1is therefore in direct proportion with scale-up of
column cross-sectional area. . \>3

The data presented in chapter 8 .includes two parts. The
first was to demonstrate the importance of avoiding gas
maldistribution and® bubble coalescence since both result in
breakdown of bubbly flow. It is’seen that from Fig.8-2 and
Fig.8-3 once gas maldistribution and bubble coalescence occur,
gas holdup decreases and bubble size increases. '

Second part was to test the sparger scale—uékﬁodel. For
each series of tests, the effect of sparger size on bubble
size can be well described by the model. Fig.9-2 is a plot of
log(db] vs. log(Rs.ég] for the ceramic sparger. Thé\flope of
the regression line is the value of n. The other two curves

presents the 90% confidence limits of the regression 1line: n

is in the range: 0.05<n<0. 3.

>4
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Fig.9—-2 Logidb] vs. Log{Rs.Vgj, the regression
line and 80% confidence interval limits
for ceramic sparger
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Similar analysis for steel sparger shows n is in the

following range: 0.05<n<0.35 and for filter cloth sparger,
0.05<n<0.4, as shown in Fig.9-8. Thus, the difference in n
value between each type of sparger 1s not statistically
significant. ©

The results from chapter 7 for the four type of spargers
used in the two columns show‘n=0.25, and the results from
chapter 8 suggest an average n=0.24 for the three types of

spargers used in the three columns. This suggest the following

equation is generally adequate:
db = € [ Rs.vg 1925 " [9-1]

The other possible explanation for the difference in

PApncrr
the value of n may be due to the initial bubble size of each

sparger. Initial bubblé size is the bubble size at the minimum
gas flowrate (gas holﬁup is zero). It is not possible to
confirm this experimentally because of the difficulties ‘in
measuring this bubble size,

At the end of chapter 8, some plant test resul{; were
presented to demonsérate the effect of sparger size on the
metallurgical performance of flotation columns: It is expected

this effect can be more pronounced in industrial columns.
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- CHAPTER 10 ' w
CONCLUSIONS AND SUGGERSTIONS FOR FUT&%E WORK

-

¢ N

10-1 Summary of Conclusions

10~1-1 Bubble Size Estimation Technique

! Generally speaking, in three-phase flow, i.e. gas-

N
AT Il

ligquid-solid, it is exgremely difficult to measure the size of

+ the discontuous phase such as gas bubbles. The technique
developed in+ this thesis provides an’ excellent means to
estimate bubble size in. flotation columns. The technique
adopts Masliyah's particle hindered settling eguation and
gives a direct prediction of bubble size. It .is easy to use
gince what is necessary for the camputation of bubble size can

be simply and precisely measuredh lThe application of this
approdch has proved to be very accurate .in flotation Asolumns

. (whic? do not have agitatio?) and the wuse in gechanical

flotation cells (which have agitation)l\is also very

encouraging.
4

1
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10-1-2 Effects of Operating Variables
. on Gas Holdup and Bubble Size -«

(8

»
Bubble formation by a sparger is a suprisingly complex

process. There are a large number of models developed for this

, process, but noneofpthem can exa?tly predict bubble size. The
reason 1s because all of them are based on a squfnce of
eventg from photographic observations andhdependi on some
form of force balance including many assumption. There are
two major factors affecting gas holdup and bubble size:

frother additign and gas flowrate per unit area of sparger.

10-1-3 Sparger Scale-up Model . t'\
!

The sparger scale-up moael developed 1in this work
provides an effective tool for the écale-up of spargers and
explains the effect of sparger size on bubble size. Based on
this model, Rs has to be kept constant to ﬁave a similar L
bubble size for the scale-up of a flotation column, and in

general, 0.5<Rs<l.

%

10-2 Suggestions for Future Work .
’ b}

10-2-1 Bubble Size Estimation Technique

) [ ]

The bubble size estimation 'technique has been

successfully used in flotation columns. The potential
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apblication in mechanical flotation machines is worth some

Ky

x

attention. &

.
kJ

<
10-2~<2 Sparger Design and Scale-up
’ For sparger design and scale-up 1in an industrial
flotation column, the arrangement ¢f individual spangers must
be investigated, particularly giyen the ‘preliminary \findings
that combining ceramic spargers caused éoalescence. t has to
be pointed .out that the life time of a sparger in practiceﬁmay
become a design criterion'and’hd% to be taken into account. -
N -

10-2-3 Wash Water Distributor Design

For the effective washiﬁg\of flotation froth, which
ensures the elimination of entrainment of fine hydrophilic

%
particles, it: is important to design wash water distributor

(
properly. The temperature profile in the froth bed of a
flotation column provides an effective method to‘explore thé

design of wash water distributors ([51].

10-2-4 Numerical Analysis of Flow
Mechanism in a PFlotation Column

Numerical analysis provides a powerful tool with which

to study the flow mechanism and mass transfer in many processes.
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processe% such as bubble reactors and’ heat exchangers is
possible. The possibility applying numerical analysis in
flotation columﬁs is qufté exciting sinée'this approach makes
use of the fun@amentil principles gnd boundary conditions

which govern the process and takes advantage "of direct

numerical calculation.

- ”

¢

Y
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APPENDIX A

Complementary information for Fig.2-12 and Fig.2-13

3

In order to analyse bias and ratio control 1loops and
find out which one is better, it is assumed that a column, the

dimension of which is 0.9X0.9X10 mS will be tested.

bias = 0.2 m3/min at Gaspe
ratio = 1.2 at Gibggatar
Qc = 2 m3/min

Table A-1 shows the calculation of retention time

——— - —— o~ — i — - - —

r min | Qw m3 /min
1.0 6.75 2.2 b 6.75 2.2
Ry 6.23 2.2 6.14 2.22
1.2 5.79 - 2.2 5.63 2.24
1.3 5.40 2.2 5.19 2.26
1.4 5.06 2.2 4.82 2.28 )
* 1.5 4.76 2.2 4.50 2,30
_______ S N A S S
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APPENDIX B

Some experimental data selected

“
14
[
Table B-1 [Fig.6-2] .
' y
Vg Vi € v Vg Vi ., Eg
cm/s cm/s % cm/s cm/s %
___________ e e e e e

0.5 £ 0.377 9.20 0.8 0.377 13.4
- 0.65 9.78 0.65¢ 14.8
0.825 10.8 0.825 15.8
1.00 _11.8 : 1.00 17.0
1.092 13.0 1,092 18.0
1.17 13.8 1.17 18.8
~1.26 14.5 1.26 20.0
1.0 0.377 16.4 1.2 0.377 19.4
0.65 17.8 0.65 20.5
0.825 19.0 0.825 22.0
1.00 20.2 1.00 23.4
1.092 21.2 1.092 24.5
1.17 22.0 1.17 _25.6
1.26 23.0 —\;%9 1.26 28.0
1.5 0.377 23.7 1.8 0.377 28.0
0.65 25.? 0.65 30.5
0.825 26. 0.825 32.0
1.00 28.0 1.00 33.5
1.092 29.2 1.092 34.0
1.17 30.6 1.17 24.5
1.26 33.0 1.26 35.6
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Tab}e B-2 [Fig.6-4]

Photographic measurement of bubble size

‘/~

Dowfroth : 15 ppm ‘m

sparger :; steel S/

-7
column diameter: 5.71 cm

‘ liquid velocity: 1.0 cm/s

143

——— A — " - Y _— - —— —— ———— ———n m Wt i " St . o . " S  — S e - A e — ot - WS SmN T 4 G Y e e T vom o o

0.07

N dbs g* dvs
________________________ B NN R SOOI
400 0.62 0.10 0.62"
384 0.67 ° 0.10 0.65
386 0.70 0.11 0.69
339 0.74 0.10 0.74
368 0.81 0.11 0.80
359 - 0.88 0.11 0.88
_____________ B e e e o

: number of bubbles counted
: Sauter mean diameter

: volumetric mean diameter
: standard deviation of dbs

: standard deviation of dvs




APPENDIX C

Computer program for the estimation
of bubble size by the developed methbd

A

100 REM THE SECANT METHOD FOR THE ESTIMATION OF BUBBLE SIZE
© 110 ' REM THE ESTIMATION IS BASED ON MASOLYIAH SETTLING EQUATION

120 REM WRITTEN BY SHEN GONG AND MODIFIED BY MANQIU, APR.2.1987-

130 CALL - 936: VTAB (8) . '

140 PRIGNT TAB( 5) : 99 sde e do K e K Fe de de e e ke e do e de ke de ke e Je de K ek e 1Y

150 PRINT TAB( 5);"** BUBBLE SIZE Kt
160 PRINT TAB( 5);"** ESTIMATION PROGRAM - **"
170 BRINT TAB( 5); "hakikkdskindiiohdhhihihk hikhn

180 PRINT : PRINT
190 PRINT TAB( 8);"WRITTEN BY MANQIU Xu"

200 PRINT TAB( 19); "GONG SHEN"

210 PRINT TAB( 19); "APR.2.1987"

220 VTAB (23): HTAB (10): INPUT "ENTER Y TO CONTINUE ?";Y¥$
230 IF Y$ ¢ > "Y" GOTO 130 ’

240 HOME

250 VTAB (S5): HTAB (4): INPUT "(1) SUP GAS RATE (CM/S):";VG
260 VTAB (7): HTAB (4): INPUT "(2) SUP LIQ RATE (CM/S):";VL
270 VTAB (9): HTAB (4): INPUT "(3) GAS HOLDUP (%) :";EG
280 VTAB (23): HTAB (12): INPUT "ARE INPUT DATA CORRECT ?";¥$
290 IF ¥Y$ ¢ > "Y' GOTO 250 )

300 EG = BG / 100 \

310 HOME
320 VTAB (5): HTAB (7): PRINT "DB IS BUBBLE SIZE (MM)"

330 VTAB (7): HTAB (3): INPUT "(1)ENTER FIRST GUESS OF DB (MM) :";X1
340 VTAB (9): HTAB (3): INPUT "(2)ENTER SECOND GUESS OF DB (MM) :";X2
350 VTAB (13): HTAB (12): INPUT "ARE INPUT DATA CORRECT ?";Y$
360 IF ¥Y$ < > "Y' GOTO 330
370 HOME
380 G = 980 ) 0
390 UL = 0,01 ,
400 PL = 1 g
410 PRINT
4201 = 1
430 X = X1
440 GOSUB 750
. 450 F1 = F
’ 460 X = X2 -
470 GOSUB 750 X
480 F2 = F
c . 490 XN = (X1 * F2 - X2 * F1) / (F2 - Fl)
500 X = XN
510 GOSUB 750
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" 520

530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
769
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990

1000 REB =
1010 =
1020 2z = 4.
FM=2-M
VTAB (5):
VTAB (7): HTAB (11): PRINT "M =";Z

1030
1040
1050

F3
FD

F N

ABS (F3)

IF FD < 1.0E - 6 THEN GOTO 620
IF I > 60 THEN GQTO 730 : .

X1l = X2
X2
Fl
F2
I=I+1
GOTC 490

[T T T (1
3 g
ESE=

VTAB (9): HTAB (7): PRINT "SUP GAS;RATE: VG = ";VG;"CM/S"

VTAB (11):
VTAB (13):
VTAB (19):
PRINT

VTAB (17):
VTAB (19):
VTAB (21):
VTAB (23):

HTAB (7): PRINT "SUp LIQ RATE: VL
HTAB (7): PRINT "GAS HOLDUP : EG
HTAB (7& PRINT "BUBBLE SIZE : DB

";VL;"WS“
";EG ‘* loo;n%n
"; INT (X * 10000 + 0.5) / 1000;"M

noun

~

HTAB (5) PRINT "THE MAXIMUM DIFFERENCE IN SLIP"

HTAB (5): PRINT "VELOCITY BETWEEN MEASURED AND"

HTAB (5): PRINT "ESTIMATED IS . ";FD

HTAB (3): INPUT "DO YOU WAND A HARD COPY OF THE DATA ?%;D$

IF D$ = "Y" GOTO 1Q70

GOTO 740

PRINT "PLEASE CHECK INPUT DATA ."

END

Vs =VG /EG+ VL / (1 - EG) . i

GOSuUB 800

BS=G*X T 2* (1 -EG) " (M~-1) *PL/ (18 * UL * (1L + 0.15 * REB " 0.687))
’

F =85 ~-VS

RETURN

REM THE SECANT METHOD FOR M

GOSUB 1000

T2 = M
MN

M=M

GOSuUB 1000

T3 = FM

ML * T

2)- M2 * T1) / (T2 - T1)
L

IF ABS (T3) < 1E — 6 THEN GOTO 990

M1

-3

[t
oW

3

N

1060 RETURN
1070 D$ = CHRS (4): REM CHRS(4)=CTRL-D

* pL * (1 - BG) / VUL

X * VS
X *VS*PL / (UL * (1 -BG) ~ (M~=1)) .
45 * CRE ~ ( - 0.1) . ¢

HTAB (11): PRINT "DB=";X * 10
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1071 PRINT D$; "PR#L"
1080 "PRINT TAB( 26);"DB=";X * 10

1090 PRINT

1100 PRINT TAB( 26);"M=";2 ®
1110 PRINT -

1120 PRINT TAB( 22);"SUP GAS RATE : VG = ";VG;"QM/S"
1130 PRINT °

1140 PRINT TAB( 22);"SUP LIQ RATE : VG = ";VL;"QMW/S
1150 PRINT

1160 PRINT TAB( 22);"GAS HOLDUP : EG = ";EG * 100;"3"

1170 PRINT L,éL
1180 PRINT TAB( 23);tBYBBLE SEZE : DB = "; INT (X * 10000 +4.5) / 1000;"MM"
1190 PRINT .
1200 PRINT TAB( 20);"THE MAXIMUM DIFFERENCE IN SLIP"

1210 PRINT
1220 PRINT TAB( 20);"VELOCITY BETWEEN MEASRED AND "

\ 1230 PRINT R
| 1240 PRINT TAB( 20);"ESTIMATED IS ";FD
| 1250 D$ = EHRS (4): REM CHRS (4)=CTRL-D
‘ 1251 PRINT D$; "PR#0"
1260 END .
1270 PRINT TAB( 26);"DB=";X * 10 . L

»

el



145

APPENDIX ' D ~ -

¢ Regression program for e:&perimental data processing

¥

8000 GOTO 8064

8002 PRINT \
8004 . FOR S
8006 FOR T
8008 IF A(T,S
8010 NEXT T
8012 PRINT "NO UNIQUE SOLUTION"
8014 GOTO 8062

8016 GOSUB 8036

8018 C = 1 / A(S,S)

8020 GOSUB 8048

8022 FRT =1 TO N

8024 IF T =S THEN GOTO 8030
8026 C = - A(T,S)

8028 GOSUB 8056

8030 NEXT T

8032 NEXT S

8034 GOTO 8062

8036 FORJ =1 TON +1

1TON - -
STON - *
) > < 0 THEN GOTO 8016 .

8040 A(s,J) = A(T,J)
8042 A(T,J) =8B
8044 NEXT J
8046 RETURN
8048 FOR J
8050 A(S,J)
8052 NEXT J
8054 RETURN
8056 FORJ =1 TON +1 .

8058 A(T,J) = A(T,J) + C * A(S,J) o

8060 NEXT J . .

8062 RETURN .

8064 HOME : PRINT "FUNCTION: Y= A + Al*X1 + A2%X2 + A3*X3+ A4*X4 + ...": PRINT
8065 PRINT "INPUT NUM. OF VARABLE N"

8066 INPUT N

8068 PRINT :

8070 PRINT "INPUT NUM. OF DATA M"

8072 INPUT M J\—j

8074 PRINT

8076 DIM F(N,M) AN + 1,N + 1),B(N + 1,N + 1) ,W(N)

8078 PRINT "READ YOUR DATA Y...,X...": PRINT

»

r ‘ ‘




8080 PRINT "Y:"

8082 FORI=0TON

8084 IF I = 0 THEN GOTO 8088
8086 PRINT "X:"

8088 FORJ =0 TOM -1

8090 READ F(I,J)

8091 PRINT F(I,J),

8092 NEXT J

8094 PRINT : PRINT

8096 NEXT I,

8098 FORI =0 TON -1
8100 U4 =
8102 US
8104
8106 Ul =
8108 U2 =
8110 U3 =
8112 FOR
8114 Ul =
8116 U2 =
8118 U3 =
8120 NE
8122 IF
8124 A(I
8126 A(J
8128 NEXT J

8130 FORK=0 TO
8132 U4 = U4 ¥ F
8134 U5 = U + F
8136 NEXT K
8138 A(I + I,N +
8140 NEXT I
8142 FOR I
8144 FOR J
8146 B(1,J)
8148 NEXT J
8150 NEXT I
8152 GOSUB 8002

8154 FORI =0 TON
8156 W(I) = 07

8158 FORK=0 TOM -~ 1
8160 W(I) = W(I) + F(I,K)
8162 NEXT K

8164 W(I) = W(I) / M %
8166 NEXT I-

8l68 L =0

8170 FOR I =1 TON

8172 L = L + W(I) * A(I,N+ 1)
8174 NEXT I

8176 BO = W(0) - L

8178 PRINT "Y=";B0;

8180 FOR I =1 TON

8182 PRINT™ + ";A(I,N + 1);" X";I;
8184 NEXT I

ccocxrmooobLoo

* F(J + 1,K)

3-(Ul *U2) / M

)l
THEN GOTO 8128
+
+ (1+1,J3+1)

> C

M~-1

I+1,K * F(0,K)

0,K)

) = U4~ (US *UL) / M

1
/
TO N N
TO N

(1,3

+ 1

4 U u

1
1
A

‘

8186 PRINT = o ‘“

8188 U = 0
8190 FORI =1 TON
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8192
194
196

8198

8200

8202

8204

8206

8208

8210

" 8212

8214
8216
8218
8220
8222
8224
8226
8228

o
4 -
M .

U=U+A(I,N+1) *B(I,N+ 1)

NEXT I

Ul =0

uz =0

FORK=0 TOM -1

Ul = Ul + F(0,K) * F(O,K)

NEXT K . ¢
Q=Ul-~-(US5*US) /M-U

S= SR (Q/ M-N-1)) .

R= SR (1 -Q/ (Ul --(US5 *US) /M)
Fl = (M-N~-1) *J/ (N *Q)

PRINT "U=";U

PRINT "Q=";Q

PRINT "F=";Fl

PRINT "S=";S

PRINT "R=";R -
END w

DATA 25,81,36,33,70,54,20,44,1.4,41,75
DATA 110,184,145,122,165,143,78,129,62,130,168
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APPENDIX E
derivation of F ( €, ) = (g, )™
The defination of F('€,) is introduced by Masliyanjé[SZ],
n

but, no general expression is given. An expressio n be

derived from Richardson and Zaki ([56]. They developed an

empirical correlation for the relative velocity between f£1.id
and sqlid, Usg and the terminal velocity of a single bubb?, Ur
. o
Us = Up-g/! [E-1]
since

UT (o 4 (ps-p‘) , {E-2]

and, by definition
)

Ps - psusp =ps - Fs (1-E) +R €, J[E-3]

T or,

Ps - Psusp = € (P -A) [E-4]

then, substituting Egs.(2], [4] in [1] yields

Us oc\(‘ﬁgl - Pap) EM2 »_ [E-5]

Cdmpa?ing Eqs.[4-9] and [5], then F( € ) is

F(€)) = gm-2 fE-6]
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'

which is equation [4-11]

For Re < 0.2, m = 4.65. Consequently, for low Re, Masliyah

USéd - ' ° ‘ ' =

-1 o
F (&) = &" [E-7]
:.\ //
For high Re (R€ > 500), m is again constant (m=2,39)« For the

bubbles of interest here (up to 2 mm) Re is intermediate, and

m is a function of Re.
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APPENDIX F

Gas flowmeter calibration
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ABSTRACT
| .

The col lection zone of a flotation colum should be operated in
the bubbly flow regime. This imposes |imits in tHe allowed bubble
size and gas rate cambinations, A model of bubbly flow is used to
explore these cambinations. It is ghom that the superficial bubble
surface rate ( cm? bubble / s / cm? column cross-section ) is  maximum
in the bubble size range 1-1,6 mm, Carrying capacity Iis related to
superficial bubble surface rate. Using a model of bubble locading it
is shown that for pgrticles {ess than 410 um, carrying capacity is
maximum for  bubbles in the range of 1-1,6 nmm, For larger

b particles, carrying capacity increases with increasing bubble size.
. The loading model assumes that the bubble has sufficient retention
time to reach its equlibrium, or full load, It 18 noted that
retention time increases as bubble size dec::eases and this needs_to be
considered in testing the effect of bubble size.
(
- )
- <
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INTRCOUCT 1ON :

Thg\col lection zone in a flotation colum ‘:ho-.nld be operated n
the bubb\y flow regime [Dobby et al, 1985]1. This requirement nmposes’ a
minimum bubble size at a giverr gas rate (or conversely a faximum gas ‘
rate at a given bubble size), Attemptt\'ng to go below this,bubble sSize
will move the collection zone into the churn-turbulent flim regime.
With increasing ga; rate, the minimum bubble size increases,

This interaction between bubble size and g;s rate has important
consequences for column flotation, Dobby and Finch [1986a] showed it
leads to an cptimum bubble size to maximise the collection rate
constant, In this communication, the effect on sol ids carrying
capacity in the collection zone is amalysed. The analysis is achieved
by introducing and determining the maximum superficial bubble surface
rate, which combined with bubble loading defines the maximum sol ids
carrying capacity‘. %he impact of bubble loading onlthe minimum bubble

size is also considered.

MODEL OF BUBBLY FLOW

Description _
The mode! constitutes two equations for Ubs, the relative bubble

to slurry velocity (or slip velocity) in a bubble swarm, which must be

satisfied simultanacus!ly, (The model has been described in full
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> 4 elsewhere) (Y anatos et al, 19871,

Jg + JaL

Ubm g (1-€3) 1)
i
oy
. g ab’(1-€)™ ' (OB~ psi)
Ube = 0.687 (2}
. 18 YsL (1+0.15REp, )

Eq.(1) is the defination of slip velocity in countercurrent flow, and
£q.(2) is an adaptation of the particie sett!ing equation due to
Mas! iyah [1979], and is applicable up to db = 2 mm. The symbols are

def.ined in the notation.

Determination of Minimum Bubble Size

The method of solution is iliustrated in Figure 1, for Jg = 1.2

) an/s and JL = 0.5 am/s (no sol ids present), The Ubs from Eq.(1) is

S~
AN

plotted against Gs\.‘ The actua! Ube, €g combination depends on db, The
Ubs fraom Eq.(2), therefore, is plotted against £€g for various db,

Where the two curves intersect gives the €g for that db, (There appear
to be two solutions but only the one at lower €3 is physically
realised)., Thus for db = 1.0 mm, €g is about 10/, for db = 0,6 mm, €g I8
about 30%. There is no solution for db < 0.6 mm, Thus at Jg = 1.2 am/s,
JL = 0.5 am/s, the minimum bubble size dbyy, is about 0.6 mm, Or,

*}‘ ‘ conversely at db = 0.6 mm, the maximum Jg = 1.2 cm/s,




The tocus of dby i, for wariocus Jg and JL calculated in this manner
is shown 1n Figure 2, The result 1s camparable to that found by Dobby
and Finch (1986a) fram a dmft—.Flux modelﬁof bubbly flow,

Experimental validat:on of the db,,, esti:mate s an'Fku‘cult. Thas
is due to problems in accurately.determining visually the tr*.ans:tuon
from bubbly to churn-turbulent flow and the inabit ity to independently
manipulate db and Jg (db increases as Jg nnc:ra*\eases). Figure 3
il lustrates that Jg,g, does decrease with increasing frother
dosage i.e. decreasing bubble size., Bubble si1ze was estimated

1photographical ly at 15 ppm Fr-ott)ﬂer concentration to be about 1,35 mm,
At Jg = 3.5 am/s, JL = 0.5 an/s, €g = 324, the calculated db from the

mode! is about 1,35 mm which is quite close to the photogra

measured bubbie size., However, at Jg = 3,5 an/s, JL = 0,5 /s,

calculated dby, (as opposed to db) from the model is about 1.15

appearing at €g = 53%,

SUPERF ICIAL BUBBLE SURFACE RATE

The superficial bubble surface rate, Jgs, is the surface area of
bubbles per unit time moving through the column per unit colum

cross-section, It is derived as fol lows!

ag = - db° Nb \ (3)




R 157

where Gg is the volumetric flowrate of gas and Nb is the number [:f

¢

bubbles per unit time.

Therefore, the surface area rate is

=Nb T db2 © (4)

fwhich on s@g for Nb beccmes

B

\

. -5 0g L
J85 = T Ac . ¢
or ¢
Jgs = %‘— : (6)

The maximum Jgs is

.S - '
J8Snax dbmsn (7)

Eq.(6) is plotted in Figure 4. Without respecting the restriction

3 on db, Jgs continues to increase with decreasing db, Howaever imposing

¢




C

dbpyn + J8Spax aCtual ly decreases with decreasing db,

CARRY ING CAPACITY Ca

Bubble Loading

Assuming spherical particles each occupying dp? of spher*\oncal
A\
bubb!e surface [Szatkowski and Freyberger, 1985] and that the max:imum

loading is 507 of a monoiayers ([Jameson, personél communication,

-

19861, then the mass of particles per bubble is,

Q

2
=~ dp” dp ppy 4
{ ~
Therefore, the mass of solids per unit area of bubble is .
= 12" dp pp » ¥

<

This muitiplied by Jgs gives the mass of solids carried per unit time

.par unit column cross-section, or carrying capacity, Ca .

Ca=—g'—;:—dppp (8)

£qQ.(8) will be refered to as carrying capacity constraint 1 to

distinguish it from a second possible constraint considered below, The

maximum in carrying capacity, Cap,, , occurs at dbyyp -
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o ~ -~

Bubble Density and dbyin

Knowing the mass of pérticles per bubble <Eq.(8)>, the mass penﬁ
bubblie volume can be‘calculat:ed. Assuming dp « db, this is equivalent

to a bubble/particle aggregate density, po * !

- _do 0p '
pp = - —i (1)

S

b
o

The term pb in Eq.(2) is normally taken as zero. As pb increases,
. dbyy, increases, all other parameté*s being congstant. The dbg, <can
be solved in a siminar manner to that described in Figure 1. An
i llustration is given in Figur‘re S, The interpretation is that at pb =
0.56 g/cm®, dbpy, at the given conditions is 1 mm. In contrast for m

= 0, dbyyn is about 0.6 mm (Figure 1),

o

¢

By comparing Egs.(10) and (11), it Is evident that

Ca = b Jg ‘ y (12)
\1%,\; | i
Eq.(12) is carrying capacity constraint 2,
The term pb is sometime used as a measure of carrying capacity
since it is equivalent to the mass of solids ca;‘riad per unit volume

- of gas, .
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RESWLTS ' T .

o

L3
Figure 6 shows the carrying capacity calculated fram Eq.(10)

N | © |
(congtraint 1) and Eq. (12) (constraint 2)., Constraint 1 shows the
increase in Ca with decreacing dp corresponding to the increase in Jgs
4 ‘ !
(Figure 4), In the obsence of constraint -2, the maximum Cap,. would be

at the intercept of constraint 1 and the vertical dashed [ine (at db, =

1,18 mm). Allowing for constraint 2, the minimum db increases sl ightly

which has the effeet of slightly reducing the max:anun Capax )
This method of determining Capg, was repeated fo- various Jg at J.

= 1 an/s., The result is given in Figure 7. Cap,, is plotted as a

function of db, for variocus particle sizes, For fine particles (dp< 10

pm) the optimum db is between 1 - 1.6 mm. For coarser particles, the - /

optimum appbars to shift to targer bubbles, bubble sizes above the

range covered by the model.
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DISCUSS 1O | b

]

The mode!l of bubbly fldw used here has been verified fo- the
‘Z-phase gas-water system by showing good agreement between estimated
and measured bubble size (Yianatos, et al, 1987]. The mode! 's use

'enables the experimental ly mor*cjs difficult 3~phase (gas-water—salid)

system to b'e explored, To make the solution more tractable, it was
assumed here that psL = 1 g/am® and PsL = 0.01 poise (i.e. as If there

' were no _solids in suspension). The effect of solids in suspdnsion is

"to increase psL and |ISL which have opposite effects on dbgyp, .

’ The analysis reveals an poptifmm bubble size range for maximizing
the superficial bubble surface rate, This in turn leads to an optimum
range in db to maximize Cap,,. which is ‘slighély modified by the effect
of pp on @by, . The dependence of Jgs on db is an unavoidabi®
limitation to the carrying capac_ity.

Translating Jgs to Ca Involves arguable assumptions regarding
loading of the bubble. No Jjustification of the assumptions used |s
of fered here, other than'that they have been use)c/ﬁ’ eslewher‘,e.

. Experimental verification of Cap,, is not f'easfible\ It can'not be
proved that the bubble has reached its maximum load (e.g. S07Z of a
monolayer as assumed here) and it is not:“ﬁossible to hold bubble size
at the dbgyy, for the given Jg. Measurement of Ca (as opposed to Caggy)
for gplums is becoming increasing co'rmonras the |imitation it -

places on capacity is gaining in appreciation, Table 1 gives a set of ”

“A
results for Ca from Espinosa et al (19881, The estimated Ca is In !

%
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tolerable agreenment g:rven the measé:r‘ed Ca 1s for a colum with a
froth zone and the probiem of estimating dp (taken as 0.3 of the dao
of the/col lected particles) and db at the top of the froth (taken as 2
times the bubble size in the collection zone EYianatos,.et al, 19861),
The mode! here is for the collection zone, the froth z;anwe can be
expected to place added restriction on carrying capacity Ca, ,

The analy:sus ‘has revealed that for dp < 10 ym (approximately dgo <
30 um) the gptmum bubble size to maximise Capg, is 1 - 1.6 mm, This
is similar to the range found by Dobby and Finch (1986a) to maximise -
the collection rate constant, This bubblie size is readily cbtainable
by the available spargers and seems to cbviate the need to design
sophisticated spargers with the target of producing db < 1 mm. .
There is, however, a possible advantage with finer bubbles not
considered here. As)bubble size decreases, bubble retention time in
the collection zone increases, Thus the load on finer bubbles may more
closely ‘approach the maximum (equilibrium) loading, Tyurnikgva and
Naumaov (1981) used the argument to explained increased carrying
capacity with finer bubbles, Certainly in any measurements of carrying

capacity with bubble size, this kinetic factor must be considered,

N

A

«
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CONCLUSIONS N R

J1. A model of bubbly flow is used tolc;ecermine the maximum
superficial bubble surface rate a‘s a function of bubble size. This
gives an optimum bubble size of about 1 - 1.6 mm,

. 2, Using a model of bubbleﬁloadin‘g the analysis is extended to
determine maximum carrying capacity as a function of bubble,size, For
particles less than 10 ym, the optimum size is 1 - 1.6 mm “for larger
particles, the optimum bubble size appears to Increase.

3. The bubble lcading modal assumes that the bubble will have
sufficient retention time in the collection zone to reacH its ™
equi l ibrium load, Retention time increases as bubple size decreases,

and this needs to be considered in experimental ly testing carrying

capacity vs, bubble size, .




-

Ca

db

ddpmin
dgo

Ji

YBmax

Jgs

J8Spax
Nb

REpg
Ubs
€g
po

pi

pst., .

NOTATION

carrying capacity, mass of solids carried per unit time

per unit column cross-sectional area, g/s.cm? o~ g/min.cm?

maximum carrying capacity, the Ca value at the minimum

bubble size al iowed for the given operating conditons

bubble diameter, mm

minimum bubble size allowed for the giver conditons, mm

particle size, um

807 passing size of a particle size distribution, pm(k'

acceleration due to gravity, cm/s?

superficial velocity of phase i, avs

where I=g (gas), sSL(slurry), L(liquid)

max imum superficial gas velocity at dbgy, , c/s
- Y

superficial bubble surface rate, cm?/s/cm?

max imum superficial bubble surface rate at dbgyq

paramater in Eq.(2)

number of b\ubbles per second, s—1

volumetric flowrate of gas, cm®/s

bubble Reynolds number

sl ip velocity between bupbles and slurry, cmw/s

fractional gas holdup

bubble/particle aggregate density, g/am®

density of phase i,\g/am’3 , where i=p (particle),

sL(slurry), L(liquid)

slurry, liquid viscosity, poise
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Sllp velocity Uy, (cm/s)
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Jg =12 cm/s
JL=0.8 cm/s
Py=0 g/cm?

1: Definition
2
2; Settling Egn.

Figure 1

0.2 0.4 0.6 0.8

Fractional gas foldup g,

y
Ubs [from the definition Eq.(1) and the settling Eq. Eq.(2)
vs gas holdup for various db. The solution is where curves
intercept. There is no solution for db < 0.6 mm




Superficlal gas veloclty, Jg (cm/s)
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Superticial liquid velocity, Jy (cm/s)
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/
Figure 2 Locus of dbmin for Jg, Ji combinatijbna. This is for
~ countercurrent flow, J_positive downwards. Alternatively
'the figure gives Jgmax for given db, Ji. combinations.

/
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Figite 3 Measured decrease in Jgmax with increased frother
(Dowfrother 260C) dosage [two gas holdup values are

shown which straddle the transition from bubbly flow
to churn~turbulent flow|
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given conditions) occurs at the intercept of constraint

1 and constraint 2

s 1 1 T Q.1
\
Minimum obtainable bubble sizs
(P =Q) =1.18mm \
b
|
= / 0.067
o
| Constraint 1 E
[ >
. Caonstraint2 S & i ~
Jg = 2.5cm/s <
Jsu= 1cm/s
Py = 1g/cm? |
— , 0.033
Constraint1 \
a: pp= 7.5; dkp= Sum Constraint 2
b: Pp=T7.5; dp=10um ! ’
1 ] !
Q.5 1.0 1.5 —e
Bubble, size, db (mm)
Figure 6 Carrying capacity vs db. Maximum carrying capacity (for




Slip veloclty U,, (cm/s)

12

10

171

] I i i LS i {
Jg =1cm/s J‘§\*=1cm/s
Py = 0.56g/cm® P =1g/cm?

e
Eq. (2)
1. db = 1.5mm ™

2. db 1._2mm
3. db = 1.0mm
4. db =0.8mm"

Figure §

40 - 60 80 100
Gas holdup eg(%)

Ubs vs Eg for various db at Pb = 0.56 g/em® !
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Table 1 L
Comparison in Carrying Capacity
Between Measu{;ed and Estimated )
Meas. Ca Consttaint 1 Ps - dgo (*)' Jg Js
g/min/cm2 g/cmd um __cn/s
,i )
1.97 3.71 4.25 16 V2.9 ,  Ll.21
T~ Y ,
5.03 6.22 4.55 25 2.7 0.76
1.28 1.35 4.11 6 2.8 0.70
2,24 7 2.47 4.11 11 2.8 0.70
2-\69 ! 4-08 4.98 15‘ 209 1.00
3.75 6. 24 6.73 1¥ 2.6 1.10
* : dp.= 0.3 X dgo (80% passing size)
‘
:4
n .
1
- s "~
S s -
“ L Vo - s
N .
Y a w? ¥ <
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APPENDIX H

3 4

\?
\ Computer program for the estimation of the

maximum bybble/particle aggregate density

N -
-

REM ESTIMATION OF THE MAXIMWM BUBBLE LOADIMG
=980 )
UL = 0,01

INPUT "ENTER THE DENSITY OF SLURRY PL=";BL:

INPUT "ENTER THE LIQUID VELOCITY VL(G“VS)\ VL=";VL

INPUT "ENTER THE BUBBLE SIZE (QM) DB=";D8
“INPUT "ENTER THE GAS VELOCITY VG (QW/S)=§; VG
PRINT : PRINT : PRINT

INPUT "PLOT STEP (0-270) =";D

INPUT "PB STEP (0.01-0.1) =";W .
HCOLOR= 3

HGR ‘
HPLOT 0,0 T0 270,0 TO 270,150 TO 0, 1sofmoo

0
75 TO 270,75
1

PB =J
GOsuUB

5 THEN UB = 75
FF = US - UB
IF FF > 75 THEN FF
HPLOT I, (75 - FF)
PRINT "US = ";US / 3; TAB( 20);"UB = ";uB, / 3,,
PRINT "BG =";EG; TAB( 20);"PB=";PB o~ *°
NEXT I Ce
INPUT "STOP ? (1/0)";:Q
IFQ= 1 THEN GOTO 410
NEXT J '
REM THE SECANT METHOD ot
INPUT "DO YOU .WANT TO SOLVE THE ROOT ? (1/0)";A
JIF A = O, THEN"YEND »
" INPUT YENTER THE FIRST BG=";Z1
INPUT ¥ENTER THE SECOND EG=";Z2
CINPUT "ENTER THE ESTIMATED MAXIMUY PB=";PB
P8.= PB + 0.0001
X1 5 Z1:X2 = Z1 * 0.9: GOSUB_ 640
Sl = XN
X1 = 22:X2 = 22 * 1.1: GOSUB 640

75 o

°

3 .
THEN US = 75 . SR
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970 M = M2

510 S2 = XN

520 S = ABS (Sl -~ §2)

530 PRINT "Sl=";S1; TAB( 20);"S2=";S2
5S40 IF SS'< 0.01 THEN GOTO 570
550 K= K + 1

S60 GOTO 470

570 PRINT "SS= ";SS

580 PRINT "pB= “;PB.

590 PRINT "STEP =";K +

600 PRINT ]
610 INPUT "OTHER ROOTS ? (1&";@
620 IF PP = 1 THEN GOTO 440
630 END

640 I = 1

650 X = X1

660 GOSUB 1160

670 F1L = F ,

680 X = X2 . . :
690 GOSUB 1160

700 F2 = F ‘

710 XN = (X1 * F2 ~ X2 * Fl) / (F2 - Fl)
720 IF XN <0 OR XN > 1 THEN GOTO 850
730 PRINT "EG=";XN ,

740 PRINT "PB=";PB , .

750 X = XN

760 GOSUB 1160

770 F3 = F

780 FD = ABS (F3)

790 IF FD < 1E - 6 THEN GOTO 840

-

800 IF I > 60 THEN GOTO 880

810 X1 = X2:X2 = XN:Fl1 = F2:F2 = F3
820I=1+1

830 GOTO 710 '

840 RETURN

850 PRINT "BG=";XN
860 PRINT "PB=";PB

.870 END

886 PRINT "PLEASE CHECK INPUT DATA ."
890 PRINT "BEG=";XN

900 PRINT "PB=";PB ‘

910 REM THE SECANT METHOD FOR M
920 ML = 2.2

930 M2 = 0.9 * Ml

940 M = Ml :

950 GOSUB 1110

960 T1 = FM

980 GOSUB 1110, . -
990 T2 = FM

1000 MN = (ML * T2 - M2 * Tl) / (T2 - Tl)
1010 M = MN

1020 GOSUB 1110

1030 T3 = ™

N

1040 IF ABS (T3) < 1lE - 6 THEN GOTO 1100

o

*

e
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g 1050 M1 = M2
1060 M2 = MN A . oy
1070 Tl = T2 c o ) .
1080 T2 = Ta. v ' . .
1090 GOTO 1000 .
1100 RETURN -
1110 RE = DB * US * PL * (1 - EG) / UL ,
1120 CRE =US * D§ * PL / (UL * (1 --EG) "~ (M - 1))
«1130,2 = 4.45 * CRE = ( - 0.1) . . ,
1140 M = 2 - M - '
) 1150 RETURN . - ( e
1160 BG = X ,
1170 US = VG / BG + VL / (1 - EG)
1180 GOSUB 920

.

1190 UB =G *DB " 2 * (1 ~ BG) ~ (M- 1) * (PL - PB) / (18 * UL * (1 + ,15 * RE ~ ,.6f
1200 XI =1 + 0.55 * EG - . v I
1210 UB = UB / XI
. 1220 F = US - UB,
: ' 1230 RETURN
° ! —~




