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Abstract—Particle-bubble collection characteristics from micrebubble behavior in column flotation have been studied
theoretically and experimentally. A flotation model taking into account particle collection has been developed by
particle-bubble collision followed by the particle sliding over the bubble during which attachment may occur. Bubble
size and bubble swarm velocity were measured as a function of frother dosage and superficial gas velocity to estimate
the collision and collection efficiency. Separation tests were carried out to compare with theoretical particle recovery.
Fly ash particles in the size range of <38, 38-75, 75-125, 125 Wm were used as separation test particles. Theoretical
collision and collection efficiencies were estimated by experimental data on the bubble behavior such as bubble size,
gas holdup and bubble swarm velocity. Collection efficiency improved with an increase of the bubble size and particle
size but decreased in the particle size up to 52 Wm. Also, flotation rate constants were estimated to predict the optimum
separation condition. From the theoretical results on the flotation rate constant, optimum separation condition was
estimated as bubble size of 0.3-0.4 mm and superficial gas velocity of 1.5-2.0 cm/s. A decrease of bubble size improved
the collection efficiency but did not improve particle recovery.
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INTRODUCTION

Flotation 1 regarded as the best available techrique for separat-
ing fine particles. In flotation particles and bubbles are generally
moving in opposite directions. The collection process can be stud-
1ed by comsidermg a gas bubble rsing through a dilute shary. Col-
lision is the fraction of all particles swept out by the projected area
of the bubble that collide with the bubble. Subsequent to collision
a particle will move along the bubble surface with a sliding motion.
The sliding particle maintains bubble contact until the fhaid stream-
lines carry it radically away from the bubble surface, unless attach-
ment occurs prior to this. Attachment is the fraction of all colliding
particles that undergo successful attachment during the time of con-
tact. Collision has been modeled and showed that a smaller bubble
increases collision efficiency because bubble velocity decreases with
smaller bubble size [Weber et al., 1983; Jiang et al,, 1986]. Attach-
ment has received less attention than has collision. A notable early
theoretical study was that of Sutherland [Sutherland, 1948], and
the attachment has been exammed recently by Dobby and Finch
[Doby et al., 1986].

The overall rate of flotation in a practical particle separation de-
pends on so many factors that 1t 15 not yet possible to attempt a fun-
damental calculation of the kinetics. The particle recovery depends
not only on the solids content of the pulp and the hydraulic regimes
in the cell, but also on the size distribution of the particle, the bubble
population, and concentration of frother [Tuteja et al,, 1995; Bergh
et al, 1993]. But particle size end bubble size are believed to be
the dominant physical factors in the flotation. Microbubbles are de-
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sirable for fine particle flotation because they increase particle-bub-
ble collision probability [Yoon, 1993]. But the generation of very
small gas bubbles has not always yielded lugher flotation rate con-
stants [Doby et al., 1986].

The purpose of this study is to present an investigation of the par
ticle-bubble collection cheracteristics expenimentally and theoretically:
Bubble size, gas holdup and bubble swarm velocity were meas-
ured to estimate the particle-bubble collection theoretically. From
the theoretical results on the particle-bubble collection characteris-
tics, optimum separation condition such as bubble size and superfi-
cial gas velocity was presented. Particle seperation tests were carried
out to compare with the theoretical particle-bubble collection char-
acteristics.

THEORY

1. Collection Model

Particle collection is considered to occur by particle collision fol-
lowed by the particle shiding over the bubble surface. Collision 1s
quantified by collision efficiency (E) for gravitation and intercep-
tion of spherical particles on the bubble. Attachment is quantified
by an attachment efficiency (E,) calculated as the fraction of parti-
cles which reside on the bubble for a time greater than the induc-
tion time. Collection efficiency (E,) was given as follows [Weber
etal., 1983, Doby et al, 1986].

E.~E.E, D

The assumption of bubbles acting as rigid spheres 15 reasonable in
the surfactant solutions used in flotation. Particles are assumed to

be sphenical end shape comections are not employed. Collection
efficiency is directly proportional to the flotation rate constant [Clift
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Fig. 1. An illustration of a particle approaching at a gas bubble
[Jiang, 1986].

etal, 1978; Finch et al., 1990].
2. Collision Model

Fig. 1 llustrates a particle approaching a bubble [Jiang et al., 1986;
Finch et al., 1990]. In the system shown in Fig. 1 the bubble is held
stationary at the origin of the coordinates by a downward fluid flow
equal to the freely nsing velocity of the bubble. Thus, the forces
acting on the particle are inertial force, drag force, gravitational force
and buoyant force. The equations of motion m the x and y direc-
tion are given by [Finch et al., 1990].

&
Sk— =u — 2
B iy @
Ski—‘t’; g 3)

where Sk is the Stokes nmumber, given by

sy e @

u,, and v, , are liquid and particle velocities, respectively, and u,
is the particle terminal velocity, all made dimensionless by divid-
ing by the bubble mise velocity, u,. t is time made dimensicnless
by multiplymg by (us/d,). Particle terminal velocity 18 calculated
assuming Stokes’ equation:
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u,=2(p,— p)d,/(18u,) 5

The Stokes number is related to the ratio of inertial to drag forces.
Most work has focused on conditions where Sk<<(1 and thereby
allowmg this inertial term to be 1gnored.
2-1. Low Particle Inertia, Sk<0.1

In the collision model of Weber and Paddock, which assumes
Sk=0, total collision efficiency is the sum of gravitational and mter-
ceptive collision [Weber et al., 1983].

E=E.+E, (6)

Interceptional collision alone (E.,=0) occurs for neutrally buoyant
particles which follow the fhud streamlmes exactly. Gravitational
collision alone (E,=0) is hypothetical; it would occur for particles
having a finite settling velocity but zero dimension. Tnterceptional
collision is given by [Weber, 1983]:

E. _£($)2[1 +M} (N

1+und, 1+0.249Re)

for 0<Re,<300. Gravitational collision is given by [Reay, 1973]:
w 2
E. = l—iL];(l +g=;) Sin’6, ®

where 8, i3 the angle (from the front stagnation point of the bub-
ble) where the fluid streamlines come closest to the bubble. €. has
been fitted to the results of Woo [Woo, 19711

5=7.81—7.37logRe, (20<Re, <400) (©a)
8 =98.0—12.490g(10Re,) (1<Re,<200) (9b)
0=90.0-2.5log(100Re,) (0.1<Re,<1) 9]

2-2. Intermediate Particle Inertia, Sk=0.1

Collision efficiencies for Sk>0.1 have been calculated by deter-
mining particle trajectories by using a mumerical solution to the equa-
tion of motion [as shown m Egs. (2) and (3)] and findmg the grazing
trajectory by trial-and-error. Collision efficiency is estimated from
the following correlation [Finch et al., 1990]:

E.=Eq(1.63Rel¥SK ) (8k>0.1) (10)

where E; 15 the collision efficiency obtamed from Eq. (6) for condi-
tions where Sk<0.1.
3. Attachment Model

The underlying assumption is that after collision the particle slides
over the bubble and attachment occurs when the intervening licquid
film thins end ruptures. The time required for the film to rupture 18
the induction time, t,. Consequently, particles with a sliding time
greater than nduction time are considered to have attached.
3-1. Particle Shiding Tine

The calculation of particle sliding time, t, requires a knowledge
of (a) the distribution on the bubble surface of particle collision an-
gles, (b) the angle at which fluid streamlines start to carry the par-
ticle radially away from the bubble, i.e., the maximum angle of con-
tact 8, eand (¢) the particle sliding velocity.

The distribution 15 quantified by the fraction of all coliding par-
ticles that collide between the front stagnation point and some an-
gle 6.
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s 2
sin’0
ng=

sin'e, ()
where 0, is given by Eq. (9). 0, is calculaed by determming the
angle at which the radial component of the particle settling velocity
is equal to the radial component of the liquid velocity. At 66, the
particle no longer contacts the bubble, unless atachment has already
occurred. A correlation between 8, p, and 8, is given by [Finch et
al., 1990]:

0,=9+8.1p,+6,{0.9-0.09p,) (12)

Particle sliding velocity v, over the bubble surface is the sum of
the tangential component of particle seftling velocity, u, sm8, and
the local tangential liquid velocity. For d,/d,<0.03 particle sliding
velocity is given by [Dobby et al., 1986]:

=0 '7%5115%; +u,sing (13a)

where the surface vorticity & has been estimated by correlating with
8 and Re;. For d,/d,=0.03 the particle velocity is calculated by di-
viding the particle into two zones, the lower part that sees a velocity
gradient and the upper part that sees a constant velocity.

e =0.7§5ub[@$3d“’)0.06 +(‘%?d°)).03 1 +usin®  (13b)
P

Thus, the particle sliding time can now be calculated as follows,

=

where T, is the average particle sliding velocity, determined from
Eq. (13) using average values of &, and sinf.
3-2. Attachment Efficiency

A particle attaches to a bubble when the sliding time t, equals or
exceeds the induction time t,. Let € be the angle 8in Eq. (14) when
t,=t. After rearrangement this gives [Finch et al., 1990]:

=g — 00U (15)

" omid,+d)
Consequently, attachment efficiency is given by:

=2
s’

(16)

“ sin® 9,

4. Collection in a Bubble Swarm
To this point the model is a single bubble model. It is mtuitive

that there would be interaction between bubbles in abubble swamm.

The data of LeClair were fitted by a polynomial regression of the

form [LeClair, 1970]:

C=Gtnz, (17)
where &, is the surface vorticity of a bubble at gas holdup €, and n

is afunction of Re;, and O,

An increase in gas holdup mcreases collection efficiency. The
principal reason is the decrease m bubble swarm velocity. One way
to increase £ s to increase gas rate. However, this will be also cause
d, to increase. Flotation rate constant is related to E; by:

k, =1.5£€f—K (18)

Consequently, the flotation rate constant may be pass through amax-
imum with J, as the effed of ncreasing the number of bubbles iz
progressively offset by an increasing ds, and {consequently) decreas-
ing . Recovery of aparticle in the collection zone is given by:

R=1-exp(-kt) (19)

where t, is the residence time of the particle in the collection zone.
Eqs. (18) and (19) provide alink between Eg, k,, and R. Therefore,
a findamental analysis of the collection process that provides rela-
tionships between E; and process parameters, such as particle size
and bubble size, can be extended to provide relationships between
R {or k,) and process parameters.

EXPERTMENTAIL METHODS

1. Bubble Behavior Measurements

Bubble behavior such as bubble size, gas holdup and bubble
swarm velocity is needed to evaluate the collision and collection
efficiency between particle and bubble. Fig. 2 is the experimental
apparatus to measure bubble size, gas holdup and bubble swarm
velocity. The experiments were conducted in a column with inner
diameter of 9 cm and height of 240 cm. A given dosage of frother
(MIBC : Methyl Iso Butyl Carbinol) was added into, and mixed
with 30 L of tap water in a conditioning tank for about 1,800 sec.
The solution was pumped into the column. The gas was introduced
and controlled by an air regulator (TPC, TAR 4000) and a rotame-
ter (Dwyer, RIVLA).
1-1. Bubble Size

Microbubbles were generated with the in-line mixer; and bubble
size was controlled by a variety of superficial gas velocity and fro-
ther dosage. A Plexiglas box filled with water was placed around
the column for photographic measurement of bubble size. The water-
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Fig. 2. Schematic diagram of experimental apparatus for flotation.
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filled box reduces optical distortion due to the curved wall of the
column. Bubble size distributions and bubble shapes were deter-
mined by using ten times enlargement. Counting and measurement
of bubble sizes were done mamually or automatically by using an
mmage analyzer. A mimmum of 400 bubbles was counted. The aver-
age bubble size was estimated as the Sauter mean diameter as it is
corsidered the most consistent representation of meen bubble size
[Yianatos et al., 1988; Patel et al, 1990].

Ynd,
_znd.
" ¥nd,

where d,, and n, are the caresponding bubble diameter and num-
ber of bubble, respectively.
1-2. Gas Holdup

Gas holdup is one of the most important parameters characteriz-
mg the hydrodynamics of the colunn flotaton It can be defined
as the percentage by volume of the gas in the two or three phase
mixture in the column. Water manometers were used to measure
the gas holdup given by [Lee, 1999]:

(20)

Ah
Eg:A—L (21)

where Ah is the distance between the water level in the two manom-
eters, and AL 1s the distance between the location of the mancme-
ters.
1-3. Bubble Swarm Velocity

A conductivity techrique was used to measure the bubble swarm
velocity [Uribe et al., 1994]. Two grid electrodes covering the cross-
sectional area of the column were used. The grid electrode con-
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Fig. 3. Fundamental concept for measuring bubble swarm veloc-
ity between two electrodes [Lee, 1999].
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sisted of three concentric rings soldered to a cross. Copper wire of
0.14 cm diameter was used. The grid electrodes were located one
above the other along the vertical axis of the column. The conduc-
tivity measurements were performed with a conductivity meter (YSI,
Model 3200). When the ar flow was terminated, an mterface ap-
peared: above the interface the gas holdup was that prior to the ter-
munation of the ar flow; below the mterface the gas holdup was zero.
Fig. 3 presents a typical rising curve of the interface. As readily ob-
served in Fig. 3, when the air flow is terminated, the curves present
three different stages: stage 71), when the rising interface is not re-
aching the lower electrode and the conductivity is constant; stage
(2, when the interface moves between the two electrodes; and stage
{2, when the nterface leaves the upper conductivity and the con-
ductivity is again constant. Therefore, the bubble swarm velocity is
given by [Lee, 1999]:

: (22)

where AL, 1s the distance between two electrodes and AT is the time
that interface rises between two electrodes.
2. Particle Separation Test

Fly ash particles in the size range of <38, 38-75, 75-125, and >125
Wwm were used as separation test particles. The size distribution of
the fly ash was determined by wet screening. Fig. 2 is the experi-
mental apparatus for particle separation by flotation. Separation tests
were carried out as described m Table 1.

Tn the flotation tests the slumy was prepared in 30 T of water, and
was conditioned with collector (Kerosene) and frother (MIBC) for
1,800 sec. The slurry was pumped into the column and the hydro-
phobic particles in the shurry attach to the air bubbles. Hydropho-
bic particles are collected from the froth tank and loss-on-igmtion
tests were performed. Hydrophobic particles were normally pre-
dried in a laboratory oven at 130°C for two hours, and after cooling
and reweighing, were placed in an air ventilated laboratory oven at
740 °C for two hours. The change in weight between heating at 130
°C and 740°C, divided by the ongmal dry sample mass, was the
reported LOT (Loss On Ignition). Experimental recovery was cal-
culated as the fraction of particles that attach to gas bubbles and pre-
serted as Eq. (23).

R= Separated particle weight>LOI of separated particle
Original particle weight=LOI of original particle

(23)

Table 1. Test conditions for particle separation in column flota-

tion

Parameters Specification
Column diameter (cm) 8
Column length (cm) 240
Solid percent (%) 5
Superficial gas velocity (cm/s) 1.99
Air pressure (kg /cm?) 1
Agitation (tpm) 1200
Conditioning time (sec) 1800
Frother dosage (mg/L.) 300
Coallector dosage (mg/L) 300
Sampling time (sec) 60
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Fig. 4. Photographs and size distribution of air bubbles.
(a) C-=0mg/L, 1.=0.33 cm/s, (b) Cr=0mg/L, I,=1.66 cm/s

RESULTS AND DISCUSSION

1. Bubble Behavior

Photographs were taken m order to observe the shape of bub-
bles and determme the bubble size. In any experiments, photographs
were taken in the bubbly zone as a function of flotation variables.
Fig. 4 shows typical photographs of bubbles end bubble size distri-
butions generated from the m-line mixer bubble generators with fro-
ther dosage of 0 mg/1. and superficial gas velocities of 0.33 and 1.66
crm/s, respectively. Fig. 5 shows those with frother dosage of 10 mg/
T. and superficial gas velocities of 0.66 and 1.99 cm/s, respectively.
From the photographs, bubble shapes are wregular something like
to ellipsoidal and much larger without frother, but they are sphere
shaped with frother dosage. Frothers are often employed to ensure
the formation of bubbles with suitable size and stability m the flota-
tion. One of the reasons for the merease of bubble size with the gas
flowrate 13 related to the coalescence of bubbles, which depends
on the resistance of the thun iqud film between bubbles to rupture.
The ability to resist the rupture and coalescence of bubbles is stron-
ger m the presence of frother than in the absence of frother [Zhou
etal., 1993].

Fig. 6 presents the size distribution of bubbles as a function of
superficial gas velocity and frother dosage, respectively. Fig. &(a)
shows the bubble size distributions under the conditions of 40 mg/
1. of frother desage when the range of superficial gas velocity is
0.33-2.32 c/s. When the frother dosage 13 constant, bubble size
increases with increasing the superficial gas velocity. Fig. 6(b) shows
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Fig. 5. Photographs and size distribution of air bubbles.
(a) C/=10mg/L, J.=0.66 cm/s, (b) C=10mg/L, J,=1.99 cm/s

the bubble size distributions with superficial gas velocity of 0.66 cm/
s and the range of frother dosage of 40-300 mg/L. When the sup-
erficial gas velocity 1s constart, bubble size decreases with mcreas-
mg the frother dosage.

From the expeniments and Eq. (20), bubbles n the Sauter mean
ciameter of 0.26, 034, 0.42, 0.51, 0.59 and 0.67 mm were selected.
In each expenmental condition to acquire corresponding bubbles,
gas holdup and bubble swarm velocity was measured. Table 2 pre-
sents the experimental conditions of bubble size, gas holdup and
bubble swarm velocity i each condition.

2. Theoretical Results on the Collection Model

Collection efficiencies and flotation rate constants as a function
of bubble size end particle size can be calculated by the experi-
mental results of bubble behavior.

2-1. Bubble Size Effect

Fig. 7 1s the collection efficiency as a fimction of bubble size.
Decreasing bubble size clearly mcreases collection efficiency. This
results from increases in both collision efficiency (as shown m Egs.
(7) and (8)) and attachment efficiency. The increase in the attach-
ment efficiency 1s because the fractional decrease n particle sliding
velocity on a smaller bubble exceeds the fractional decrease m shd-
ing distance.

2-2. Particle Size Effect

Fig. 8 illustrates the relationship between collection efficiency
and particle size. The fist feature of note 1 that collection efh-
clency passes through a maxumum m the particle size of 52 im. The
maximum is explained by the opposing effect of particle size upon

Korean J. Chem. Eng.(Vol. 19, No. 4)
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Fig. 6. Bubble size distribution as a function of (a) superficial gas
velocity, (b) frother dosage.

Table 2. Test results of bubble size, gas holdup and bubble swarm

velocity
Cr(mg/L) I, (cm/s) d, (mm) £, U, (cm/s)
300 033 0.26 119 2.1
300 1.99 0.34 458 1.9
120 1.66 0.42 381 1.9
120 232 0.51 536 1.8
80 2.65 0.59 62.5 2.2
40 2.65 0.67 321 2.7
25

m dy=11.4pm

e d,=225um

20 | A d;=52.0pum
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Collection Efficiency, E, (%)

Bubble Diameter, d, (mm)

Fig. 7. Collection efficiency as a function of bubble size.
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Fig. 8. Collection efficiency as a function of particle size.

collision and attachment: as particle size increases collision effi-
ciency mcreases but attachment efficiency decreases. Thus 1s because
large particles have a large velocity over the bubble and consequently
particle sliding time decreases. Another reason is that particle grav-
1ty exceeds particle-bubble attachment with increasing particle size.
That is, the gravity force of particle is greater than the attachment
force between particle and bubble in the range of particle size more
them 52 pm, which causes a decrease of attachment efficiency and
therefore collection efficiency. But in the case of particle size less
then 52 um, collection efficiency 13 mfluenced by perticle size as
shown Egs. (7) and (), and therefore it is increased as a function
particle size. Hence collection efficiency of particle more than 52
pm 15 controlled by gravity force, but it 13 mfluenced by attach-
ment force in the case of particle less than 52 pm.
2-3. Optimum Condition

Fig. 9 is the flotation rate constant as a function of bubble size.
Generally, decreasing bubble size increases flotation rate constant
(as shown m Eq. (18)), but it has a meximun m the bubble size range
of 0.3-0.4mm. As aresult, smaller bubbles increase collection ef-
ficiency but do not improve recovery. This is explained from FEg.
(18) presented by [Finch, 1990]. Flotation rate (k) 1 determined

0.1

—@— dp=22.5um
—a&— dp =52.0 ym
—w— dp =951 um
—— dp = 189.2 um

0.01 L

Flotation Rate, k. (s™)

1 i 1 L L

0.2 0.3 04 05 0.6 0.7
Bubble Diameter, d, (mm)

Fig. 9. Flotation rate constant as a function of bubble size.
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Fig. 10. Bubble size, collection efficiency and flotation rate as a
function of superficial gas velocity for d,=22.5 im and C;
=200 mg/L.

by the bubble size (d,) and the superficial gas velocity (). It is typ-
wcally tendency that k, become deaeased as bubble size 15 bemg
mereased, but m the range of 0.3-035 mm, k, 15 mcreased a little
on the contrary. The reason is that an increasing rate of I_ is greater
than the cne of d, m this range. J, 8 determmed by the degree of
contamning the amount of ar within the column. That 15, increasing
I, increases air holdup within column. At the end of this aspect, air
holdup within column becomes meaximum i the range of bubble
size of 0.3-0.35 mm, finally to induce the increase of flotation rate.

Fig. 10 18 the collection rate constant as a function of superficial
gas velocity, and this relationship 13 given by Eq. (18). For a given
flotation system operating at a specific gas velocity and bubble size,
an mcrease m gas velocity would be expected from Eq. (18) to yield
an increase 1 collection rate. However, an mcrease in superficial
gas velocity mcreases bubble size which reduces flotation rate con-
stent as described m Fig. 10. Thus, flotation rate constent had & max-
imum in the superficial gas velecity of 1.5-2.0 em/s. Optimum con-
dition from thus study 15 sunilar with Lee’s experimental optinmum
condition (bubble size of 0.43 mm and superficial gas velocity of
1.99 cm /) [Lee, 1999].
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Fig. 11. Comparison of experimental and theoretical particle re-
covery.

3. Particle Recovery (Experimental vs. Theoretical)

Fly ash particles in the size range of below 38, 38-75, 75-125,
and above 125 [lm were used as separation test particles. Particles
m the mass median diameter were 22.5, 52.0, 95.1 and 189.2 Um,
respectively. Separation tests were performed at an optimum con-
dition (d,=0.34 mm, J,=1.99 cm/s). Expermmental particle recov-
eries were 82, 88, 77 and 53% in the particle size of 22.5, 52.0, 95.1
and 189.2 um, respectively (as shown m equation 23). Fig. 11 is
the comparison between experimental and theoretical particle recov-
ery. Theoretical recovery obtained from Eqg. (19) had a similar value
as experumental recovery, but had a large difference m the particle
size up to 100 lm. Thus, further study on the cohunn flotation sys-
tems using microbubbles 18 needed to estunate the particle recov-
ery with the particle size up to 100 Hm.

CONCLUSIONS

A fundamental model of flotation was considered to estimate
the particle recovery. Collection efficiency, flotation rate constant
and particle recovery were calculated by experimental data on the
bubble behavior such as bubble size, gas holdup and bubble swarm
velocity. Expermmental particle recovery was compared to the theo-
retical particle recovery.

1. Collection efficiency increased with decreesing bubble size and
increasing particle size but decreased in the particle size up to 52pum.

2. Flotation rate constant ncreased with decreasing bubble size but
was larger in the bubble size of 0.3-0.4 mm than in that of 0.26 mm.

3. A decrease m bubble size mereased collection efficiency but
did not improve particle recovery.

4. Separation tests were performed at an optimum condition (d,=
0.34mm, J,=1.99 cm/s). Theoretical recovery had a similar value
as expermnental recovery but had a large difference m the particle
size up to 100 pm. Thus, further study on the cohunn flotation sys-
tems using microbubbles 18 needed to estunate the particle recov-
ery with the particle size up to 100 Lm.

ACKNOWLEDGEMENTS

The authors wish to thank the Institute for Environmental Tech-
nology and Industry (TETT) and Korea Science and Engineering
Foundation (KOSEF) for the fimancial support [R12-1996-009401 -0].

NOMENCLATURE

A, cross section of the column [em?]
A, :area of the electrode [cm?]

Cr : concentration of the surfactant [mg/L]
D. : diameter of the column [cm ]

d, :bubble diameter [mm]

d, :particle diameter [m]

E, :attachment efficiency

Ee  :collision efficiency

E. : collision efficiency by gravitation

Eo  :collision efficiency by interception
E,. :collection efficiency

F,  :buoyant force [N]
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F, :drag force [N]

I, gravitational force [N]

F, :inertial force [N]

g : gravitational acceleration [m/s’]
H. : collection zone height [cm]

I, superficial gas velocity [cm/s]
K ! electrical conductivity [{im]
k., : flotation rate constant

1.,  :length of the electrode [em ]
Q, arrate [lpm]

Re, : Reynolds number of bubbles
R :recovery of particle

Sk Stokes number

t; - induction time [ms]

t, : residence time of particle [s]

t, : sliding time [ms]

U, :bubble swarm velocity [cm/s]

Ah  : water level difference of the manometer [om]
AL difference between manometers [cm |

. difference between electrodes [om)]

Greek Letters

€ : gas holdup

8. :angle of closest approach for fluid streamlines, degree
8, :maximum angle of contact, degree

o' : 8 that yields t =t

il : liquid viscosity [dyne-s/cm ]

: surface vorticity

. . surface vorticity at gas holdup €,

p; : density of liquid [g/cm’]

p, : density of particle [g/cm’]

Subscripts

s alr

: bubble

: column

. electrode
. frother

: gas

: liquid

: particle

: swarm

wog o~ M o o oo
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