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ABSTRACT

The first-order flotation rate is directly proportional to the superficial gas rate and varies
approximately as the inverse cube of bubble size, suggesting that decreasing bubble size is a
more effective mcans of improving flotation rate than increasing gas rate. For this reason, many
new flotation machines , mostly in the form of columns, have been developed recently, in which
various forms of microbubble generators are incorporatcd . Despi te the successful demonstration
in industry , there are still problems concerning scale-up and maintenance of the bubble
generators . This paper provides a theoretical basis of the microbubble flotation technology and
offcrs a discussion on matters concerning scale-up.

INTRODUCTION

ln mineral processing, froth tlotation is regarded as the best

availabl~

technique for

scparating fine particles; however , it becomes inefficient when the particle size is very small
(less than approximately 10 J.tm) or when the ore contains a large amount of finely dispersed clay
or silicious gangue material. Small particles have a low probability of collision with air bubbles,
resulting in low recovery. ln addition, dispersed fine gangue particles are easily entrained to the
froth product along with the process water, resulting in poor selectivity. Thus, when processing
ores which require fine grinding for mineral liberation, both of these problems nced to be
resolved to obtain the desired grade and recovery.
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Column flotation has been heralded in recent years as the solution to both of these
problems. Indeed, columns are used successfully in industry, but their application is limitcd
largely to cleaner operations where selectivity is of prime concern.

The high selectivity of

columns can be attributed to the use ofwash water, which is designed to reduce the entrainment
problem . However, columns often suffer from low throughput and, therefore, cannot be uscd
for rougher flotation. This is particularly the case when the bubbles generated in columns are
larger than those used in conventional flotation machines. For this reason, new columns have
recently been developed that incorporate various types of bubble generators capable of producing
'microbubbles'. This paper describes the theoretical basis of using small ai r bubblcs for column
flotation, and offers a discussion concerning scale-up.

Hydroaynamics

or Bubble-Particle Interaction

The probabihty (P) of a particle being collected by an air bubble in the pulp phase of a
flotation cell can be given by

P

=

P,Pa(l-P),

[1]

in which P, is the probability of bubblc particle collision, P. the probability of adhesion, and Pd
is the probability of dctachment. For fine particles, Pd can be negligibly small becausc of the
low inertia, in which case Eq . [I] becomes:

P =Pc PQ

[2]

P, is determined by the hydrodynamics of the system, which is strongly affected by the particles

size, bubble size and the turbulence of the system. P. is also affectcd by the hydrodynamics but
is largely a function of the surface chemistry involved.

a) Probability of Collision

Sutherland (1) was the first to derive an expression for P, from a stream function :

P,=3D)Db,

[3]
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in which DP is the diameter of the particle and Db is the diameter of the bubble. &cause of the
assumption of potential flow, this equation is valid only for bubbles that are much larger than
those used in flotation practice . Gaudin (2) also derived an expression for Pc:
[4]

using the stream function for the Stokes flow condition. However, Eq. [4] is applicable only
for very small bubbles.
Recognizing the limited applícabílity of Eqs . [3] and [4], Flínt and Howarth (3) numerically
solved the Navíer-Stokes equations to determine Pc. This approach was modified by Reay and
Ratcliff (4) to show that
[5]

This relationship has been verified experimentally for very fine particles using the typical sizes
of bubbles used in flotation tcsts .
More recently , Weber (5) and Weber and Paddock (6) derived an analytical expression for

Pc for bubbles of low Reynolds numbers. For the case of large Reynolds numbers, the NavierStokes equations were solvcd numerically using a curve-fitting tcchnique.

ln this manner,

Weber and Paddock wcre ablc to derive an expression for Pc:

[6]

in which Re is the Reynolds number of the bubble.

Eq. [6] is the first of its kind that can

predict Pc for wide ranges of bubble and particle sizes.
The essence of predicting Pc accurately is to derive appropriate stream functions for
diffcrent ranges of bubble sizes. Although the stream functions for the Stokes and potential flow
conditions have been known for a long time, those for the intermediate Reynolds numbets have
not.

It happens that most of the flotation-size bubbles have their Reynolds numbers in the

intermediate range. For this reason, Yoon and Luttrell (7) derived a stream function applicable
to flotation size bubbles as follows:
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in which t/; is the dimensionless stream function, Oand x are the angular and dimensionless radial
coordinates, respectively; Rb is the bubble radius and ub is the velocity of bubble. Using Eq .

[7], Yoon and Luttrell derived an expression for Pc:

pc

which shows that Pc varies as

vb-

2

=[l2

0

4Re
+
- ·72tD
__1!,
15

Db

)2

for small bubbles with Re=O.

[8]

With larger bubblcs, Pc

becomes less dependent on Db. It can be readily shown that for very large bubblcs, Pc varies
D b -0.4<i

o

Thus, the power relationship between Pc and the D.IDP ratio changes with bubble size and
may be represented in a generalized form:

P,=A(~:r

[9]

in which A and n are parameters that vary with Reynolds numbers. Table I shows how they
vary in the three flow regimes considered, while Fig. 1 shows the values of Pc calculatcd for
Dp= 11.4 llm. Note that for the flotation-bubbles, Sutherland's equation (Eq. [3]) overcstimates

P" while Gaudin's (Eq. [4]) underestimates it. However, Gaudin's cquation can still bc uscful
for bubbles smaller than approximately 100 J.Lffi. Beyond this limit , the two equations dcrived
by Weber and Paddock (Eq. [6]) and Yoon and Luttrell (Eq. [8]) may be useful. Although these
two equations have been dcrived using completely different approaches and are in diffcrent
functional forms, the predicted Pc values are in reasonable agreement wíth each other.
Ali the Pc expressions given in Table I are based on the interceptional collision modcl,
which may be useful for flotation under relatively quieseent conditions . They may be applicable
to flotation columns with large length-to-diamcter (L/D) ratios or for columns with baftles or
packing. Use of small bubbles also helps create quiescent conditions. For mechanically agitated
cells, however, the turbulence model may be more appropriate. Bascd on the collision model
I

Table I. Values of A and n of Eq. [9] for different flow conditions
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Potential [3]

derived by Abrahamson (8), Schubert and Bischofsberger (9) derived the following exprcssion
for prroicting the number
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of bubble-particle collisions per unit volume and time:
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in which NP is the number of particles in unit volume and Nb is the sarne for bubble; and VP and
Vb are the mean relative velocities of the particles and bubbles, respectively .
Schubert (10) and Liepe and Mockel (II) showed that the mean relative velocities can be
estimated by:

.±
fUi

7

e9D.9(

V'i =0.33-f- ;)3
2

[11]

\1 3

in which the subscript i refers to bubble or particle, e the specific energy dissipation, (] the
density of the medium,

Â(]

is the density difference betwecn i and the medium , and v is the

k.inematic viscosity.

b) Probability of Adhesion

The availability of a stream function also makes it possible to predict P. . Using the strcam
function given by Eq. [7], Yoon and Luttrell (7) calculated the s1iding times of partic1es on
bubble surfaces. Bubble-particle adhesion will occur when the s1iding time is longer than the
induction time, which is defined as the minimum time to thin and rupture the fi1m bctwccn the
particle and bubble. Using this criterion, one can derive an exprcssion for P. in thc fo11owing
form:

J

j

-(45+8Re

072 ubti)]

[12]

pa =sin l2arctanex1, l5Db(DJDP + l)

in which t1 is the induction time and

ub

is the bubble ri se ve1ocity. This expression is app1icable

for the intermediate Reynolds number range.

The induction time is strong1y a functi on of

particle hydrophobicity and can be easily measured using a rc1atively simp1e dcvice ( 11 · 12).
Since induction times can be measured with powdered sampfes, it is a more convcnicnt measurc
of hydrophobicity than contact angles in flotation studies.
Fig. 2 shows the P. values predicted using Eq. [12] from the induction times measured on
a coai sample oxidized in watcr over a long period of time. The calculated P. valucs are in
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Fig. 2 Values of P. calculated using Eq. [3] from the induction times measured for coat
samples oxidized in water at ambient temperature.
reasonable ag rcement with the microflotation results, at least in trend . Eq . [1 2] suggests that
P. is also a function of particle size and bubble size. It has been shown that as the particle size

decreases P. increases, and P. increases with decreasing bubble size until it decreases again as
the bubble size becomcs too small (7).

c) Flotation Rate

Once P is known from the microprocesses , the first order flotation rate constant (") can be
obtained using the following relationship:

[13]

where

v, is the superficial gas rate, wbich is the gas flow rate divided by the cross-sectional area

of the flotation cell. Since Pc varies as D2P at the bubble sizes commonly employed in flotation

lO
(fable I), k will also vary as D 2P at given P. and V8 , providing an explanation for the difficulty
in recovering fine particles. A common method of correcting this problem is to increase Vg as
suggested by Eq. [13].

However, the improvement in k that can be brought about by this

method is only linear, i.e., k

<X

V8 •

A better solution to the problem is to use smaller bubbles. From Eq . [8], it can be seen
that when bubble size is in the range of 100 ,um or smaller, Pc varies as Db- 2 • Substituting this
relationship into Eq. [13], one can see that k varies as Db- 3 , which is a strong indication to use
smaller bubbles. However, as the bubble size becomes larger, Pc becomes progressively less
dependent on bubble size. If the bubbles become very large, k varies as Db-t4f>.
For the purpose of illustrating the effect of bubble size on flotation rate constant, Eq. [13]
has been used to calculate k as a function of Db. The results are given in Fig. 3 as a solid line.
The calculation has been made for DP=8 ,um and P.=0.6.

Also shown are the "frothless"

flotation test results obtained using a methylatcd quartz sample with 8-,um median size (13)_
When the agitation speed was as slow as 100 rpm, the experimental k values were in close
agreement with those predicted, particularly with regard to the slope. As the agitation specd
increased, k became less dependent on Db.

The results also show that strong agitation is

detrimental to fine bubble flotation, while it helps flotation with larger bubbles. This finding
suggests that the benefits of using small bubbles for flotation are bcst realized under quiescent
conditions.
Even with turbulent collision, decreasing the bubble size should increase the collision rate
and, hence, the rate constant. However, the flotation rate is not as strongly dependent on Db
as with interceptional collision under quiescent conditions. Eqs. [lO] and [!!] suggest that for

Db> DP, the collision rate varies approximately as D/' 61 • Substituting this relationship into Eq.
[13], one can see that k

<X

Db- 161 • This finding may suggest that the benefits of using small

bubbles can be best realized when the flotation cell can provide a relatively quiescent condition.
As Ahmed and Jameson (14) suggested, the use of small

bu~bles

on the order of 100 ,um undcr

quiescent conditions or the use of moderate-to-high agitation with larger bubbles would rectify
the low recovery rates associated with fine particles.
Flotation columns certainly provide a more quiescent environment than the agitated cells.
For this reason, using microbubbles in the range of 100 to 400 ,um may prove fruitful. ln fact,
severa! microbubble flotation columns have been developed recently andare in commercial use.
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Microbubble flotation

a) Bubble Generation
Severa! microbubble flotation columns have been devcloped in recent years to take
advantage of the facts that small bubbles can increase the recovery and that the use of wash
water can produce cleancr products . These include those developed by Dcister Company, Inc. ,
Technical University of Clausthal (Bahr cell), U .S. B';!reau of Mines, Cominco Metais, and
Virgínia Tech . Each of these columns uses a different method of generating small bubbles . The

Deister colwnn uses porous venturi tubes similar to the one shown in Figure 4a. Fast moving
fluid inside the smaller tubing , which is made . of porous stone, removes bubbles from their
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nucleation sites before they grow in size. The Bahr cell uses an aspirator that inducts air into
water by means of venturi effect. Virgínia Tech's Microce f"' uses an in-line mixer (Figure 4b)
for bubble generation. Aerated slurry is passed through the mixer to create a high degrcc of
turbulence for bubble generation. The U.S. Bureau of Mines' bubble generator relies on passing
aerated water through a fine orifice at high speed. The air and watcr are mixed in a chambcr
filled with glass beads (Figure 4c) . The Cominco sparger is similar to lhe U .S.B.M design
except that pressurized air and water are mixed at a T-joint rather than in the packcd bed of
glass beads. Also, the wear on the orifice is minimized by carbide inserts .
Ali of these techniques rely on increasing the shear rate of the tluid at the bubble nucleation
sites .

Bubble size can be reduced either by increasing the shear rate , which can be

accomplished by increasing the energy dissipation, or by reducing the surface t ension , which is
done by frother addition. Use of a large amount of frother can be detrimental to selectivity ,
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however. On thc other hand, reilucing bubble size by increasing the shear rate can be costly in
terms of energy consumption.

b) Microcel,..

The simples! method of generating microbubbles is to agitate a surfactant solution in a highspeeil mixer, e .g . , a kitchen blender; however, creating such a high-shear agitation in an
industrial flotation machine is impractical . Therefore, the Microcel,.. column is designed to
agitate only a part of the slurry in the cell using a set of externally mounted static mixers.
Figure 5 shows a schematic diagram of an 8-foot diameter column that is designed for coai
flotation. ln this cell , a part of the slurry is withdrawn from the bottom of the column by means
of a centrifugal pump and passei! through a set of six 4-inch diameter static mixers.

Air is

introduceil into the slurry just before it enters the static mixer. The mixture of air and slurry
is subjected to a high degree of turbulence inside the static mixers to produce small bubbles.
The microbubble suspension createil as such enters the column at the bottom to float
hydrophobic particles .
Generating bubbles using static mixers is essentially the sarne as in mechanically agitated
conventional flotation cells. Both rely on using mixers, one using static mixers and the other
dynamic mixcrs . The major difference comes from the fact that the latter agitates the whole
volume of Lhe slurry, while the former agitates only a fraction of Lhe slurry in the cell.
Therefore, ata given energy input the static mixers can produce a higher shear rate and, hence,
smaller bubbles . The taller the column, the larger the savings in energy realizei! as the fracLion
of the slurry agitateil bccomes smaller.
The Microcel.,. Lechnology has severa! importanL advantages . Bccause Lhe bubble generaLors
are made of in-line mixers, which are usually 2-4 inches in diameLcr depending on the
applicaLion, they are non-p/ugging. This, plus the fact that they are mounteil outside the column,
provides easy maimenance for the sparging system. Although the bubble generators made of
steel show excellem wear characteristics, polyurethane or ceramic materials can be used to
minimize the wear. Perhaps the most important advantage of the Microcel.. is that because of
the large values of k associated with using small bubbles,

high throughput capacities can be
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realized for a given cell height. In addition, the high k values allow columns to be operated at
a low aerarion rate.

c) Scale-up

Column scale-up requires information conceming flotation rate constant (k) and the
retention time (r) requirement. k can be determined in laboratory experiments using a 2- or 3inch diameter column. From the fractiona1 recovery (R) obtained under optimum conditions,

k can be back-calcu1ated using Levenspie1's equation ( 15) :

R =1 _

4aexp(PeEL_ _ __
(1 •afexp(a(2Pe)- ( l - a) 2 cxp( -a/2Pe)'

[14)

in which
a

=

/1

+ 4h/Pe,

[15)

and r is the mean retention time of the particles in the cell. Pe is the Pcclet number which is
a convenient measure of axial mixing in the ce11.

Mankosa et ai. (16) dcrived the followin g

relationship:

Pe

=

0.7[(I./D) 063 (U1fV/sl

[1 61

in which L is the length of the collection zone in the column (the distance bctween the pulp/ froth
interface and the point where air bubble is introduced), D the column diameter, and u1 is the
interstitial liquid velocity . Thus, Pe is expressed as a function of the geometry (L and D) and
operating conditions (u 1 and V8 ) of the column.
Many industrial columns suffer from long retention times and , hence, low throughput. This
can often be attributed to the fact that the bubbles gencrated in full-size columns are significantly
larger than those used in laboratory columns. Although coá!escence is partially responsiblc for
the large bubbles, the main problem 1ies in the difficulty in scaling-up bubble generators . With
most co1umns, bubb1e generators are scaled-up by surface area, while columns are scaled-up by
volume. For this reason, exceeding1y large numbers of bubble generators are required for fullsize columns, but because of the geometric limitations inside the cell only a limited number of
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bubble generators are installcd . ln this case, the gas rate must also be reduced to kecp the
bubble size small; however, many columns are operated at high gas rates, crcating large air
bubbles . Unlike those uscd with other columns, the bubble gcnerators of the Microcel""' are
scaled-up by volume, which makes it possible to produce small bubbles in full-size columns .
Another important factor in column scale-up is the froth carrying capaciry (C), which is
defined as the mass rate of solids per unit cross-sectional area of a ccll reporting to the froth
product. lt can be readily shown that

c

[17]

in which Q, is the volumetric flow rate of air, DP the particle diameter in the froth, p the particle
specific gravity , {3 the parti ele packing factor on the bubble surface, and D1 is the bubble
diameter in the froth. As shown, C increases with increasing Q, and with decreasirig Df> which
is found to be the case at relatively low values of C. It has been shown, however, that C
quickly reaches its maximum and becomes insensitive to Q1 and DI" The reason is that as Q,
increases beyond a certain limit , D1 also increases, canceling each other's effect on C. This
limiting C v alue is referred to as the maximum carrying capaciry limir (C,....) . Thus , if a column
is running at C'""', its maximum throughput effectively becomes a function of Dp, p, and {3 only .
Figure 6 shows the carrying capacities (C) of various mineral and coai columns plottcd
against the product of the 80% passing size (D80) and the specific gravity of the particles floated.
The upper Jimit (solid line) of ali the data points represents

cmax,

which is close to the values

reported by Espinosa-Gomez et al. (17) .

lf a column throughput is substantially below C'""', it is said that the column is operating
under rate-/imited condition . This situation is created when k is below optimum . If a column
is diagnosed as suffering from rate-limited condition, one can increase k by controlling one or
more of the following variables : i) bubble size, ii) collector addition rate, and iii) aeration rate.

lt has been found that the control of bubble size is the most effective means of improving k.
When k is high enough, the throughput is dictated by

c_,

in which case it is said that the

column is operating under carrying capaciry-limited condition. It is useful sometimes to design
a column such that k is high enough to allow hydrophobic particles to report to the froth phase
in the amount slightly exceeding C,..... Less hydrophobic particles are then retumed to the pulp,
providing a means of improving product grade. This mechanism is referred to as rejluxing.
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CONCLUSIONS

Stream functions derived for the intermediate flow regime make it possible to predict the
probability of bubble-particle collision over a range of bubble sizes employed in flotation
practice. The availability of the stream functions also make it possible to predict the probability
of adhesion based on induction time measurements. Using these probability functions, one can
predict lhe power relationship between flotation rate constant and bubble size . The flotation rate
constants determined experimentally using a frotherless flotation cell are in reasonable agreement
with those predicted based on the interceptional collision model. However, the agreement is
found only when the cell is operated at a relatively quiescent condition. Under more turbulent
conditions, the rate constants obtained using smaller bubbles tend to decrease, while those
obtained using larger bubbles are increased. This finding suggests that the benefits of using
small bubbles are best exploited under relatively quiescent conditions, which may be more
readily obtainable with columns than with mechanically agitated cells.
Different types of flotation columns incorp()rating microbubbles generators have been
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developed in recent years.

Despite the successful demonstration of this '·concept, there are

problems with scale-up and maintenance. A difficulty in scale-up results in large bubbles and,
hence, a low recovery or throughput. These problems are particularly serious with those relying
on using porous material for bubble generation. A successful column should be designed to
produce small enough bubbles that can reach the carrying capacity limit without creating
maintenance problems.
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