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Abstract — Fluid flow phenomena and therefore the
flotation efficiency ofair-sparged hydrocyclone (ASH)flota-
tion are strongly dependent on operating and design vari-
ables such as air and slurry flow rates, underflow and
overflow opening areas, percent solids of thefeed, reagent
levels, particle size and ASH length. Time-averaged
multiphaseflow characteristics, as determined by X-ray CT
(describedinapreviouspublication), are used to understand
and explain the steady-state ASH flotation of quartz. A
detailedparametric study ofquartzflotation by a nominal 2-
in. diam. air-sparged hydrocyclone (ASH-2C) revealed the
influence ofthese variables on theflotation response, which
is discussed in terms of the multiphaseflow characteristics.
Thus, aphenomenological description ofquartzflotation has
been established to assist in the further development and
utilization of the ASH technology.

Introduction

The high specific capacity air-sparged hydrocyclone (ASH)
has been found to provide effective flotation separations in
anumber of applications (e.g., coal, phosphate, gold, potash,
copper, wastewater treatment and deinking flotation for
wastepaper recycle). The general principles of ASH flotation
have been discussed in the literature (Miller, et al., 1984a,
Miller, et al., 1988, Gopalakrishnan, et al., 1991, Ye, et al.,
1988 and Miller, et al., 1989). Flotation in the air-sparged
hydrocyclone is characterized by complex multiphase fluid-
flow phenomena, which greatly influence the separation
efficiency. The swirl-flow associated with ASH flotation is
rotational and turbulent and involves all three phases: solid,
liquid and gas. It is evident that the flow characteristics
constitute a major aspect of the ASH flotation technology,
and in this regard it is very important to understand how
multiphase flow phenomena impact ASH flotation in order to
provide abasis for improved design and operation. However,
understanding the flow behavior has been limited due to
experimental difficulties associated with the presence of the
opaque, inner porous tube of the ASH. Conventional mea-
surement techniques such as high-speed photography and
laser-Doppler anemometry are difficult to use during actual
ASH flotation experiments.

Afew studies have been carried out by various researchers
to understand the fundamentals of the swirl flow involved in
ASH fluid dynamics. Some of the fluid dynamic aspects of
swirl flow in general have been explained in terms of vortic-
ity and swirl decay (Loader, 1981). Early ASH research to
characterize the swirl flow was accomplished using a trans-
parent plexiglass tube having no froth pedestal. Inthese tests,
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water was fed through an involute entrance at the top of the
tube (Miller et al., 1984b). It was found that a wave pattern
forms at the surface of the swirl layer with streamlines
approximately 45 degrees from the normal when the vortex
formation is complete. This led to the expectation that, under
such conditions, the axial and tangential velocities are almost
equal inmagnitude. Also inthis study (Miller, etal., 1984b),
tangential and axial velocities of the swirl layer were mea-
sured using laser-Doppler anemometry. It was found that
both velocities drop rapidly inthe region immediately below
the inlet section and then rise again. From this point down-
wards, the tangential velocity decays significantly with axial
distance, whereas the axial velocity decays only slightly.
From first principles, the radial component of velocity has to
be zero at the wall and at the air/water interface. Therefore,
in view of the small thickness of the swirl layer (10% of the
tube radius), the radial component of velocity was assumed
tobe zeroat all axial and radial positions in this study. Efforts
were made to compare these experimentally measured tan-
gential velocity profiles with theoretical calculations (Das, et
al., 1993). In this study (Das, et al., 1993), the vorticity
stream function form of the Navier-Stokes equation was
solved, assuming the flow to be of high Reynolds number but
still in the laminar regime. No turbulent closure equations
were used.

Efforts have also been made to understand multiphase
flow inthe ASH by studying bubble characteristics generated
from a single orifice. Consideration of the size and slip
velocity of air bubbles from a single orifice (Miller, et al.,
1984b) had led to speculations about multiphase flow in the
ASH system. A simple theoretical expression for the size of
a bubble generated at a single capillary was derived. Using
a high-speed motion analyzer video system for analysis, it
was found that the effect of surface tension on bubble size is
negligible. Bubble coalescence does not occur at the point of
formation. Bubble size increases with air rate and fluid
viscosity. It was confirmed that the movement of individual
bubbles follows Stake’s law. Bubble residence time was also
calculated, and it was found that residence times are typically
0.2 to 0.3 sec for the aqueous phase and a few seconds for
individual microbubbles. For a bubble swarm, the residence
times are longer, depending on the volume fraction of the
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Fig. 1 — Perspective of the air-sparged hydrocyclone (ASH). (Miller et al., 1988)

bubble phase. The capacity of the ASH is thus limited by the
residence time ofthe bubble phase. However, no efforts were
made to study flow characteristics in the ASH during actual
flotation (Miller, et al., 1984b).

In another study (Hupka, et al., 1994), bubble size distri-
bution in the ASH was studied using high-speed photography
for the two-phase air-water system. It was found that an
increase in frother (MIBC) concentration significantly de-
creased the average bubble size and narrowed the size distri-
bution for water flow rates from 30 to 75 L/min. The
surfactant minimized the effect of coalescence at the point of
bubble formation. The average bubble size decreased from
400 to 200 jamwhen the water flow rate increased from 30to
75 L/min at a frother concentration of 10 ppm. Larger
bubbles tended to be produced at higher air flow rates.
However, this effect was not very substantial.

Notwithstanding these previous studies, a thorough un-
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derstanding of ASH flow behavior and its relationship to
flotation performance remains incomplete. In this regard,
initial efforts to characterize the ASH flow behavior using X-
ray computed tomography (X-ray CT) were found to be very
encouraging (Lin, et al., 1992 and Miller, et al., 1990).
Therefore, further study was undertaken in 1993 to provide a
more detailed understanding of ASH flow behavior and
flotation performance by direct experimental observation
using X-ray CT (Das and Miller, 1994). Fairly accurate
quantification, in terms of density profiles along the axis and
along the radius of the ASH, was found to be possible by X-
ray computed tomography (X-ray CT). Inaddition, different
flow regions, e.g., air core, froth phase and swirl layer, were
identified, and their spatial extent was established (Das and
Miller, 1994).

As acompliment to this X-ray CT study (Das and Miller,
1994), a detailed parametric study of ASH flotation perfor-
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mance was carried out using monosized quartz particles with
amine as collector, and the results are reported in this contri-
bution. Also, the swirl flow behavior in a right-vertical
plexiglass cylinder was observed, and steady-state flow char-
acteristics for different experimental conditions were re-
corded by photography. The steady-state flow regimes inthe
ASH and in the plexiglass tube, as revealed by X-ray CT and
photography, respectively, are used to explain the ASH
flotation of quartz and the dependence of the flotation re-
sponse to the following operating variables:

* dimensionless area ratio (A*) is the ratio of overflow
opening area to underflow opening area,

* dimensionless flow-rate ratio (Q*) is the ratio of air
flow rate to slurry flow rate,

« percent solids in the feed suspension,

slurry inlet pressure,

collecto_r level, and >nm
suspension pH.

Experimental setup and data acquisition

An ASH-2C system, designed and manufactured by Ad-
vanced Processing Technologies Inc. of Salt Lake City, UT,
was used inthis study. The system consists of a KREBS inlet
header with a rectangular (0.80 x 0.33-in.) inlet opening and
a0.875-in. ID vortex finder, a 1.9-in. ID porous tube (12 in.
long) and an underflow tapered froth pedestal. A schematic
drawing of the ASH is presented in Fig. 1 Details of the X-
ray CT experimental setup are described elsewhere (Das and
Miller, 1994). Quartz suspensions (100 x 200 mesh and 200
x 325 mesh) were used as feed for the ASH experiments. The
slurry was prepared in a 800 L sump with the desired percent
solids and the desired levels of reagent addition (e.g., frother
and collector). Two LIGHTNIN mixers (ND-2, CS, 1/2HP,
1725 RPM), manufactured by Mixing Equipment Co., Inc.,
kept the solids in a suspended state and homogenized the
slurry such that the system was well mixed. The feed slurry
in the sump was conditioned for 10 min before the ASH
flotation experiments were initiated. The slurry flow rate was
controlled by regulating the ASH inlet pressure with a two-
way Apollo ball valve manufactured by Conbraco Industries
Inc. The inlet pressure was monitored by a pressure gauge that
was calibrated by measuring the volume flow rate at different
pressure levels. Acompressorwasusedtosupply airtothe ASH.
The airwas sparged through the inner porous tube, which had an
average pore diameter of about 50 pm (pore size range 40 to 60
(@m). The air flow rate was monitored and controlled with a
rotameter (Model 10A1755A) manufactured by Fisher & Porter
Company. The reagents used for this study were MIBC (sup-
plied by Aldrich Chemicals, 99% purity) as frother and dodecyl
amine (supplied by Surfactant Division, Rhone Poulenc Inc.)
as collector. The frother concentration was maintained at 40
ppm (water basis) for all experiments. Unless otherwise
noted, the collector concentration was kept at 800 g/t of dry
solids and the particle size was 100 x 200 mesh. This same
ASH system was used both for the X-ray CT measurements
(Das and Miller, 1994) and for the flotation experiments
described in this paper. In the case of the flotation tests, the
two product streams, overflow and underflow, were sampled
for different experimental conditions, filtered, dried and
weighed to give the amount of solids in each stream. From
this data, the recovery values were then calculated. The
results are reported in the following section.
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To compliment our understanding of the effect of operat-
ing variables on ASH flotation of quartz, photographs of the
flow characteristics were taken in a plexiglass tube. Inthese
experiments, the porous tube section of the ASH was re-
placed with a nonporous, transparent 2.4-in. ID plexiglass
tube connected to the header. Using this system, the changes
in flow pattern with changes in feed inlet pressure and A*
were observed and recorded by photography. Inthese experi-
ments, the feed consisted of water only. No air was sparged.

Results and discussion

The internal flow behavior in the ASH is characterized by
three distinct flow regimes, namely, the central air core, the
froth phase and the swirl layer. It was observed that for inlet
pressures exceeding 7 psi, there is always an air core at the
center. X-ray CT measurements revealed these features
clearly. Information regarding the dimensions of the above
mentioned flow regimes and the radial density profiles in the
ASH, as obtained from X-ray CT measurements and subse-
quent image analysis, have been reported in greater detail
elsewhere (Das and Miller, 1994). By studying the radial
density profiles at various axial locations, the flow regimes
along the entire length of the ASH can be constructed. Such
representations are shown and discussed with regard to the
flotation response in the following subsections.

Percent solids. The flow regimes, as revealed by X-ray
CT density profiles, for 5% and 15% solids in the feed are
compared in Fig. 2. It can be seen from this figure that as the
solids in the feed slurry is increased from 5% to 15%, the air
core shrinks, and the swirl layer thickness at the top of the
ASH is reduced. For 5% solids inthe feed, the froth phase is
relatively narrow and does not extend down to the bottom of
the ASH. In this case, the flow region in the bottom half of
the ASH essentially consists of an air core and a thick swirl
layer of average density 1.0 g/cc, indicating the total absence
of hydrophobic quartz particles in this region.

On the other hand, the froth phase is much more extensive
for the 15% solids case and extends all the way down to the
bottom of the ASH, gradually diminishing in thickness. In
another paper (Das and Miller, 1994), it was established that
the froth phase is stabilized by the presence of hydrophobic
particles, as revealed by the axial views presented in Fig. 2
The disappearance of the froth phase at the very bottom and
an average swirl layer density of 1.0 g/cc at this location
confirms the fact that, in the case of 15% solids, hardly any
solids are present at the very bottom of the ASH. Therefore,
it is expected that the solids concentration gradually de-
creases along the ASH length (from top to bottom) and
eventually becomes almost zero at the very bottom. For
example, the density of the swirl layer in the feed is shown as
afunction of axial position in Fig. 3 for 5% solids in the feed

It was found that more than 90% of the solids are recov-
ered to the overflow in both cases (5% and 15% solids), as
shown inTable 1 Ofcourse, the total amount of hydrophobic
solids and also the extent of the froth phase is less for the 5%
case than for the 15% case. Therefore, while almost all the
solids have been removed in the top portion of the ASH for
5% solids, the longer length of the ASH is required for
complete flotation of the solids in the 15% solids case.

Effect of porous tube length. To examine the effect of

porous tube length in further detail, flotation experiments
were carried out with a shorter porous tube length (6 in.
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instead of 12 in.) for different levels of operating variables,
and the flotation recoveries were compared. The results with
the shorter ASH are compared to the results with the longer
ASH in Table 2 for 5% solids in the feed. It can be seenfrom
Table 2 that when the conditions (i.e., A*, Q* and inlet
pressure) are favorable for good flotation, comparable recov-
eries are obtained with the 6 and 12in. tubes. Therefore, it is
evident that under these conditions, the length of the porous
tube has no noticeable impact on flotation performance when
the feed contains 5% solids.

Table 3compares the recovery values for 15%solids inthe
feed with the two porous tube lengths (6 and 12 in.). It can
be seen from Table 3 that, under favorable conditions as
discussed above, the recovery drops drastically from 92% to
56% and from 80% to 59% for the two conditions shown in
Table 3 when the porous tube length is reduced to 6 in. from
12 in. Evidently, alonger porous tube is required to increase
the recovery of hydrophobic quartz particles in the overflow
when the feed suspension contains 15% solids.

Fromthe preceding discussion, it can be saidthat for afeed
containing 5% solids and when the level of the operating
variables are favorable for good flotation (more than 80%
recovery), the recovery obtained with the shorter ASH is
comparable to that with the longer ASH. However, in the
case of 15% solids, reducing the length of the porous tube
from 12in. to 6 in. resulted in a large drop in recovery. Thus,
it appears that a longer ASH is required for good flotation
with higher percent solids in the feed slurry. However, with
a lower percent solids in the feed, a shorter ASH is sufficient
to produce high recovery, depending upon the operating
variables.

Dimensionless area ratio (A*). The ratio of overflow
opening area to the underflow opening area is defined as A*.
Examination of the results from other X-ray CT experiments
reveals that the air core diameter increases substantially with
a decrease in A* for 5% solids in the feed (feed density =

Table 1 — Flotation response of 100 x 200 mesh quartz particles for specified
experimental conditions. Collector level: 800 g/t. Porous tube length: 12 inches.
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Fig. 2 — Froth features and flow regimes as revealed by x-ray CT
measurements for two different solids concentrations in the feed. A*
= 1.00, Q* = 4.55, inlet pressure = 10.5 psi, particle size = 100x200
mesh, and amine addition = 800 g/t.

1.032 g/cc), as can be seen from Fig. 4. Also, a relatively
thick and stable froth phase can be observed, even at the
bottom of the ASH, for A* = 0.74. This observation, along
with the observation that the average swirl layer density at the
bottom is about 1.02 g/cc, confirms the presence of hydro-
phobic solids at this location.

For A* = 1.00, the froth phase is absent in the bottom half
of the ASH, and an average swirl layer density of 1.0 g/cc
indicates that flotation is complete.
There are no solids present in this re-
gion. In fact, more than 90% recovery
for A* = 1.00and less than 70% for A*

. Inlet - Slurry flow Recovery, = 0.74 were obtained, as can be seen

0, * * . y
Solids, wt% A Q pressure, psi rate, Ipm % from Table 4. Generally, the swirl
5 1.00 4.55 105 63.2 94.2 layer thickness can be observed to in-
15 1.00 4.55 105 63.2 97.2 crease substantially from top to bot-
tom for A* = 1.00, whereas the thick-
Table 2 — Flotation response of 100 x 200 mesh quartz particles for specified NEss Of the S\Nirl Iayer fOI' A*=0.74

experimental conditions with two different porous tube lengths. 5% solids in feed,

collector level: 800 g/t

does not change significantly with re-
spect to axial position.
Flotation experiments were carried

osowe, T iy wmer  cdtioesablishiheceperinceoffio

* * i ’ 0, 0, I VVI I -
A Q psi rate, Ipm length ASH, % length ASH, % ent solids concentrations. The results
1.00 4.55 10.5 63.2 91.2 88.4 arepresented inFig. 5. Examination of
1.00 6.83 6.5 46.8 80.1 80.8 Fig. 5 reveals that the recovery of hy-
drophobic quartz particles is a strong

Table 3 — Flotation response of 100 x 200 mesh quartz particles for specified function OfA*, especially V\fnen SOlidS

experimental conditions with two different porous tube lengths. 15% solids in feed,

collector level: 800 g/t

Inlet Slurry Recovery
pressure, flow with 127
A* Q* psi rate, Ipm length ASH, %
1.00 4.55 10.5 63.2 92.4

1.00 6.83 6.5 46.8 80.6
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concentration in the feed slurry is high.
The recovery increases relatively
slowly with Increases in A* for 5%
solids, whereas a very steep rise can be
observed for 15% solids. It is expected
that at any particular elevation in the
ASH, the axial velocity changes its

Recovery
with 6
length ASH, %

56.0
59.0
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Fig. 3 — Swirl layer density as a function of axial position for two
different solids concentrations in feed.
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Fig. 4 — Froth features and flow regimes as revealed by x-ray CT
measurements for two different A* values with 5% solids (100x200
mesh quartz particles with 800 g/t amine), Q* = 4.55 and inlet
pressure =10.5 psi.

Table 4 — Flotation response of 100 x 200 mesh quartz particles for specified
experimental conditions. Collector level: 800 g/ton. Porous tube length: 12 in.

Inlet Slurry flow
Solids, wt% A* Q* pressure, psi rate, Ipm
5 1.00 4.55 10.5 63.2

5 0.74 4.55 10.5 63.2
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Fig. 5 — Recovery of quartz particles (100x200 mesh) as a function
of A* at a collector level of 800 g/t.

directionatacertain radial position, depending on the experi-
mental conditions. Therefore, a surface of zero axial velocity
exists inside the ASH, and the axial flow reversal character-
istics change as A* changes. It should be noted that in this
study, the overflow opening area (vortex finder diameter)
was not altered. Thus, a change in A* was brought about by
changing the underflow opening area, and the surface of zero
axial velocity may shift withregard to its radial position as the
boundary conditions at the underflow exit changes. As a
conseguence, the amount of froth carried to the overflow will
change and flotation recovery will increase or decrease
accordingly. Inthis regard, work is in progress to locate the
surface of zero axial velocity for different experimental
conditions using atracer analysis technique, and these results
will be presented in a separate publication (Das and Miller,
1995).

Dimensionless flow-rate ratio (Q*). Q* is defined as the
dimensionless ratio of air flow rate to slurry flow rate. The
effect of Q* on the flow regimes is shown in Fig. 6 for 15%
solids in the feed (feed density = 1.103 g/cc). Theexperimen-
tal conditions are given in the figure caption. With a low air
flow rate (Q* =2.28), as can be seen from Table 5, only 52%
of the hydrophobic solids were recovered in the overflow. In
this case, a very small froth region could be observed at the
top of the ASH. The absence of a stable froth elsewhere and
the high density (1.05 to 1.08 g/cc) of the swirl layer indicate
the presence of a large amount of solids at all axial locations,
which would be expected in view of the poor flotation
recovery inthis case. Atafixed inletpressure, alower value
of Q* implies alower air flowrate. Clearly, inthis case there
is insufficient air and the froth phase
instability results in a lower recovery.
At a higher air flow rate (Q* = 6.83),
the froth phase stabilizes and extends

Recovery, all the way down to the bottom of the
% ASH, again gradually diminishing in
042 thickness. It was found that, in this
68.4 case, the froth phase disappears at the
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Fig. 6 m mFroth features and flow regimes as revealed by x-ray CT
measureiments for two different Q* values with 15% solids (100x200
mesh quartz particles with 800 g/t amine), A* = 1.00 and inlet
pressure = 10.5 psi.

very bottom and that the swirl layer is less dense at the bottom
(about 1.0 g/cc), indicating the absence of any hydrophobic
quartz particles at this location. Indeed, about 96% recovery
was observed for this case, as can be seen from Table 5.
Expansion of the air core with an increase in Q* is another
observation that can be made from the X-ray CT data and is
evident from Fig. 6.

The variation in flotation response with Q* is shown in
Fig. 7. Recovery of hydrophobic quartz particles is plotted
against Q* for two different solids concentrations in the feed
with A* = 1.00and an inlet pressure of 10.5psi. Itcanbe seen
from this figure that as Q* is increased, recovery rises fast
initially and then almost levels off. However, at very high
Q*, the recovery drops slightly. As discussed earlier, at low
Q* (low air flow rate), the air is insufficient to stabilize the
froth, which results in poor recovery. As air increases
(increase in Q*), the froth stabilizes, and consequently the
recovery improves. It should be noted that the bubble size
also increases with Q*, although not significantly (Hupka, et
al., 1994). An increase in bubble size
may be expected to reduce the recov-
ery. Infact, a small decrease in recov-
ery can be noticed at high Q* value
from Fig. 7. Since the increase in
bubble size is not great, its effect on
recovery is not very significant.

It can also be seen from Fig. 7 that
under these conditions (A* = 1.00,
10.5 psi inlet pressure), the solids con-
centration of the feed slurry has no
noticeable impact on the flotation re-
sponse. For A* = 1.00, almost the

Solids, wt%

15
15

same recoveries were obtained for both Solids, wt%
5% and 15% solids at all Q* values 15
considered. 15
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Fig. 7— Recovery of hydrophobic quartz particles (100x200 mesh)
as a function of Q* at a collector level of 800 g/t. Note that this plot
was constructed from the data presented in Tables 2 and 3 for Q* =
4.55. The slope of the curve changes slightly if data from Table 1 and
Fig. 2 are used.

Inlet pressure. Ofcourse, the pressure at whichthe slurry
is being fed to the ASH is expected to change the flow
characteristics of the ASH as it changes the inlet velocity of
the slurry and hence the centrifugal force field. Inthisregard,
the effect of inlet pressure for 15%solids inthe feed was studied
andispresented inFig. 8. X-ray CT measurements revealed that
athick, stable froth phase ispresent all along the axis of the ASH
for a lower inlet pressure (6.5 psi). The average swirl-layer
density was found to be in the range 1.02 to 1.08 g/cc at most
axial positions in the ASH. This confirms the presence of
hydrophobic solids in the swirl layer at these locations. From
Table 6, it can be seen that about 70% of the solids are recovered
in the overflow for this case of 6.5 psi. Visual observations
regarding the swirl-flowcharacteristics inaglass tube having the
same inletconfigurationrevealedthatvortex formationat 6.5 psi
is barely complete. The upward axial velocities are not great
inview ofthe low inlet velocity. The shear force and thus the
bubble generation/particle collision may be reduced. Conse-
quently, froth transport to the overflow is diminished.

Table 5 — Flotation response of 100 x 200 mesh quartz particles for specified
experimental conditions. Collector level: 800 g/t. Porous tube length: 12 in.

Inlet Slurry flow Recovery,
A* Q* pressure, psi rate, Ipm %
1.00 2.28 10.5 63.2 51.9
1.00 6.83 10.5 63.2 95.6

Table 6 — Flotation response of 100 x 200 mesh quartz particles for specified
experimental conditions. Collector level: 800 g/t Porous tube length: 12 in.

Inlet Slurry flow Recovery,
A* Q* pressure, psi rate, Ipm %
1.00 4.55 10.5 63.2 97.2
1.00 4,55 6.5 46.8 69.9
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Fig. 8 — Froth features and flow regimes as revealed by x-ray CT
measurements for two different inlet pressures with 15% solids
(100x200 mesh quartz particles with 800 g/t amine), A* = 1.00 and Q*
= 4.55.

On the other hand, the higher shear rate at 105 psi
facilitates a higher particle/bubble collision frequency. The
velocities are greater in magnitude, which facilitates trans-
port of the froth phase to the overflow giving higher recovery.
The froth phase, in this case, gradually decreases in thickness
down the axis of the ASH and eventually disappears at the
bottom most part of the ASH, as can be seen fromFig. 8. The
average swirl-layer density at the bottom is about 1.0 g/cc,
indicating the absence of solids at this location. In this case,
about 97% recovery was obtained. It was found that the air
core shrinks as the slurry pressure increases. This feature has
also been observed visually in the case of swirl flow through
a plexiglass tube, which will be discussed later.

From the above figures and discussion, it appears that
there is arelationship between the thickness ofthe froth phase
and the solids concentration when a stable froth is formed. In
general, the froth phase thickness for 15% solids was found
to be greater than the froth phase thickness for 5% solids
when the conditions are suitable to stabilize the froth phase.

Regarding flotation recovery, the influence of inlet pres-
sure Q* and solids concentration in the feed have been
summarized graphically in Fig. 9. Three very interesting
aspects of ASH flotation can be observed from this figure.
First, a comparison between the results in (a) for 5% solids
and in (b) for 15% solids reveals that when A* is maintained
atahigh level (A* = 1.00), the solids concentration in the feed
(within the range considered) has no noticeable impact onthe
flotation response. Second, at any Q* value, the recovery
passes through amaximumas inlet pressure is increased from
6.5t0 16.5psi. The recovery increases first and then starts to
drop beyond 10psi. Third, with respect to Q*, there appears
to be an optimum level for this dimensionless variable. At
any inlet pressure, the recovery increases with Q* up to a
certain point (Q* = 6.83), and beyond this point it starts to
decrease slightly.
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Fig. 9 — Recovery of quartz particles (100x200 mesh) as a function
of inlet pressure for various Q* values and two different solids
concentrations infeed at a collector level of 800 g/t. Note thatthis plot
was constructed from the data presented in Tables 2 and 3 for Q* =
4.55. The slope ofthe curve changes slightly if data from Table 1and
Fig. 2 are used.

These observations lead to the following phenomenologi-
cal explanations. First, at a given Q*, an increase in inlet
pressure enhances the shear rate for improved bubble genera-
tion, and the higher velocities facilitate froth transport to the
overflow. In view of the high centrifugal force in the ASH,
bubble generation is expected to be governed by the shear at
the wall. At higher inlet pressures, smaller bubbles are
expected to be ripped off from the wall. The smaller size of
the bubbles enhances flotation and consequently the recov-
ery improves. However, beyond a certain inlet pressure, the
resulting tangential velocity, and hence the centrifugal force,
for detachment may be too high for the bubble/particle
aggregate to remain stabilized. Also, no further decrease in
bubble size is possible. Under such conditions, detachment
occurs, resulting in a drop in recovery. Second, at a given
inletpressure, as Q* is increased, the concentration ofbubbles
increases because of the increased air flow rate. This results
inenhanced recovery. However, as found in earlier research
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A* = 1.00 A* = 0.85 A* = 0.74

1.5 psi
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No vortex

-Flooding at all A*
-No vortex

-Incomplete vortex
at high A*

-Flooding at low &
intermediate A*

Fig. 10(a) — Variation in swirl flow behavior with A* at low inlet pressures for water flow in a right vertical plexiglass tube.

(Hupka, et al., 1994), the bubble size increases with an
increase in air flow rate. Thus, at higher air flow rates (higher
Q*), the bubble concentration may reach a constant value
with the increase in air simply being accommodated by the
generation of bubbles of larger size. This is detrimental to
flotation. However, since the bubble size does not increase
substantially with Q*, the drop in recovery is also small.
From Fig. 9, it may be seen that there is a trade off involved
both with respect to inlet pressure and Q*. It appears that, for
the flotation of 100 x 200 mesh quartz particles, the system
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reaches an optimum at an inlet pressure of about 10 psi and
a Q* value of about 7.00.

Flow inatransparent right-vertical tube. Visual obser-
vations of the flow patterns in a plexiglass tube are repre-
sented by the photographs shown in Figs. 10(a) and 10(b).
The three columns are for A* = 1.00, 0.85 and 0.74, respec-
tively. The rows are for (a) inlet pressures 1.5, 3.5, and 5.5
psi and (b) inlet pressures 7.5,10.5 and 13.5 psi, respectively.
It can be seen from Fig. 10(a) that, for all A* values, wetting
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A*=1.00 A* =

7.5 psi

10.5 psi

13.5 psi

0.85 A* =0.74

-Vortex formation

is complete
-Surface instability

at air/water interface
-Expansion of air core
with decreasing A*

-Surface instability
removed at high A*
-Air core expands
with decreasing A*
-Instability remains
at lower A* values

-No further change at
high A*

-Surface instability
removed at
intermediate A*
but remains at low
A*

-Air core expands
with decreasing A*

Fig. 10(b) — Variation in swirl flow behavior with A* at high inlet pressures for water flow in a right vertical plexiglass tube.

of the tube surface is incomplete at 1.5 psi. There is no vortex
formation at 3.5 psi, and the tube is flooded at the bottom at
all A* values.

For A* =0.74, the vortex formation is complete at 7.5 psi
(see Fig. 10(b)). The effect of pressure-drop oscillation
(Yadigaroglu and Chan, 1979) is reflected in the air core
surface. For such a low value of A* (A* = 0.74), the
underflow opening area is large and hence the water split to
the overflow is small. In this case, the fluctuating volume
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flow rate in the overflow stream is indicative of a fluctuating
axial pressure drop. Because of this unsteady nature of the
pressure drop, surface instabilities result. A wave pattern,
three-dimensional in character, forms at the air core/froth
interface. This wave pattern can be seenfrom Fig. 10(b) atall
inlet pressures for A* = 0.74.

For A* =0.85, although the vortex formation is complete
at 7.5 psi, the effect of pressure-drop oscillation can be
observed at the air-water interface from Fig. 10(b). The wave
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pattern forms at the interface owing to fluctuating pressure
drop characteristics. However, at very high inlet pressure
(13.5 psi), the pressure drop and the volume flow rate to the
overflow stream stabilize to a great extent. Therefore, at this
inlet pressure, with A* = 0.85, the surface instabilities are
reduced substantially resulting in a near-cylindrical air core.
It can also be seen from this figure that the air core shrinks
with inlet pressure.

For A* = 1.00, vortex formation is incomplete at 5.5 psi
(see Fig. 10(a)). At7.5 psi vortex formation is complete and
an air core extending to the bottom of the tube is clearly
visible from Fig. 10(b). At this high value of A* (A* = 1.00),
the underflow opening is relatively small and the flow rate to
the overflow stream was found to be steady and even at lower
values of inlet pressure. The wave pattern, not so prominent,
at the air-water interface can be seen only at 7.5 psi. Above
this inlet pressure, the pressure drop stabilizes completely
and the surface instabilities disappear, resulting ina cylindri-
cal air core. The air core shrinks a little with inlet pressure.
However, no further change is noticeable above 10.5 psi.

Comparisons at any inlet pressure between these three A*
values reveals that the air core expands as A* is decreased.
Vortex formation is complete at about 7 psi for all cases. At
lower A* values (A* = 0.85 and 0.74), a wave pattern forms at
the air-water interface, even at high inlet pressures, and the flow
instabilities are very prominent. Atahigh A* value (A* = 1.00),
the flow is more stable and the wave pattern disappears from the
interface at lower inletpressures. The pressure-drop oscillations
are no longer visible at the high A* value.

Particle size. Figure 11 shows the effect of particle size
on ASH flotation of quartz. Fairly high recovery can be
achieved even at a low Q* (recovery is about 70% at Q* =
2.28) in the case of smaller particles (200 x 325 mesh). The
recovery of 200 x 325 mesh quartz particles is fairly insensi-
tive to inlet pressure over a wide range (10 to 35 psi) at any
Q*, as can be seen from Fig. 11. Also, for these smaller
particles the recovery starts to drop beyond 36 psi, whereas
for larger particles (100 x 200 mesh) the recovery starts to
drop beyond 10 psi. This observation can be explained by the
fact that the centrifugal acceleration required for detachment
is greater in the case of smaller particles, because of their
lower mass. Therefore, the stability of the bubble/particle
aggregates is maintained even at high inlet pressures (-36
psi), and the hydrophobic quartz particles are transported into
the froth phase.

On the other hand, for the larger particles the centrifugal
acceleration required for detachment is smaller, and the
bubble/particle aggregates become unstable at a relatively
low inlet pressure (-10 psi). Bubble detachment begins to
take place at an inlet pressure exceeding 10 psi, resulting in
adrop in recovery. Inan earlier publication (Miller, 1991),
it was established from theoretical considerations that the
maximum diameter of a particle that can be floated in a
centrifugal field should be inversely proportional to the
square root of centrifugal acceleration. From abalance ofthe
surface tension and the centrifugal force acting on the par-
ticle/bubble aggregate, the following relationship was found,
and the maximum size particle to be floated should vary
inversely with the tangential velocity:

dmax = C[V2/R]-1/2 )

where,

drmex = maximum particle size to be floated
V = tangential velocity
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Fig. 11 — Variation in the recovery of hydrophobic quartz particles
with inlet pressure for various Q* values and two different particle
sizes at a collector level of 800 g/t.

R =radius of the ASH
C = constant which includes surface tension, particle
density, bubble size, contact angle, etc.

Thus, the ratio of maximum size particles to be floated at
two different inlet pressures should be as follows:

dl,max/c*2,max = V2/V 1 (2)

In this study, the inlet pressure P (psi), and the slurry flow
rate Q (L/min), were found to be related in the following
manner:

Q =23.66P1/2 13.47 3)

The flow rate Q (L/min) is related to the inlet area, Ainlet
(cm2), and the inlet velocity, Vinlet (cm/sec), as follows:

Q = (Ainlet Viniet) (60/1000) 4
And, for these experiments, the inlet area was constant.
Ainiet = 1.716 cm2 (5)

Therefore, from Eq. (3):
Vinpt =229.8P1/2- 130.8 (6)

where the inlet velocity is in cm/sec and the inlet pressure is
in psi.

It is expected that the ratio of the dmax values should be
equal to the inverse ratio of the tangential velocities, as
determined by the corresponding pressures. That is, approxi-
mating the velocities by the inlet velocity in (2),

dmaxppl  \iniet, P2

dmex, p®2 ~ Vine, ppl ~ (229.8~M12- 130.8) (7)
Equation (7) describes the relationship between the feed
inlet pressure and the maximum particle size that can be
floated in the resulting centrifugal field. Thus, from the data
presented inFig. 11, dnex, ,0psi= 105]0mand dnac36psi=47.5

(229-SP~2- 130.8)
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Fig. 12 — Variation in the recovery of hydrophobic quartz particles
(100x200 mesh) with inlet pressure for various collector levels at a
pH of 7.4, an A* of 1.00 and (a) Q* = 6.83 (b) Q* = 2.28.

jam, the validity of Eq. (7) can evaluated and substantiated by
the experimental results. For example, using the dnmaxvalues
and a pressure of 10 psi, the other pressure can be calculated
to be 39.7 psi, which agrees rather well with the experimental
value of 36 psi.

The observations from Fig. 11, that the recovery drops at
about 10 psi for the larger (100 x 200 mesh) particle size and
at about 36 psi for the smaller (200 x 325 mesh) particle size,
corroborate the earlier results and analysis about the maxi-
mum size of particles that can be recovered by ASH flotation
(Miller, 1991). It should be noted that in the above calcula-
tions, the tangential velocity has been approximated by the
maximum tangential velocity (inlet velocity).

Collector level. Flotation experiments were also carried
out to establish the influence of collector concentration on
flotation response. These tests were done as a function of
inlet pressure at two different Q* values, three different
collector concentrations, 5% solids (100x200 mesh) in the
feed, and A* = 1.00. The pH of the feed suspension was
maintained at a constant level of 7.4 for all these tests. A
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Fig. 13 — Variation in the recovery of hydrophobic quartz particles
(100200 mesh) with inlet pressure for various collector levels at a
pH of 10.1, an A* of 1.00 and (a) Q* = 6.83 (b) Q* = 2.28.

Pressure

graphical representation ofthese results is given in Fig. 12 for
(a) Q* =6.83 and (b) Q*=2.28. Itcan be seen from this figure
that, in general, an increase in the amount of collector
increases the ASH flotation recovery. Atall collector levels,
the recovery rises initially with inlet pressure and, beyond a
critical inlet pressure, it starts to drop. The highest recoveries
are obtained in all cases at the highest level of collector
concentration (800 g/t). The increase in recovery when the
collector concentration is increased from 533 to 800 g/t is
substantial in both cases, as can be seen from the data
presented in Fig. 12.

Examination of Fig. 12 also reveals that at a low Q* value
(Q* = 2.28), the air flux is insufficient, and hence even with
a high collector concentration (800 g/t) only about 50%
recovery was achieved.

When the air flux is increased (Q* = 6.83), the recovery also
increased. However, with lower collector concentrations (267
and 533 g/t), about 20% and 40% solids were recovered in the
overflow even at a high Q* (Q* =6.83). It appears that, at this
pH, quartz surface coverage by dodecyl amine is inadequate
with 267 g/t With ahigher collector concentration (533 g/t), the
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surface coverage becomes better. Under this condition, when
the air flux becomes adequate at a high Q* (Q* =6.83), ahigher
recovery results, as can be seen from Fig. 12(a). Further
increases in collector concentration (to 800 g/t) at this pH
increases surface coverage and a still better recovery results.
Again, at a very high inlet pressure, detachment starts to occur,
which causes a drop in the recovery. ,

Suspension pH. To study the effect of pH on flotation
response, ASH experiments were carried out at a different pH
value (pH= 10.1). Sodium hydroxide was added to the pulp and
thepHwas raised to 10.1. Flotation tests were done as afunction
of inlet pressure at two different Q* values, three different
collector concentrations, 5%solids (100x200 mesh) inthe feed,
and A* = 1.00. The test results for (a) Q* =6.83 and (b) Q* =
2.28 are presented graphically in Fig. 13 and discussed below.

It can be seen that, at a high value of Q* (Q* = 6.83), the
air flow rate is adequate to stabilize the froth phase. At this
Q*, when the collector concentration was increased from 267
to 533 g/t, amarked increase in recovery was observed as can
be seen from Fig. 13(a). However, further increases in
collector concentration (to 800 g/t) did not result in any
further increase in recovery.

At a low value of Q* (Q* = 2.28), insufficient air flow
limits the recovery to low values because pf froth instability.
However, when the collector concentration increased from
267 to 533 g/t, the recovery also increased, although not
substantially (see Fig. 13(b)). Further increases in collector
concentration resulted in a small drop in recovery.

Comparison of Fig. 13 (suspension pH = 10.1) with Fig. 12
(suspension pH = 7.4) reveals that the flotability of quartz
increases at lower collector levels as the pulp becomes more
alkaline (Fuerstenau and Raghavan 1978). Under this condi-
tion, a smaller amount of collector is sufficient to achieve
good flotation. Thus, itcan be concluded that amore alkaline
pulp reduces the consumption of collector. However, at a
high pH (pH = 10), beyond a collector level of about 700 ¢/
ton (~ 104 M), a drop in recovery may be expected from
surface chemistry considerations (Laskowski, et al., 1988).
Indeed, at a collector level of 800 g/t and a pH of 10, a small
drop in recovery has been observed (see Fig. 13). A detailed
discussion of the surface chemistry aspects of the amine/
guartz system is beyond the scope of this paper.

In this research, most of the experiments were carried out
at a high collector concentration of 800 g/t of dry solids and
a suspension pH of 7.4. It should be noted that the objective
of this research was not to optimize the level of reagent
addition but rather to examine the effect of multiphase flow
phenomena on ASH flotation. It is evident from the data
presented in Figs. 12 and 13 that the collector can be reduced
substantially by appropriate control of suspension pH.

Summary and conclusions

Air sparged hydrocyclone flotation of monosized quartz
with dodecyl amine as collector is strongly dependent on the
characteristics of the multiphase fluid flow, which, in turn,
depends on the levels of the operating variables. The effects
are manifested in the shape of the air core and its dimension,
the stability of the froth phase and the swirl layer thickness.
In addition, the system is further characterized by the density
ofeach flow regime and, of course, the recovery of hydropho-
bic quartz particles in the overflow.

The flotation efficiency was found to be related to the
characteristic features of the flow regimes, namely, air core,
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froth phase and swirl layer. In general, it was observed that
the presence of hydrophobic solids greatly enhances froth
stability. Operating and design considerations which limit
froth transport to the overflow and lead to stabilization of the
froth phase at the bottom of the ASH generally result in the
loss of froth and hydrophobic particles to the underflow,
which results in poor flotation recovery.

Percent solids. The air core was found to expand with
decreasing solids concentration in the feed. The thickness
and spatial extent of the froth phase appears to be propor-
tional to the solids concentration when a stable froth is
formed. Consequently, the residence time required for good
flotation, and thus the length of the porous tube, depend on
the solids concentration of the feed suspension.

Dimensionless area (A*). An increase in A* causes the
air core to shrink and flotation performance was found to
improve with an increase in A*. Froth transport characteris-
tics are more favorable when A* is greater, resulting in a
higher recovery. A high value of A* was also found to
eliminate instabilities at the air core/froth phase interface,
rendering the air core almost cylindrical. -

Dimensionless flowrate (Q*). A low value of Q* desta-
bilizes the froth due to an insufficient supply of air. As Q* is
increased up to some appropriate level, depending on other
variables, the flotation rate appears to increase, and the
stabilized froth results in the capture and recovery of more
hydrophobic quartz particles.

Inlet pressure. In the case of the ASH-2C, vortex
formation is complete at about 7 psi inlet pressure. The
instabilities at the air core-slurry interface are reduced with
increasing inlet pressure. A high inlet pressure enhances
froth transport. But too high a tangential velocity results in
the disengagement of the bubble-particle aggregate, due to
the increased centrifugal force, and thus under such condi-
tions poor recovery occurs.

Particle size. It was confirmed from this study that the
maximum size of quartz particle that can be floated in a
centrifugal field is inversely proportional to the square root of
the centrifugal acceleration. Because of the higher centrifu-
gal force required for detachment of smaller particles, the
froth phase is much more stable, even at high inlet pressures.
Therefore, in the case of particles of smaller size (200 x 325
mesh), transport of the mineralized bubble to the overflow
stream occurs without significant detachment under severe
flow conditions, and good recovery is achieved, even at an
inlet pressure of 30 psi. On the other hand, particles of larger
size (100 x 200 mesh) can not be floated efficiently at inlet
pressures exceeding 15 psi.

Collector level. At alow pH (pH = 7.4), relatively high
levels of amine collector addition were necessary to achieve
complete recovery. As expected, quartz was found to float
better in a more alkaline medium at a lower level of collector
addition. Collectorconsumption can be reduced by appropri-
ate control of the suspension pH and by the use of large
diameter ASH units. -
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