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. INTRODUCTION

The Jameson cell is a type of flotation column in which the air and the pulp
are brought together in a vertical tube. The air and pulp are dispersed into
.a dense foam of fine bubbles, which creates a favorable environment for
particle-bubble collision and subsequent collection of hydrophobic parti-
cles (1). The bubbly mixture then discharges into the cell proper, which is
essentially a disengagement chamber in which the bubbles carrying the
floatable particles separate from the pulp. The disengagement zone behaves
in a similar fashion to the froth zone in a conventional flotation column,
and as in the column, it is possible to apply clean washwater to the froth to
remove unwanted gangue particles.

The main advantages of the Jameson cell relate to the rapid collection of
particles in the downcomer, leading to a compact space-efficient device,
and to the ability of the cell to operate with self-aspiration, thus obviating
the need for compressors or blowers.

Since its introduction at the commercial scale in 1989, the cell has been |
applied to a variety of ores, and full-sized cells are now operating on
streams involving lead, zinc, copper, and nickel sulfides, as well as coal and
industrial minerals. It has been applied as well to the removal of fine or-
ganic droplets from solvent extraction liquors.

In this chapter, a brief overview of antecedents to the Jameson cell is
given. The gencral principles of operation are discussed, together with a
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description of the various phenomena that take place in the downcomer.
The effect of the operational variables on cell performance follows, includ-
ing some data from operating cells.

il. DEVELOPMENT

The cell was devised in the period 1985-1986, when the inventor was under-
taking a collaborative research project at Mt. Isa Mines Limited, Mt. Isa,
Queensland. This is a large mine, accustomed to using the best modern
practices in the production of copper, lead, and zinc concentrates. A num-
ber of large flotation columns were being designed and introduced at the
time in the copper and lead/zinc circuits. Although it was clear that the
columns would offer significant advantages over the conventional mechani-
cal cells in terms of the ability to wash the froth, it was also clear that the
collection process was very slow, necessitating large residence times and
consequently the large columns, which have become a familiar feature of
this technology. Accordingly, alternative methods of bringing the particles
and the air into contact were investigated. Following initial work in the
laboratory at Newcastle University, prototypes were tested and further de-
veloped in the concentrator at Mt. Isa, resulting in a production-scale de-
sign. A number of Jameson cells were installed in the lead circuit and in the
nearby Hilton concentrator then under construction. Further cells were
installed in a coal operation at Newlands, Queensland, and on a copper
stream at the Peko Warrego mine, Tennant Creek, Northern Territory,
Australia.

The use of columns as gas-liquid contactors, as well as the use of plung-
ing jets to entrain air, has been previously tried in a number of designs,
dating from the time of the first introduction of flotation in mineral pro-
cessing. Perhaps the first to appear in the patent literature is the column
described by Norris (2) in 1907, in which air appears to be both dissolved
and entrained into a stream of pulp, which is then introduced to the bottom
of a flotation column complete with froth crowder. Various devices for
entraining air into a pulp by means of a plunging jet are described by
Taggart (3) as “cascade machines.” None of those early machines was capa-
ble of control of the air and bubble sizes, and it is apparent that they were
designed more by guesswork than from basic principles of fluid mechanics.
A review of alternative flotation machines has recently been given by Jame-
son (4).

In the design of the Jameson cell, it has been possible to take advantage
of the many advances that have been made in the dynamics of single bub-
bles and of two-phase bubbly flows. Thus the jet entry conditions are such
as to make micro-bubbles of controlled size, so as to create a large surface
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area and hence to maximize the collection process in the downcomer. The
downcomer is sized so that the bubbles created by the plunging jet are
carried downward, but at the same time the downward pulp velocity is
sulficiently low to allow bubbles to rise against the flow and create a mix-
ture of high gas content. The downcomer diameter and the pulp flow must
also be matched in such a way as to ensure that any large slugs that form
are carried downward. In the froth zone, the rising velocity J, of the gas
must be such as to allow the froth to drain properly so that the gangue is
not carried forward into the concentrate. At the same time, the J, must be
sufficiently high to minimize the drop-back of values and consequent loss
of recovery. When washwater is used, the froth conditions must be such
that again, the improvements in grade are not linked with reduction in
recovery.

I1l. PRINCIPLES OF OPERATION

A. Introduction

In this section the different hydrodynamic regions occurring within the
Jameson cell are discussed, with emphasis placed on the interactions be-
tween regions that determine the overall flotation performance. Before
identifying the different hydrodynamic regions, however, it is useful to
" define the basic geometry of a Jameson cell and also to describe qualita-
tively what happens during startup and operation of a typical unit. As
illustrated in Figure 1, the simplest geometry consists of a riser section,
which is often referred to as the ce/l, and a single downcomer —although
some of the larger units incorporate up to 30 separate downcomers in
combination with a common riser sectionn.

The downcomer consists of a vertical tube that is sealed at the top except
for a regulated air inlet and a vertical nozzle through which the slurry feed
is introduced. The base of the downcomer is located below the pulp level
inside the riser. On startup, the air inlet at the top of the downcomer is
closed, and the pulp feed is pumped through the nozzle. The air in the
downcomer is entrained'into the pulp, which forms the seal in the bottom
of the cell; consequently, the pulp is drawn upward from the cell into the
downcomer. The pulp level reaches the tip of the nozzle quite quickly, and
as a consequcnce of the hydrostatic suction developed by the head of this
pulp, the pressure in the head of the downcomer is less than atmospheric.
When the inlet is opened, air is drawn into the headspace at the top of the
downcomer where it is entrained into the downcomer contents by the plung-
ing jet. The entrained air is broken up into fine bubbles that are quickly
dispersed into the pulp and carried downward by the bulk fluid motion.
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Figure T Layout of a single-downcomer Jameson cell.

The three-phase mixture passes from the base of the downcomer into
the cell proper, which has a much greater cross-sectional area than the
downcomer. Consequently, the downward superficial velocity of the mix-
ture is reduced, allowing the particle-laden bubbles to disengage from the
liquid, rise to the surface, and form a layer of froth. The froth then drains
before overflowing into a collection launder, while the liquid phase and-
unrecovered particles leave through a valve at the base of the cell, |

B. Hydrodynamic Regions

The different hydrodynamic regions that constitute the Jameson cell are
shown in Figure 2. The free jet, submerged jet, mixing zone, and pipe flow
zone occur within the downcomer, while the disengagement zone, which
includes the froth layer, occupies the entire riser volume.
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Figure 2 The various active zones in the Jameson cell.

1. Free Jet

The free jet is defined as the stream of liquid (pulp) feed between the tip of
the nozzle and the horizontal free surface inside the downcomer. Once the
jet leaves the nozzle, its diameter is determined by the relaxation of the
velocity profile inside the jet and also by the interaction of the free surface
of the jet with the surrounding atmosphere (5). The velocity relaxation
inside the jet occurs as a result of the change from the velocity profile, when
the pulp is inside the nozzle, to a plug flow velocity profile once the jet has
left the confines of the nozzle, Further downstream the velocity profile
changes from plug flow to parabolic flow due to the interaction of the outer
boundary layer of the jet with the surrounding atmosphere. This interaction
slows the velocity of the jet at its frec surface resulting in an expansion in
the free jet diameter.

Associated with the velocity relaxation within the jet once it leaves the
nozzle is a lateral movement that creates undulations on the jet free surface
(6). As shown in Figure 3, the undulations increase in magnitude with
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Figure 3 The mechanisms of air transport by a free jet.

increasing free jet length thereby increasing the effective diameter of the
jet. The irregular nature of the jet surface created by the undulations is
often called the surfuce roughness, and jets that exhibit this characteristic
are called rough jers. Jets that display no surface roughness —and are gener-
ated using specially designed nozzles —are called simootk jets.

The surface roughness S is defined in Figure 3 as the difference between
the nozzle diameter Dy and the effective diameter of the jet D (z), which is :
a function of the length of the free jet L{z). The surface roughness is
strongly influenced by the upstream conditions of the jet delivery system. %
Disturbances such as swirl generated by a pump, vibration from a motor, -
or irregularities on the inside surface of the pipework are all amplified once .-
the pulp passes through the nozzle, resulting in an increase in the surface ;
roughness. o

Also illustrated in Figure 3 is the transport of air by the free jet as it o
passes through the headspace at the top of the downcomer. First, a thin *:
annular boundary layer of air Q,(z) is carried along adjacent to the jet free -1
surface. Second, a quantity of air Q, s trapped within the effective dianie-
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ter of the jet. Therefore, the total amount of air transported by the free jet
Qr can be written as

Or = Qu(@) + O (1)

Smooth jets that exhibit no surface roughness have no trapped air compo-
nent. Hence, for two jets with the same velocity and pulp flow rate, a rough
jet transports a greater volume of air than a smooth jet. Usually this results
in a greater air/feed ratio Q;/Q, into the downcomer —where Q. and N
are the air and liquid volumetric feed rates into the downcomer, respec-
tively —which leads to higher air void fractions and interfacial areas. There-
fore, it is desirable to operate the Jameson cell using rough jets, a situation
that is not difficult to reach in practice since the jets normally have rough
surfaces created by the disturbances generated within the delivery system.

2. Plunging Jet

The plunging jet is defined as the region where the free jet impacts with
the horizontal free surface at the top of the downcomer, resulting in air
entrainment. At the point of impact, a depression is formed in the horizon-
-tal free surface, which is often referred to by McCarthy (6) as the induction
trumpet. A half-sectioned profile of the induction trumpet is illustrated in
Figure 4, which shows the free surface at the top of the downcomer being
drawn downward by the momentum of the free jet. The induction trumpet
has a wide opening at the top, which tapers down to a thin annular film
adjacent to the effective boundary of the free jet. The fluted entrance
channels the moving air boundary layer into the induction trumpet, and a
portion of it Q, enters the thin film, while the remaining air inside the
boundary layer Q, travels radially out along the horizontal free surface and
returns to the headspace (7).

The induction trumpet periodically collapses due to instabilities gener-
ated on its free surface, resulting in entrainment of the annular film. Com-
bining this quantity with the air trapped within the effective jet diameter at
the point of impact, the total entrainment rate of the plunging jet Oy is

Qe = Qf + Or (2)

It should be noted that the entrainment capacity of the plunging jet given
by Equation (2) is not cquivalent to the air feed rate into the downcomer.
The reason is that air is being continuously circulated within the mix-
ing zone, and a portion Qy returns to the headspace, from which it is
reentrained by the plunging jet. The ajr recirculated from the mixing
zone effectively reduces the amount of new air Qg that can enter the down-
Comer.
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Figure 4 Components of air flow into plunging jet.

3. Mixing Zone

The mixing zone is defined as the volume occupied by (1) the fluid inside
the submerged jet immediately below the plunge point that expands to
occupy the cross-sectional area of the downcomer and (2) the body of fluid
recirculating between the submerged jet boundary and the column wall —
often referred to as the recirculating eddy. The high velocity gradients
between the submerged jet and the recirculating eddy result in high energy
dissipation rates within the mixing zone, which are responsible for the
breakup of the air once it is entrained by the plunging jet. The entrained air
is broken into fine bubbles before being transported downward into the
pipe flow zone by the bulk fluid motjon.

The size of the bubbles produced inside the mixing zone is related to the
forces acting on the bubble surface. In low viscosity fluids, like those nor-
mally encountered in flotation circuits, the bubbles are deformed by forces
arising from liquid velocity fluctuations acting over distances of the order
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{Ehc bubble diameter. The restoring force resisting the deformation of the
ble is due to surface tension acting at the air-liquid interface. The ratio
hese forces is known as the Weber number We and is defined as

le—Pd

e =— (3

here u* is the average value of the squares of the velocity differences acting

ver a distance of the order of the bubble diameter ¢, and p. and ¢ are the
Jiquid (pulp) density and surface tension, respectively. If the bubbles are
~small compared to the turbulent macroscale but large compared to the
‘;:-;microscale, the velocity fluctuations, following Hinze (8), can be related to
the energy dissipation rate per unit volume £ by the relationship

;: ' 23
- d
7= c[(E—) ()
Pr

where C; = 2 according to Batchelor (9).

~ For a given bubble size and at low Weber numbers, the deformation
forees are dominated by the restoring forces, and the bubble is stable.
However, as We increases, the shape of the bubble becomes increasingly
distorted. Eventually a critical Weber number We. is reached where the
bubble becomes unstable and breaks up into smaller bubbles. The maxi-
mum bubble size d,, corresponding to the critical Weber number is

s
d = (_;"Z_%) p, "\ EYS (5)

Equation (5) has been used by Evans et al, (10) to predict the maximum
Stable bubble diameter inside the mixing zone, using estimates of the critical
Weber number and the energy dissipation rate per unit volume.

~ The volume of the mixing zone is determined by the point of contact of
the expanding jet and the wall of the enclosing downcomer. By considering
the radial flow of momentum from the incoming jet to the recirculating
¢ddies in the mixing zone, Evans (11) derived the following expression for
the half angle § subtended by the expanding jet at the virtual origin:

tang = 24 (6)
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Where 7 is a jet energy transfer efficiency found by experiment to be 0.089,
g'vfz iS the dencitv af the twn-nhace mivtiira in tha miviee cae- N e n
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are, respectively, the downcomer and jet radius, P, is the pressure in the
headspace at the top of the downcomer, U, is the jet velocity, and U, max 18
the maximum return velocity in the eddy, which has been found by experi-
ment to be 0.085 U..

The volume of the mixing zone is then assumed to be the volume en-
closed by the cylinder formed by the downcomer of internal diameter D,
and the length L,,; of the mixing zone.

Evans et al. (10) have compared the sizes of bubbles predicted by Equa-
tion (5), with measurements of the sizes of bubbles formed in an air water
system, and found agreement within +20%. Two downcomers of diame-
ters 44 mm and 74 mm were used, and the jet velocity varied from 7.8 to

11.53 m/s. The bubble sizes were generally in the range 200-400 pm.

4. Pipe Flow Zone

The pipe flow zone is the region below the mixing zone inside the down-
comer. The flow here resembles the downward flow in a vertical pipe. At
low air flow rates, bubbly flow exists in which small discrete bubbles of
different diameters move downward with the bulk liquid flow but not gen-
erally with the same velocity as the liquid phase. If the air flow rate is
increased, the discrete bubbles coalesce and alternating air and liquid re-
gions, or slugs, form inside the downcomer. The air slugs or Dumitrescu
bubbles (12) have hemispherical caps that occupy nearly the entire cross-
sectional area of the downcomer. The rise velocity U, of these bubbles is a
function of the downcomer diameter D, and g, the acceleration due to
gravity:

1/2
U, = 0.496 (%) (7)

At air flow rates when the Dumitrescu bubbles are initially formed, the
drag and viscous forces are sufficiently great to give the bubbles a net
downward velocity, and they are carried out through the base of the down-
comer. However, if the air flow rate is further increased, the Dumitrescu

bubbles become elongated, and the shearing forces present in the liquid

make them unstable. This results in a chaotic mixture of air and liquid
pockets known as churn-turbulent flow.

In terms of flow characteristics for the pipe flow zone, bubbly flow is the
most desirable because it produces the greatest collection area for a given
air/feed ratio, and it also provides for stable Jameson cell operation. With
churn-turbulent and slug flow, the surface arca per unit of gas volume is
very low, and the collection efficiency is significantly reduced. Moreover,
there is a much greater tendency for larger bubbles, with rise velocitics
greater than the net downward motion, to return to the top of the down-
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comer and be reentrained by the jet, reducing the amount of new air that
can be introduced, and hence reduces the effective air/feed ratio.

5. Disengagement Zone

When the bubbly mixture reaches the bottom of the downcomer, it passes
out into a vesscl of larger cross-section, and the bubbles then disengage
from the main pulp flow. For efficient action, the base of the downcomer

“1s below the liquid level in the cell proper, and a hydraulic seal is main-

tained. Because of its low effective density, the bubbly flow initially hugs
the outer wall of the downcomer, but as it rises it tends to entrain slower-
moving fluid and then spreads laterally. The bubbles rise relative to the
liquid and pass from the pulp layer into the base of the froth layer. The
processes taking place in the froth are very important in the determination
of the overall grade and recovery. If the gas superficial velocity J, is too
small or the froth depth too large, the bubbles coalesce and the froth
degrades, leading to squeezing of the least hydrophobic particles and loss
of recovery. If on the other hand the air rate is too high and the froth depth
too shallow, the recovery may be high but at a low grade due to
entrainment of gangue. Consequently, the cell must be operated to give
optimum grade and recovery by manipulating the air rate and froth depth.
If the air rate is too high altogether, the cell may “flood.” This phenomenon
occurs when the upward gas velocity exceeds the rate at which the liquid
can drain back into the pulp layer and is evidenced in practice by the
production of a very wet froth. In fact, when the cell floods, there is no
distinction between the froth and pulp phases, and the interface that nor-
mally exists between them is lost. The phenomenon of flooding has been
investigated in several recent papers. Pal and Masliyah (13) have given an
empirical equation for the critical flooding velocity, and Langberg and
Jameson (14) have given a more basic description, relating the flow in the
froth and pulp phases to the flow of liquid in a packed bed, where in the
present case the packing cousists of the bubbles. Xu et al. (15) have given a
comprehensive account of the various flow regimes and methods for calcu-
lating the limiting flow rates.

Washwater can be used with the Jameson cell as with other flotation
columns, when high-grade products are required. In some cases it is possi-
ble to achieve the grades required by proper design of the cell, regarding the
typical J, allowed for, and by controlling the froth depth. However, the
use of washwater adds another control variable of great power, whose
proper use can lead virtually to total flushing out of the entrained gangue.
The use of washwater does not unduly complicate the analysis of the flow
presented in Refs. 13-15, and the same principles apply. The washwater
flow is sometimes used to control liquid level as well as to wash the froth,
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but this practice seems to have nothing to recommend it and should be
avoided as it adds further complexity, especially when the water f{lows
needed for level control purposes are such as to be in conflict with optimum
metallurgical conditions in the froth, for best grade and recovery.

The liquid layer in the cell forms a complex system of liquid and air
recirculation patterns of varying turbulence and void fraction. The cell
design is based on downcomer flows and downcomer placement to optimize
this system to produce best grade and recovery. There is no liumit on its
volume, provided the net downward velocity of the pulp J, is sufficiently
low to avoid the entrainment of bubbles in the underflow. When the froth
and disengagement zones have the same cross-sectional area, the two im-
portant velocities are the rate of rise of the bubbles in the pulp, and the rate
of drainage of liquid in the froth. The former is usually greater than the
latter, so that a column sized to give the correct J, will also give the correct
J,, and bubble entrainment in the downward flow will not be a problem.

C. Interactions and Operating Stability

The interactions taking place between regions inside the Jameson cell and
the various recycle paths taken by the air are illustrated by the flowchart
shown in Figure 5. The performance of the cell is determined principally by
the collection rate of the bubbles inside the downcomer and to a lesser
extent by the separation of the product from the tailings stream in the
riser. In general, for a given cell cross-sectional area, the collection rate is
increased by increasing the air/feed ratio into the downcomer. However, an
increase in this ratio can also lead to instabilities and in some cases to the
complete collapse of the system. The operating stability of the Jameson cell
as a function of air {eed rate is shown in Figure 6.

At low rates of air induction, the level inside the downcomer is sustained
just below the level of the nozzle, indicating that the plunging jet can
effectively entrain all of the air in the headspace. The air is dispersed into
very fine bubbles, which are carried downward by the net fluid movement,
resulting in minimal recirculation of air back into the headspace from the
mixing zone. In general, this is the ideal mode of operation as it provides
(1) the most stable operating condition, (2) very small bubbles, and (3)
the longest residence time inside the downcomer, thereby maximizing the
bubble-particle contact time. The only disadvantage with this operating
mode is the relatively smaller air/feed ratio inside the downcomer, which
may lcad to lower rates of production of interfacial arca. (Recent unpub-
lished work has shown, however, that in some practical cases a reduction in
the ratio is compensated directly by the reduction in bubble size and hence
an increase in the surface area of interface produced by a given volume of
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Figure 5 Interaction paths in the Jameson cell.

air. Thus a reduction of air rate, which gives much more stable downcomer
operation, docs not necessarily lead to a reduction in recovery, providing
the J, is maintained constant,)

If the air rate is increased, a point is reached where the jet can no longer
entrain all of the air being introduced into the headspace, and the froth
level in the downcomer starts to drop. Fortuitously, it appears that some
type of compensatory phenomenon is at work. This phenomenon has the
effect that the rate of entrainment of air by the plunging jet increases up to
a point, as the length of free jet increases. The phenomenon is possibly
linked to the increase in the effective jet diameter with increase in the free
jet length. Whatever the reason, a new equilibrium height is reached inside
the downcomer, marking the length where the jet can effectively entrain alf
of the entering air. In a sense the jet is self-regulating in that the length of
the free jet will increase to accommodate the increase in the amount of air
added to the downcomer (up to a point).

An increase in the free jet length also leads to (1) a reduction in the froth
height inside the downcomer, resulting in a reduction in the residence time

e,
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Figure 6 Variation of downcomer operation with airflow rate,

of the bubbles, and (2) an increase in mean bubble size generated within the
mixing zone (11), resulting in a decrease in the amount of interfacial area
generated per volume of air inside the downcomer.

More important than the potential loss in recovery rate is the possible
effect of increasing the air feed rate on the overall stability of the system.
- At very high air rates, bubble coalescence results in the formation of large
gas slugs in the pipe flow zone, which restrict the flow of air through the
downcomer. This leads to an increase in the pressure in the headspace
causing a drop in the froth level and, in the extreme case, the complete
collapse of the system.

D. Conditions in the Downcomer

A number of investigators have studied the void fraction and gas holdup in
the downcomer. Sanchez-Pino and Moys (16) measured the hydrostatic
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pressure between two points in a vertical downcomer and used a drift-flux
method to analyze the data. The void fraction or gas holdup varied from
20% at an air/feed ratio of 0.1 to 55% at a ratio of 0.9. Marchese et al.
(17,18) used a conductometric technique to measure the void fraction in the
downcomer and compared their results with those from a total isolating
method in which the contents of the downcomer are trapped between two
valves in-line, which are closed simultaneously.

The values they obtained can be contrasted with those found in conven-
tional columns that are typically of order 15%. The high void fractions
explain the extremely rapid kinetics found in the downcomer; the values
suggest that the bubbles are in fact approximating the close-packed spheri-
cal limit and that it would be unrealistic to expect void {ractions in excess
of 55 to 60%. Void fractions above 60% have been observed, but the most
likely explanation is that the contents of the downcomer then consist of a
dense foam of average void fraction 55 to 60%, embedded in which is a
small number of relatively large slugs or Dumitrescu bubbles, which would
contribute virtually nothing to the collection processes in the froth.

IV. JAMESON CELL OPERATING PARAMETERS

Some general operating characteristics of the Jameson cell are now dis-
cussed.

A. Froth Depth

The froth phase produced in a Jameson cell can be controlled in the same
manner as in conventional columns. Shallow froth depths (less than 200
mm) are used where high recovery is necessary and grade is of secondary
importance, while deeper froths (up to 1000 mm) are employed to obtain
maximum concentrate grade. Shallow froths result in significant entrain-
ment of very fine (less than 10 um) gangue mineral components that accom-
pany the pulp phase. Use of deeper froths results in significant drainage
of hydrophilic gangue producing a higher grade concentrate and a higher
percentage of solids in the concentrate. Under some circumstances, addi-
tion of counter-current froth washwater assists froth mobility, where other-
wise excessive froth drainage would result in an immobile froth.

B. Superficial Gas Velacity

The superficial gas velocity Jy (cm/s) is the upward superficial velocity of
air in a flotation cell. In the Jameson cell, the J, is calculated by dividing
the downcomer air rate (cra’/s) by the cross-sectional area (cm?) of the riser
part of the cell. The cell is normally circular or rectangular in section, and
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the appropriate cross-sectional area is simply the area normal to the direc-
tion of the flow of the froth, excluding the area occupied by the downcom-
er(s). It is conveniently expressed in units of cm/s because values typically
range from 0.5 to 4 cm/s in practice.

For a stream that is not carrying-capacity limited (sce Sec. [V.H), the
recovery and concentrate carrying rate (g/min/cm?®) tend to increase with
increasing J,, as in conventional columns (see Refs. 19 and 20). For a given
stream and frother concentration, a maximum air rate (subsequently J, ,...)
is reached, above which froth flooding occurs, resulting in the loss of froth-
pulp interface, a very wet froth, and total loss of selectivity. In flooding,
the entire cell fills with froth as the only stable phase, and there is no pulp
phase.

Some data of interest are shown in Figure 7 for a lead/zinc circuit. Data
were obtained using a Jameson cell in parallel with a conventional columu.
In each case, it is seen that there is a strong correlation between the produc-
tion rate of solids and the superficial gas velocity J,. For a given air rate, the
Jameson cell gives greater production rates than the column, presumably a
consequence of the smaller bubbles generated in this device.
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The operating J, used in the sizing of the Jameson cell depends strongly
on the application, and on the residual reagent concentrations from any
upstream processcs. Generally speaking, low values (J; = 0.4 10 0.8 cm/5s)
are employed in cleaning applications, and high J.’s (1.0 to 2.0 cm/s) are
employed in roughing or scavenging applications. The reasons for these
choices arc as follows. In cleaning operations, a high proportion of the
feed reports to the concentrate, and the froth loading tends to be high.
Consequently, the bubbles are well coated with particles, which tend to
stabilize the froth. The drainage rate of the interstitial liquid in the froth is
retarded by the relatively high concentration of particles, so it is necessary
to design for lower values of J, to allow time for the gangue to drain
from the froth to obtain the required high grade. In roughing applications,
however, only a small fraction of the feed reports to the concentrate, and
the froths formed tend to be less stable as a consequence. Also, gangue
entrainment is not such a serious problem, because it can be coped with in
the downstream cleaning circuit. In order to maintain a stable froth, it is
therefore usual to design a Jameson cell for a roughing application with a
higher J, than in the cleaners.

In some circumstances, high residual concentration of reagents in the
feed necessitates the use of low J's to avoid froth flooding. Although

“frother concentration is of primary importance to bubble size and hence the

advent of froth flooding, circumstances have risen where collector (xan-
thate) and frother (methyl isobutyl carbinol, MIBC) interaction has been
observed (21). In such a case, the frother dose should be decreased if the
collector dose is increased, and vice versa. Too high a frother or collector
concentration can lead to froth flooding, while too low a dose can lead to
loss of froth stability.

Particle size can also have an influence on the maximum Jy, due to its
effect on froth stability through bubble bridging. Small particles (less than
100 um) are easily collected at low gas rates (/. less than 1.0 cm/s), while
recovery of coarser particles (greater than 100 uin) may be assisted by
higher rates (J, greater than 1.0 cm/s).

C. Bubble Size\j

Bubble sizing determinations for full-scale operating cells and test cells at
the University of Newcastle show that the Jameson cell produces an arith-
metic mean bubble diameter of the order of 300-600 wm, while the Sauter
(volume-to-surface) mean diameter d, is of order 360-950 um (21). These
sizings compare very favorably with conventional columns where the Sauter
Mmean bubble size is typically 2 to 3 mm.

Figure 8 shows bubble size versus air/feed ratio for a 300-mm diameter
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Figure 8 Measured values of the Sauter mean bubble diameter in exit stream from 3
Jameson downcomer as a function of the air/ffeed ratio, in flotation of a copper
retreatment stream. Results for two separate determinations are shown.,

Jameson pilot cell treating a fine copper retreatment stream (dgo = 30 pm).
These data confirm visual observations that bubble size decreases with de-
creasing air/feed ratio.

Chatiar (22) carried out experiments in the laboratory using air and
water with MIBC as frother and found that as the concentration increased,
the mean bubble size was reduced, up to a concentration of 30 ppm V/V,
beyond which there was little change.

D. Air/Feed Ratio

Jameson cells generally operate with a volumetric air/feed ratio of 0.3-
0.9. Experiences with large (2-3 m diameter) Jameson cells indicate that
operation at a low air/feed ratio does not appear to detract from metallur-
gical performance providing the superficial gas velocity J, is maintained
above a certain minimum value. Operation at lower air/feed ratios has a
stabilizing effect producing a more uniform and finer bubble size. A signifi-
cant advantage of operation at lower air/feed ratios is that lower concentra-
tions of frother are required.

Maintenance of metallurgical performance at low air/feed ratios can be
explained by considering the flux of interfacial area S, (interfacial area/s)
per unit of column cross-sectional area (s™') as defined by Finch and Dobby
(19):
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5, = 6% (®)
where d is the bubble diameter. The superficial bubble surface rate (and
hence the collection capability) can be maintained with reduced superficial
gas rate providing the bubble size decreases accordingly. The data in Figure
9 were calculated using information from Figure 8 using Equation (8) and
show the superficial bubble surface rate as a function of the air/feed ratio

for a fixed cell cross-sectional area. It is seen that the superficial bubble.

surface rate remains almost constant at 55 s~ approximately, despite two-
fold changes in the air/feed ratio.

E. Washwater Ratio
The washwater ratio is defined as the ratio of the washwater addition rate

to the flow rate of water in the concentrate:

W — Q”'H’ (9)
QH'C
where Oy is the washwater flow rate and QOyc is the rate of flow of water

in the concentrate. The washwater ratio is a relative measure of the amount
of washwater applied.
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Figure 9 Flux of interfacial area for bubbles generated by downcomer and passing
into the froth phase at the air/feed ratios shown in Figure 8. The interfacial flow rate
5y is calculated from Equation (8). The drop in airflow rate at low values of the ratio
is mainly compensated by a corresponding decrease in the mean bubble size.
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Another common method of describing the washwalter addition js jp
terms of the bias, that is, the absolute excess of the washwater applied over
the quantity of water being recovered in the concentrate, cxpressed as g
superficial velocity Jy (cm/s):

an' * Qu'{:
Sy = S =R

y (10)

where A is the cross-sectional area of the column. If no washwater is used,
the washwater ratio s zero, and the bias is negative. When Jy =0, W =
I; positive bias corresponds to washwater ratios greater than unity.

Although the bias does give an indication of the absolute amount of
washwater being added, its use can be misleading because it does not take
into account the wide variation in the absolute values of the rate of water
entrainment in the concentrate, It is preferable to use the washwater ratio,
which is a relative figure,

Consider, for example, a rougher application in which the mass flow of
recovered solids is only a small fraction of the feed. In such a case, the flow
of concentrate will be low and a correspondingly low volume of washwater
will be needed to replace the water being carried out of the cell in the
concentrate. Thus good froth washing may be achieved with a relatively
low positive bias, say 0.005 cm/s. On the other hand, in a cleaning opera-
tion, where the mass flow of concentrate is high, a much higher superficial
flow rate of washwater would be needed to replace the water in the cougen-
trate, since there is much more water being removed in the froth.

Figure 10 shows a comparison of measured washwater ratios and biag
rates for a range of operating conditions for a Jameson cel] Operating on a
zinc rougher application. Although the bias covers a relatively narrow
range, the washwater ratio has much greater variation. To an operator, the
difference in bias between 0.02 and 0.04 cm/s may seem negligible, but jt
can be seen that in some circumstances, such changes in J, may lead to a
threefold increase in the washwater ratio —supplying in effect a 200% over-
load of washwater.

Although it might be thought that a cell should be operated with W >
I, there is evidence to show that the optimum operating value should be in
the range 0.5 to |. Figures 11 and 12, for example, show the effect of
washwater ratio on recovery and grade, respectively, of a fine copper re-
treatment stream (d,, = 30 pm). As the washwater ratio is increased, the
rccovery decreases significantly upto W = [ and then decreases more grad-
ually for W > 1. The grade increases progressively up to a washwater ratio
of 1.0, but no further grade improvement is observed at washwater ratios
above this value. These data, together with other Jameson cel] operating




The Jameson Cell 351

0.10
)=
B " H
0.05 o
]

@0
E m =
(&
-
.8 0.00
ol
K] ]
(8]
= o
[a}]
(6%
»-0.05

T
-0.10

0.00 1.00 2.00 3.00 4.00 5.00 6.00

Washwaler ratio

Figure 10 Plot of superficial washwater bias /, against the washwater ratio calcu-
lated for the same zinc rougher flotation runs. Note the large variation in washwater
ratio for relatively small changes in the absolute bias.

data, confirm that the best washwater operating point is at a washwater
ratio of slightly less than unity, where recovery and grade are both high.
Higher washwater addition simply results in decreased recovery without
compensating improvements in grade. Precise on-line washwater bias mea-
surement is highly desirable in order to maximize recovery at required
grade.

F. Reagents

In streams tested to date, MIBC, long-chain alcohols, polygiycol propylenes,
- and polyglycol cthers have been used as the frothers in the feed to the
~ Jameson cell, usually in the range 5 to 25 ppm. In cleaning applications,
_ generally no frother addition is required due to the residual concentration
from the roughing stage. In some cases, excessive frother from the up-
_stream stage can lead to a reduction in maxinnm superlicial gas rate Jes
~ Wwhich can be applied in the Jameson cell. Froth flooding is initiated at
” __10Wer air rates due to the finer bubble size generated by an excess frother
foncentration (sce Ref. 19, p. 22).
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The grade increases markedly until the washwater ratio reaches a value of 1 approxi-
mately and thereafter remains constant.
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G. Downcomer Void Fraction

Experimental studies by Evans (11) and Marchese et al. (17,18) have shown
that the void fraction (gas holdup) in a Jameson downcomer is generally in
the range 50 to 60% by volume.

The downcomer void fraction can be measured directly, either from
the isolating technique or from conductivity measurements. It can also be
calculated using a downcomer momentum balance. ’

The gas void fraction ¢ in the dense foam inside the downcomer is de-

fined as
V,
e= Vo (11)
Ve + V)

- where V;; and V, are the volumes occupied by the gas and liquid (pulp)
. phases, respectively. In the isolating method, the contents of a section of
the downcomer are trapped between two valves that are closed simultane-
- ously, thus allowing direct measurement of Vsand V.

With the conductometric method, use is made of classical potential the-
ory to relate the measured conductivity to the voidage. Thus Marchese et
al. (17) applied the relationship of Maxwell (23) and found

¢ = 2(—-—-——"L — "LG> (12)

ZKL + K

where x, and K. are the measured conductivities of the liquid (pulp) and
the liquid-gas mixture, respectively.

The void fraction can also be estimated from measurements of the pres-
sure in the headspace in the downcormer. In the absence of dynamic effect,
¢ can be calculated from simple hydrostatic pressure considerations. Thus a
Pressure balance over the downcomer contents yields

PZ - Pl = pmgh (13)

ere P, and P, are the pressures in the headspace and in the discharge end
he downcomer, respectively: / is the height of the dense foam in the
Heomer; and p,, Is the average density of the two-phase mixture inside

_ancomer. When the gas density is negligible compared with the liquid
Ity, it can be shown that € is given by

[~ Em (14)
L
rom Equation (14) we have
- (Pz — PI) (15)

o.8h

S| ;::
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Dynamic effects can be included by application of the momentum principle
to the froth zone. The sum of the forces acting on the froth is equal to the
gain in momentum flow rate between inlet and outlet, so

(PAy; — PAy + pmBhA, = P Un(Q; + Qs) — 'OLU]QL = pcUsQq (16)

where A, is the area of cross-section of the downcomer and O, and Q. are
the gas and liquid flow rates, respectively. Ignoring the term in the gas
density, we find:

e:l—(PZ”P')+UfAf(c/,<;-‘—41)—29) (17)
pL&h ghd, Ay Ay

where A; is the cross-sectional area of the jet. It is seen by comparison with
cquation (I5) that a dynamic correction term has been introduced into
the expression for the void fraction. The correction is usually significant,
contributing 25 to 50% of the calculated overall void (raction, depending
on conditions.

H. Carrying Capacity

The carrying capacity Ca is the limiting or maximum concentrate produc-
tion rate per unit of area of cel] cross-section, usually expressed as concen-
trate solids rate (g/min) per unit of available cell cross-sectional area (cm?),
The carrying capacity is strongly influenced by the gas flow rate and the
size of the bubbles in the froth discharging at the overflow lip, since these
two factors influence the rate of surface area discharge into the launder.
The mass of the hydrophobic particles that can be carried by the froth
varies directly with the surface area. The other important factor is the size
of the particles, because when a layer of particles is adhering to a gas-liquid
interface, the mass of particles per unit of interfacial area varies directly as
the mean particle size.

Carrying capacity limitations generally apply where high-grade streams
are treated, as in cleaning applications, where the bubbles can easily become
fully loaded with particles. The recovery is then determined by the carrying
capacity rather than by the flotation kinetics.

The expected carrying capacity of conventional columns has been given
by Espinosa-Gomez et al. (24) as

Ca = adyp, (18)

where dy, is the size at which 809, by mass of the concentrate passcs,
expressed in um, and p,, is the density of the particles (g/cm?).

In conventional columns, the carrying capacity depends on column di-
ameter. The parameter o has been found to be 0.068 in small colunins (as
reported by Espinosa-Gomez et al. (24) for a 50-mm column), For larger
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columns, up to 1.0 m diameter, Finch and Dobby (19) give o = 0.05; and
for columns greater than 2.0 m diameter, o« = 0.035 (25).

Figure 13 shows carrying capacities measured by Atkinson et al. (21) as
a function of the washwater ratio in a Jameson cel] treating coarse chalco-
pyrite (autogenous mill discharge, tyo = 400 pm). It is seen that the maxi-
muin carrying rate is strongly influenced by washwaler addition.

These data show that the carrying capacity for a Jameson cell must be
defined at a particular washwater ratio. For maximun concentrate grade
and recovery, it is generally necessary to aim for a washwater ratio of 1.0
or just slightly lower. Thus it would be appropriate to define the carrying
capacity at a washwater ratio of 1.0. In all Jameson cell applications, con-
centrate carrying capacities have been shown to be at least as high as the
values predicted for conventional columns using Equation (18).

V. APPLICATIONS
A. General

Table 1 shows a summary of sites cmiploying Jameson cells in mineral or
coal flotation applications. In most applications, the Jameson cell is capa-
ble of providing a final grade concentrate in a single stage, providing the
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Figure 13 Concentrate production rate as function of washwater ratio for coarse

chalcopyrite flotation, showing a strong reducing trend as washwater ratio is in-
Creased.
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Table 1 Summary of Jameson Cell Sites (January 1993).

Evans et 3|,

Company

Location

Project

Mount Isa Mines
Mount Isa Mines
Mount Isa Mines
Mount Isa Mines
Peko Mines

Amalg Syndicate
Mamut Copper
Newlands Coal
Amalg Syndicate
Amalg Syndicate
Kidd Creek

Mount Isa Mines
Western Mining Corp
Phelps Dodge

Cons Murchison
Matos Blancos
C.C.P.

Sth Atlantic Ventures
White Mining

BHP Australia Coal
Girilambone

Mount [sa, Australia
Mount Isa, Australia
"Hilton, Australia

Hilton, Australia
Warrego, Australia
Moonta, Australia
Malaysia

Queensland, Australia
Spargoville, Australia
Spargoville, Australia
Timmens, Canada
Mount Isa, Australia
Olympic Dam, Australia
Morenci, USA

South Africa

Chile

Collinsville, Australia
Oracle Ridge, USA

Nth Goonyella, Australia
Blackwater, Australia
NSW, Australia

Lead/Zinc slimes
SX-EW
Low-grade middlings
Lead cleaning
Copper cleaning
Copper cleaning
Copper cleaning
Fine coal

Nickel cleaning
Nickel roughing
Copper/Zinc
Fine zinc cleaning
SX-EW

SX-EW
Antimony/gold
Copper cleaning
Fine coal

Copper roughing
Fine coal

Fine coal
SX-EW

values are sufficiently liberated and washwater is applied (where necessary).
The Jameson cell is efficient for the recovery of the full range of particle
sizes experienced in flotation feed streams. Examples of extremes include

the recovery of coal slimes (dy, = 25

particles (dg = 10 um) at the lower end of the

at the coarse end of the range, coal

#m) and very fine sphalerite/galena
particle size spectrum and,
particies up to 1000 um and chalcopyrite

particles up to 400 um.

Details of the metallurgical performance of operating Jameson cells have
been given in a number of papers. Kennedy (26) described some of the
early full-scale applications, in the lead/zinc concentrators at Mt. Isa,
Queensland, and Hilton, Queensland; at the copper concentrator at the
Peko Warrego mine, Tennant Creek, Northern Territory; and at the New-
lands Coal operation in the Bowen Basin, Queensland, all in Australia.

The commissioning and operation of the Peko Warrego copper flotation
cells has been described by Jameson et al. (27). The original concentrator
produced a concentrate of 239, copper from a chalcopyrite ore containing
pyrite, magnetite, hematite, and quartz, with traces of covellite and bis-
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muthinite. The reason for the Jameson cell installation was to increase the
concentrate grade {rom 23 to 28% or better, in order to reduce transport
costs. Two 1.4-m circular cells were installed and comimissioned in April
1990, taking a feed of up to 40 tph dry solids at 35% solids in the slurry.
The required grade increase, obtained in the original pilot-plant tests, has
been proven in plant operation.

A description of the Jameson cell installations at the Mt. Isa and Hilton
mines has been given by Jameson and Manlapig (28) and Clayton et al.
(29).

The flotation of fine coal slimes at the Newlands Coal operation has
been described by Jameson et al. (30). The washery has an output of 1200
tph of coal, which is washed mainly in Batac jigs. The water stream from
the jigs is allowed to settle and is returned for reuse. A side stream of 1250
m’/h is taken off to prevent accumulation of slimes in the circuit, and
previously this bleed stream had been sent to a tailings dam. However, the
solids in the stream were in the range 3 to 8%, representing a considerable
loss in ultrafine coal, around 200,000 tpa. Accordingly it was decided to
recover the very fine coal, whose dsy is 22 pm, by flotation. Tests with
mechanical cells showed that it would not be possible to recover the coal at
the required ash level (12% maximum) except at unacceptably low yields,
“but with the Jameson cell it was found that the required ash level could
readily be achieved, without the use of washwater. With a single stage
of operation, the combustible fecovery was 70%, and with two stages
the overall recovery was 90% or better. A full-scale installation was com-
missioned in early 1990 and has operated ever since. Large installations
are scheduled to start in 1993 at two other coal washeries in the Bowen
Basin, at the BHP Australia Coal Blackwater mine and the North Goony-
eila joint venture.

B. Rougher Applications |

The Jameson cell has been successfully employed in roughing applications
and can produce a concentrate of finai grade straight from run-of-mine
ore. In such cases, it is possible to upgrade the capacity of a mill that has
been operating with conventional flotation machines. The Jameson cell is
then used as a scalper to remove a significant proportion of the feed,
removing the load from the rest of the existing circuit, which can then be
used to recover and clean the tails from the Jameson cell.

An interesting set of data has been obtained when a Jameson cell was set
up to treat an autogenous mill discharge stream, on a chalcopyrite ore.
Figure 14 shows the overall grade-recovery performance of the Jameson
cell for single stage treatment of this stream. The average recovery was
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Figure 14 Grade-recovery data for single-stage Jameson cell flotation of discharge
stream from autogenous mill discharge, chalcopyrite flotation circuit. Feed size dyo
= 400 pm,

50%, at a concentrate grade of 27% Cu, from a feed grade of 3% Cu. The
size analyses of the feed and the corresponding concentrate are shown in
Figures 15 and 16, respectively. The dyo Of the feed is of the order of 400
pm, while the dy of the concentrate is 50 pm; most of the floatable particles
are in the <20 um fraction.

These data demonstrate the wide-ranging capability of the Jameson cell
as an excellent flotation machine, capable of treating all particle sizes typi-
cally encountered in mineral processing.

VI, CONTROL REQUIREMENTS
The principal control requirements for a Jameson cell are

1. froth depth
2. washwater ratio

Froth depth control is essential for concentrate grade stability. It can be
readily achieved by some type of direct or indirect level sensor (e.g., bubble
pressure probe, diaphragm pressure sensor, ultrasonic sensor, float level
indicator) or by a simple gravity overflow. In most applications the froth
depth is between 300 and 800 mm, although for high-recovery operations
where grade is not so important, froth depths as low as 50 mm are used.
Where washwater is used, some measure of control is desirable in order to
maximize recovery while maintaining required concentrate grade. There is
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some latitude in that a high grade is usually achieved for all washwater
ratios greater than 1, but recovery may suffer if too much washwater is
used.

Aeration of pulp occurs in the Jameson cell in the downcomer. In order
to cope with feed changes, it is customary to design the cell for a maximum
expected flow rate. Variations in feed can be decalt with by a number of
strategies, including a variable-speed drive on the feed pump, controlling
make-up water additions in the feed sump, and recycling of tails or an
intermediate stream to maintain a constant flow. The cell design has been
developed so that isolation of downcomers in conjunction with suitably
positioned baffle plates allows fractions of the cell to be operated without
affecting J, or other design fundamentals. The solution chosen depends on
the circumstances pertaining in the plant.

Vil. AMENABILITY TESTING

Amenability testing is the term used to cover pilot plant testing for the
purpose of assessing a technology for a given application. Table 2 provides
a matrix covering the ranges of variables that should be tested in order to
evaluate the capabilities of a Jameson cell fully.

In particular applications, some of the conditions may be omitted or
given lower importance, e.g., mineral cleaning applications would always
require washwater, whereas roughing applications or coal flotation may
not. Each test should be repeated at least three times to ensure that experi-
mental outliers are identified.

Table 2 Jameson Cell Amenability Testing Program for a Given Stream.

Washwater ratio Froth depth (mm) Air/feed ratio
Test 0 0.5 1.0 250 500 750 0.4 0.6 0.8

# # %
# # -

* % *

e COOND OGO~ N e B W BN
+#
3+
#*

— —
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As described earlicr, the washwater ratio is an extremely important vari- |
able, particularly in mineral slurry applications. For pilot-plant trials,.

washwater requircments can easily be estimated by collecting and weighing

a timed concentrate sample. From kunowledge of the approximate concen-

trate percent solids, the concentrate water rate can be found, which then
allows setting of washwater addition to a nominated washwater ratio. In
the absence of measured solids contents, it can be assumed as a good
approximation that the flow rate of water in the concentrate (L/min) is
the same numerically as the flow rate of froth concentrate (kg/min). The
procedure should be repeated after initially setting up washwater addition,
as the addition of washwater itself affects concentrate recovery rate.
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