
A contactor for liquid-liquid extraction
from slurries*

.

by H. W. BYERLEEt. B.E.

SYNOPSIS
A contactor has been designed that avoids solvent loss due to coalescence and other causes. This consists of a

column pac~ed with grids. Slurry enters at the top and flows as films down the inclined surfaces of the grids. The
solvent, which fills the column, flows countercurrently to the slurry. Tests on, and modifications to the contactor
are described. '

SAMEVATTING
Daar is 'n kontaktor ontwerp wat die verlies van oplosmiddel as gevolg van samesmelting en ander oorsake

voorkom. Dit bestaan uit 'n kolom wat met roosters gepak word. Bry loop bo in en vloei as lae teen die skuins
oppervlakte van die roosters af. Die oplosmiddel wat die kolom vul, vloei teen die stroom van die bry. Toetse in
verband met, en veranderinge aan die kontaktor, word beskryf.

Introduction

Liquid-liquid extraction direct from slurries would
eliminate the need for the separation of liquid and solids,
which can account for 30 per cent of the capital cost and
15 per cent of the operating cost of a separation plant.
However, in direct liquid-liquid extraction, the loss of
the solvent to the slurry is a major problem.

This paper deduces the causes of solvent loss, describes
the contactor that was designed on the basis of the
findings, and gives an account of the tests conducted on
the contactor.

The notation used is given at the end of the paper.

Reasons for Loss of Solvent

The following mechanisms, which are peculiar to
extraction from slurries, could be put forward as possible
causes of solvent loss:
(a) solvent dissolved in the aqueous phase is adsorbed

onto the mineral grains,
(b) polar groups of the amine molecule protruding

through the interface between the slurry and the
solvent may be absorbed onto the mineral grains,

(c) droplets of solvent, caused by coalescence, become
entrained in the slurry,

(d) mineral grains move to the interface between the
slurry and the solvent and are wetted by the solvent.

Adsorption of Solvent on Mineral Grains
Take as an example the extraction of uranium with a

tertiary amine. The worst case is one in which the rate
of adsorption of amine is diffusion controlled. Calcula-
tions show that, if the mineral grains in a slurry are
modelled by a series of surfaces perpendicular to the
interface between the slurry and the solvent, the loss of
amine in the contactor proposed is small because of its
very low solubility in water and the small area of the
interface between the slurry and the solvent.

* Paper presented at the Symposium on Ion Exchange and
Solvent Extraction in Mineral Processing, which was held in
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on a thesis that is to be submitted as a partial requirement
for the degree of Master of Engineering at the University of
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Protrnsion of Polar Groups through the Interface
Polar groups protruding through the interface cannot

come into contact with mineral grains because the polar
groups have a length ofless than 1 nm, whereas a mineral
grain cannot approach the interface more closely than to
within about 20 to 1000 urn. However, should a mineral
grain move closer, the intervening film becomes unstable
and ruptures, and solvent wets the grain.
Entrainment by Coalescence

The mechanism of solvent loss during coalescence in a
slurry-dispersed system is shown in Fig. 1. The first step
is the drainage of the solvent film separating the two
drops of slurry (a). During the drainage process, the
solvent film becomes thinnest at the periphery and
rupture occurs there, thus trapping a droplet of solvent
in the coalesced drop of slurry! (b). Some of these solvent
droplets remain trapped in the slurry, and others escape.
For a solvent droplet to escape, it must first move to the
edge ofthe slurry drop (c), and the slurry film must then
rupture. The film first ruptures at the sharp points of the
mineral grains (d), and solvent wets the grains. These
mineral grains form crud, and solvent is lost.
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Fig. I-Mechanism of solvent loss during coalescence
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Except for the first step, the mechanism involved in
the loss of solvent shown in Fig. I applies to a solvent-
dispersed system. Another cause of entrainment in a
solvent-dispersed system is the formation of secondary
droplets during coalescence. An example of a solvent-
dispersed system is the pulsed column used by Ritcey
et al.2.

:From the above discussion, it can be seen that
coalescence causes loss of solvent. Since coalescence is
preceded by dispersion, it is necessary for dispersion to
be prevented.
Movement of Mineral Grains to the Interface

A mineral grain will not reach the interface and
become wetted by solvent when the forces exerted on the
grain are away from the interface. The forces are as
follows:
(a) physicochemical forces,
(b) the drag and the virtual mass of a grain, which

increase as the grain approaches the interface,
(c) lift due to a velocity gradient,
(d) gravitational forces, and
(e) inertial forces.

For ultrafine grains (smaller than 2JLm), physicochemi-
cal forces are dominant, but their effect is negligible for
the following reasons:
(I) there is a small percentage of ultrafine grains,
(2) few of these grains are dispersed,
(3) the movement of these grains to the interface is very

slow, and
(4) the contactor proposed has a small interfacial area.

An increase in the virtual mass and the drag of a grain
gives a force away from the interface. For lift to occur,
there must be a velocity gradient, and this requires
that the shear stress should be greater than the yield
strength of the slurry. This condition is not satisfied in a
typical dense slurry, as shown later.

Gravitational and inertial forces cause mineral grains
to reach the interface. An example of this is given by
Ritcey et al.2, who used a pulsed column in which solvent
flowed upwards in the form of drops through the slurry.
Any grains that were on the centre lines of motion of the
drops reached the surfaces of the drops. Since the flow
pattern closely resembled that occurring in flotation,
gravitational and inertial forces caused grains near the
centre line of motion to reach the surfaces of the drops.

Design of the Contactor

Selection of Type of Contactor
From the earlier discussion, it can be seen that, if high

losses of solvent are to be avoided, dispersion and the
movement of mineral grains to the interface under
gravitational and inertial forces must be prevented.
Dispersion is caused by hydrodynamic instabilities3,4.
The only flow that can be stable is that of a film flowing
down a sloping surface3, 4. This type of flow has the
added advantage that gravity moves the mineral grains
that are denser than the slurry away from this interface,
and there are no inertial forces to move the grains
towards the interface.

Because film flow gives a small interfacial area,
efficient extraction will be obtained only when there is a
high mass transfer coefficient and a large driving force

for extraction. The former requires continuous mixing of
each phase within itself, and the latter requires differen-
tial contact in which back-mixing has been minimized.
A column packed with grids would satisfy these require-
ments because the grids would suppress back-mixing,
and mixing in the phases would occur when the slurry
flowed from one grid to the next. The column should be
fed with a dense slurry direct from the leaching cascade
because this arrangement gives the simplest circuit (Fig.
2), eliminates the loss of soluble values in the wash water,
and has the lowest volumetric flowrate.

The contactor, which follows this arrangement, is
shown in Fig. 2. The slurry is distributed (Fig. 3) and
then flows in the form of films on toothed slats. At the
bottom of each slat, streams of slurry leave the tips of
the teeth and form hydraulic jumps on the next slat
(Fig. 4). On the bottom grid, slurry flows into the
solvent-slurry interface (Fig. 2), below which slurry
fills the column.

The solvent, which fills most of the column, enters
near the bottom, flows countercurrently to the slurry,
and overflows the weirs near the top of the column
(Fig. 2).

The design problems are described in the same
sequence as slurry flows through the column.
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Fig. 2-Packed column



Fig. 3-Details of the packing and the distributor

Grids Adjacent to the Distributor
The two problems associated with the flow of slurry

film on a slat of the top grid are the spreading of the
slurry film and the high velocity of this film, which can
cause dispersion.

First consider the spreading of the slurry film. The
thickness distribution of a film, formed by a jet from a
distributor port impinging on a slat of the top grid, is
given by the expression5

h3r3
-

cos38
a2 - (l-cos4>.sin8)2' . . . . . . . . . . (1)

The thickness distribution (Table I) shows that trans-
verse spreading improves as the slope of the slat
decreases.

The high velocity of the slurry film on a slat of the first
grid causes high Reynolds and Froude numbers, and
entrainment of the solvent is therefore likely to occur.
The problem can be overcome if the interface between
the air and the solvent is located at the mid-point of the
third grid (Fig. 2). If there were more slats above the
interface between the air and the solvent, large bubbles
of entrained air could be removed before the slurry came
into contact with the solvent. The same effect could be
achieved more efficiently if a lamellar thickener were
used as a feed sump.

TABLE I
EFFECT OF SLOPE ON

LONGITUDINAL AND TRANSVERSE RELATIVE THICKNESS OF FILM

Slope -~~~~I~
4> -----

Longitudinal
relative thickness 1,92 2,6000 1,00 1,40 4,20

-----
Transverse
relative thickness 900 I 1,00 0,96 0,83 0,65 0,35

1800 1~~~I~I~Longitudinal
relative thickness

Stability of Slurry Films on the Slats
The slurry flows in the form of films down the surfaces

of the slats, and the flow must be stable if dispersion is to
be avoided. Benjamin4 obtained the following relation
for the onset of unstable flow:

Rj=(Q/V2h=5/6cot8. (2)
Equation (2) shows that stable flow is more likely when
there is a gentle slope and the slurry has a high viscosity.
Most dense slurries have high viscosities and yield
strengths. A high yield strength has the additional effect
of suppressing convective instabilities. A gentle slope has
the added advantage of causing the slurry to wet the
slats more readily6.

Fig. 4-Flow from the teeth
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Tooth Free fall at Discharge Impact Froude
convergence tip of tooth velocity velocity number

k1 mm m's-l m's-1

1,132 15 0,375 0,535 1,76
1,132 10 0,375 0,486 1,64
2,264 10 0,320 0,446 1,53
2,264 10 0,275 0,416 1,45

(see Fig. 10)

Unless stated otherwise, it is assumed that the slurry
has the following properties:

(a) density = 1790 kg.m-3,
(b) plastic viscosity = 0,100 kg' m-1. s-l, and
(c) yield strength = 3,00 kg' m-1. S-2.

Flow of Slurry between Consecutive Grids
The aim of the design is that the slurry should flow

from one grid to the next without causing dispersion.
When a stream of slurry leaves the bottom of a slat and
hits the surface of a slat of the next grid, a hydraulic
jump is formed. At the hydraulic jump, the chances of
dispersion increase with increasing Froude number. Fig.
5, which was calculated from the equations for a hydrau-
lic jump7, shows that the Froude number increases with
the impact velocity of the stream and the depth of the
liquid outside the jump.
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Fig. S-Variation in Froude number with depth of liquid and
velocity of impinging stream

If the slurry discharges from the bottom of the slat as a
continuous film, it will have a width much greater than
its thickness. When a wide stream impinges on a slat, the
flow pattern will be as shown in Fig. 6. Since half the
slurry must flow round the edge of the stream on the
upper side, a deep pool will be formed. This increases the
Froude number and the chances of entrainment.
This problem can be overcome if the slurry flows from
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t
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t

.
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.

Fig. 6 -Impact of a very wide stream on the surface of a slat
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one grid to the next as a number of small streams, as
shown in Fig. 7a. A typical cross-section of a stream is
shown in Fig. 8a. This gives non-uniform flow from the
point of impact (Figs. 7b and 8a) with a resultant local
increase in the Froude and Reynolds numbers. Another
problem is that, as variations in the velocity of the slurry
film give different trajectories to the slurry streams, so
the point and the angle of impact vary.

The problem of non-uniform flow from the point of
impact might be overcome if the streams had nearly
circular cross-sections (Fig. 8b). This could possibly be
achieved if slats with curved teeth were used (Figs. 3
and 4). The decrease in the ratio ofthe width ofthe film
to its depth, with displacement along a tooth, can be
calculated from the equation of motion of a viscous
fluids (Fig. 9). This shows that the teeth give streams
that are more nearly circular. Another advantage of the
teeth is that, because of the smaller free fall and the steep
angle of discharge, the point and the angle of impact of
the streams of slurry on the next slat are closely con-
trolled.

In this discussion on the teeth, the following con-
ditions are assumed:

(a) width p,t root of tooth - 74 mm,
(b) width at tip of tooth - 15 mm,
(c) slope at root of tooth - 16°,
(d) slope at tip of tooth - 55,3°, and
(e) volumetric flowrate down tooth =

50 X 1O-6m3.s-1.

The curved teeth should direct the streams of slurry
so that they hit the surface of the next slat at right
angles. This avoids inferior transverse spreading and
increased longitudinal flow (Table I), which causes a
high local Froude number. Table I forms the basis for
the control of the flow pattern around the hydraulic
jumps.

The effect of the design parameters of a tooth on the
Froude number at the hydraulic jump is shown in Table
H. It can be seen that the lowest Froude number will be
obtained with a tooth having a large angle of conver-
gence and a small free fall between the tip of the tooth
and the surface of the next slat. With the tooth shown in
Fig. 10, there is a greater area of contact between the
tooth and the slurry film. This results in a greater viscous
drag on the films of slurry and a lower velocity for the
stream of slurry discharging from the tip of the tooth.
Since this stream has a ratio of length to diameter of
about I, capillary disturbances will be absent3.

TABLE II

EFFECT OF DESIGN PARAMETERS ON THE FROUDE NUMBER



Fig. 7-Flow in the grids

a b

Fig. 8-Cross-section of a stream and flow from point of con-
tact

For the tooth shown in Fig. 10, the effect of viscosity
has been calculated and is shown in Fig. H. Decreasing
viscosity results in an increase in the velocity of impact

of the slurry stream on the surface of the next slat. The
combined effect of increasing impact velocity and
decreasing viscosity causes the radius of the hydraulic
jump to increase. This squeezes the film flowing between
adjacent hydraulic jumps (Fig. 7b), which results in an
increase in the Reynolds number of the film. The other
effect of decreasing viscosity is the decrease in the depth
ofthe slurry before the hydraulic jump and the resultant
increase in the Froude number. The lower limit of
viscosity for proper operation is determined by the
increasing Froude and Reynolds numbers and the
decreasing depth of the slurry film. When the depth of
the film becomes less than the maximum size of the
mineral grains, the interface between the slurry and the
solvent is ruptured and solvent wets the largest mineral
grains. The upper limit of viscosity for proper operation
is 0,29 kg. m-I. s-1, when the depth of the film on the tooth
is 15 mm and the slurry starts to overflow. For proper
operation, the teeth could tolerate a viscosity range of
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Fig. 9-Decrease in the ratio of film width to film depth, with
displacement along the tooth

0,07 to 0,29 kg' m-1. S-I. A plant with spillage treat-
ment and suitable preparation of slurry prior to the
leaching cascade could operate within this viscosity
range, which offers advantages in leaching.
Interface at the Base of the Column

The interface between the solvent and the slurry must
be on the lower two-thirds of the bottom grid (Fig. 2).
If it is above this level, it will be disturbed by the streams
of slurry flowing from the grid above. If it is below the
bottom grid, the slurry will be in free fall, which will
cause entrainment of the solvent.

Entry of the film of slurry into the interface causes a
depression similar to that shown in Fig. 12. When the
depression is sufficiently deep, it becomes unstable and
solvent is entrained. The depth of the depression at the
interface is proportional to the entry velocity squared9,
and it increases with the slope of the surface 1°. With the
existing grids, the depth ofthe depression at the interface
will be shallow because of the low velocity of the film
(0,138 m' S-I) and the gentle slope of the slats (25°).
Velocity Distribution between Adjacent Slats

The velocity distribution in the two phases affects the
extraction efficiency and the lift on the mineral grains.
The calculated velocity distribution is shown in Fig. 13.
The corresponding pressure gradient along the axis of the
column, due to fluid motion, is 120 kg'm-2.s-2. Consider
the effect of the velocity distribution and the pressure
gradient on the following factors:

(a) mass transfer coefficient,
(b) mixing of the solvent,
(c) short-circuiting of the solvent along the walls of

the column, and
(d) lift on the mineral grains.
The slurry flows down the slat as a laminar film. When
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Fig. 10- Tooth contours

it flows down a tooth and discharges to form a hydraulic
jump on the surface of the next slat, fresh interface is
exposed and the slurry is remixed within itself. In other
words, the slurry is exposed to the solvent, and then
remixed within itself. For this flow pattern, the pene-
tration theory8 can be used in the calculation of the mass
transfer coefficient. The 'exposure time' term in the
calculation can be determined from the velocity distribu-
tion (Fig. 13) and the geometry of the slat. With the
mass transfer coefficient known, conventional methods
for a differential contactor can be used in calculating the
height of column required for a given extraction effi-
ciency. Such calculations indicate that, in the extraction
of uranium with a tertiary amine, an extraction
efficiency of 99 per cent should be obtained in a packing
height of about 35 m.
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Fig. I I-Effect of dynamic viscosity on flow down the tooth
and around the hydraulic jump

(Value when 11-2= 0,15 kg. m-Is-I, h = 3,02 mm,
v = 0,417 m's-I, h2 = 12,1 mm, F = 1,45, rl = 14,5 mm,
u = 0,182 m's-I, R = 6,70)

From Fig. 13, it can be seen that the flow pattern of
the solvent in the grids is as shown in Fig. 14. In the
region of the tips of the teeth and the hydraulic jumps,
the flow of solvent is turbulent owing to the higher
slurry velocities and the greater distances between solid
surfaces. In the other part of the grids, there is a strong
recirculation pattern. So the flow pattern of the solvent
in the column can be described by a series of well-mixed
vessels with back-mixing between adjoining vessels. The,

~
Solvent-slurry

interface

Fig. 12-Depression in the interface between the solvent and
the slurry

Interface velocity
= 0,186m.s-1

-0,4 -0,2 0 0,2 0,4 0,6 0,8 1,0

U

Fig. I3-Velocity distribution during countercurrent flow

0,3

velocity distribution in the solvent (Fig. 13) can be used
to determine the back-mixing parameters. Substituting
these into the extraction efficiency equationll shows that
back-mixing of solvent has a negligible effect on the
extraction efficiency because of the very large number of
grids in series.

Short-circuiting of the solvent along the wall of the
column results in solvent from one level being mixed
with solvent from much higher up the column, which
can have a significant effect on the extraction efficiency.
In order to suppress short-circuiting, let the inactive
region near the walls of the column be filled with 2 mm
beads and have a cross-sectional area equal to 2 per cent
of the cross-sectional area of the column. Using the

.... 100mm ...
Fig. I4-Simplified flow pattern of solvent in the packing

JOURNAL OF THE SOUTH AFRICAN INSTITUTE OF MINING AND METALLURGY OCTOBER 1982 297



Flow- Mineral Screen
rate of type analysis Density pH
slurry % -200 of slurry Temp. value

ma's-l mesh kg. m-a °C

60xlO-6 Albite 97 1600 I 21 7,0I

I
I I

Kozeny-Carman equation, it can be shown that, for the
calculated pressure gradient, 2 per cent of the solvent
flows in the inactive region. This will not have a signifi-
cant effect on the extraction efficiency. An alternative
way of suppressing the effect of back-mixing is to rely
on the very high tolerance of the column to back-
mixing between adjacent grids. This requires easy access
from the wall region to the interior of the grids, so that
the solvent flowing along the walls is mixed with the
main flow in the interior of the grids. A way to do this
is to have holes in the sides of the grids adjacent to the
tips of the teeth where the solvent is turbulent.

In Fig. 13, the slurry has a yield strength of 3,0
kg. m-l. S-2, and the shear stress at the interface is
0,2 kg.m-2.s-2. Thus, there is no velocity gradient in
the slurry near the interface, and no lift on the mineral
grains.

Experimental Equipment and Procedure

Stability of a Slurry Film on an Inclined Plane
The equipment consisted of a tank, with the lower

side of glass, and dimensions of 1830 mm by 203 mm by
25 mm. Slurry entered the top of the tank and flowed
down the glass surface. Kerosene filled the tank to just
below the slurry inlet. The operating conditions are given
in Table Ill.

TABLE III

OPERATING CONDITIONS

Characteristics of the Grids
The equipment consisted of a Perspex tower of

dimensions 863 mm by 193 mm by 193 mm. Each of the
enamel-coated grids had a single slat with a slope of 30°.
On the surface of the slats there were longitudinal ribs.
A later type of slat had a slope of 25°, and curved teeth
directed the slurry streams so that they struck the
surface of the next slat at right angles (Figs. 3 and 4).
The operating conditions are given in Table Ill.

Experimental Observations

Stability of a Slurry Film on an Inclined Plane
Fig. 15 shows that, with increasing slope, there is a

marked decrease in the stability of the waves. The side
view of the flow on a 50° slope shows columns of slurry
that break into drops under the influence of Rayleigh
instabilities. When these dispersed drops coalesce with
the slurry film, solvent is entrained. North and WellsI2
used vertical rotating discs, which gave a flow that was
even more unstable than that shown in Fig. 14 for a
50° slope (Equation 2).
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Characteristics of the Grids
Fig. 7 shows that the slurry was effectively spread

across the top slat. A comparison of Fig. 7d with Fig. 15
(30° slope) shows that grids give a smoother film than
does an inclined plane. The probable reason is that the
flow from one grid to the next generates an interfering
wave pattern. A comparison of Fig. 4 with Figs. 7a and
7b shows that the teeth produce smooth hydraulic jumps
and give smooth film flow.

During the flow down the surfaces of the slats, there
was no inertial force on the mineral grains, and there
was an inward gravitational force. On the teeth there
was an inward gravitational force and an outward
centrifugal force, and the net force on the grains was
inward. The streams leaving the tips of the teeth were
in free fall, and there was virtually no relative motion of
the mineral grains. At the hydraulic jumps there was an
inward gravitational force and an outward inertial force.
The above discussion shows that only at the hydraulic
jumps can there be a force causing the mineral grains to
move towards the interface between the slurry and the
solvent.

Testin~ of the Contactor

Conzinc Riotinto of Australia (CRA) arranged for the
contactor to be tested on liquid-liquid extraction from
slurries at the Australian Mineral Development Labora-
tories (Amdel). In addition, tests started at the Rum
-Jungle-Mine early in March 1971, and continued until
the beginning of April 1971, when the Mine closed down.
Pilot-plant Tests at Rum Jungle

The tests at Rum Jungle were conducted on the
liquid-liquid extraction of uranium from slurries in a
70 t.d-l pilot plant.

The aim of the tests was to determine the performance
and operating characteristics of the column. The circuit
was as shown in Fig. 16. The column was made from
mild steel lined with a protective coating, and the grids
were placed accurately by bolting them to stainless steel
hangers. In an industrial column, the grids could
possibly be supported from the bottom and located by
snap joints. The assembly contained 82 grids, each of
which had eight active slats and one dummy slat. The
slats (Fig. 17) had a slope of 25°. The ribs on the slats
were higher than the film of slurry and extended along
the edges of the teeth, since tests had shown that surface
tension would not confine the flow of slurry to the teeth.
Near the bottom and the top of the tower, the sides of
the grids had holes to allow solvent to flow into or out
of the packing.

The ore used in the tests was a carbonaceous slate
with a size grading of 95 per cent smaller than 10 mesh.
The ore was leached with sulphuric acid to give a slurry
with a density of 1600 kg.m-3 and a pH value of 1,5.
The solvent was a 0,1 M solution of Ashlands tertiary
amine Adogen 364 in Shell lighting kerosene with a
nonanol concentration of 3 per cent by volume. The
flowrate of the slurry was 0,8 X 1O-3m3's-I.

Early in the test, there was stable flow on the bottom
grids (Fig. 4) but, after 30 minutes, the teeth of the slats
became blocked with wood fibres. This altered the flow
pattern and caused entrainment of the solvent. Con-



Fig. IS-Effect ofslope on the stability of flow

sequently, the performance of the column could not be
determined.

Blockages that occurred in the distributor ports of
9,5 mm diameter were eliminated by drilling of the
entrances to give a lead in and by sand blasting to remove

any sharp edges.
Tests on the Test Rig at Rum Jungle

A test rig, consisting of a distributor and six grids,
was used to develop a slat that did not block. The slurry
was mill feed as described above, and the second phase
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Solvent loss Number of Solvent loss
(92 %kerosene) cycles through per cycle

(ma.kg -1) X 10 -6 the column (ma.kg-1) X 10
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0,25 52 4,8

~
0
'EGI
>0
C
GI
>
'0IJ)

C
GI
>
'0IJ)

C
GI
>
'0/11

"CGI
"C...
0
I

Pachuca
c
E
::J
'0u
"Cj
U
..a.

C
GI
>
'0IJ)

J
Solvent &

)feed

:u
j

GI
Uj
..
:=

Fig. I6-Flowsheet of the pilot plant

--:
:: 213

00

'"
18,1

0>
;i

~ ,3\'&

~i--
All dimensions in mm

I

t
Fig. 17-Glass-reinforced plastic slat

was air. The flowrate of the slurry was 0,8 X 10-3m3. S-I.
No blockages occurred when the clearance between the

tips of the teeth and the surface of the next slat, as wen
as the openings at the tips of the teeth, were increased
to 9,5 mm. When the opening at the tip of a tooth was
increased to 9,5 mm, the thick films that banked up
against the ribs did not come together, and the dis-
charging slurry stream was thinner at the centre than
near the edges. The non-circular cross-section of the
stream caused non-uniform flow from the point of impact
on the next slat, resulting in a local increase in the
Froude number. This was prevented by use of a tooth
with paranel sections near the tip (Fig. 18), which brought
together the thick films near the ribs.

Wi~~ ~his slat, the spreading of the film of slurry in
the ~lclmty of the hydraulic jumps was not impeded by
the rIbs. These started one-third of the way down the slat,
and prevented maldistribution due to any transverse
slope on the surface. Within detectable limits, the
distribution of slurry across the width of the slats was
uniform. This can be explained by considering the
streams from two adjoining teeth hitting the surface of
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the next slat. If there is a greater flowrate down one
tooth, then, on the surface ofthe next slat, there wiII be a
net flow from the region of high flowrate to the region
of Iow flowrate. Consequently, any maldistribution is
self-correcting.
Tests at Amdel

The aim of these tests was to determine the loss of
solvent. The equipment and the circuit were similar to
those used at Rum Jungle, except that the slurry was
re circulated from an agitated tank. A column of reduced
height with 32 grids was used. The spreading of the slurry
film on the top grid was facilitated by removal of the
ribs on the slats, and the sticking of rubber sheets to the
surface. Between the 16th and 30th grids, one slat in each
grid was replaced by a perspex slat of the type shown in
Fig. 18.

'!.-

32
In..

0>...

Fig. I8-Perspex slat

Quartz of size grading 98 per cent smaner than 200
mesh and sulphuric acid were added to the agitated
tank to make up 0,125 m3 of slurry with a solids content
of 70 per cent by mass and a pH value of 1,5. The solvent
was the same as that used at Rum Jungle. After the
column had been fined, the solvent flow was stopped.
The flowrate of the slurry was 0,6 X 1O-3m3'S-1.
Samples of slurry were steam-distiIIed so that the loss of
solvent could be determined.

The results of the tests are given in Table IV. The trial
slats (Fig. 18) gave stable flow (Fig. 4). The level of the
interface between the solvent and the slurry was con-
troned manuany. Early in the test, when the interface
could be easily seen, little crud was formed. I,ater it
became difficult to detect the interface, and a layer of
crud built up that was 50 mm thick.

!fit is assumed that solvent is lost uniformly throu~h-
out the packing, and the column has a height sufficient

TABLE IV
SOLVENT LOSS IN TEST WITH QUARTZ SLURRY

Time
min -9

90
180



to give 99 per cent extraction efficiency, the results
reported in Table IV are equivalent to a solvent loss of
9 X 1O-8m3 per kilogram of solids. This is less than half
the loss to the raffinate that usually occurs in extraction
from clear solutions.

Design Modifications
Sluts

First consider the problem of blockages in the slats.
The following dimensions should be equal, and will be
defined as the clearance:

(a) the bore of the distributor ports,
(b) the width of the openings at the tips of the teeth,

and
(c) the clearance between the tips of the teeth and

the surface of the next slat.
The clearance equals the maximum length of fibre that
passes freely through the column. With a clearance of
15 mm, a stationary screen of 4 mesh should remove cJl
the fibres that can cause blockages.

With a 15 mm clearance, the opening is too wide for a
parallel section (Fig. 18) to bring together the thick films
near the ribs, and so produce a circular stream of slurry
discharging from the tip of the tooth. The problem could
be overcome if the thick films near the ribs were spread
transversely as they flowed down the tooth. This could be
done if the contours near the ribs were parallel to the axis
of the tooth (Fig. 10). By eliminating the thick films near
the ribs, regions of high local Reynolds numbers are
prevented. The slat shown in Fig. 10 has a slope of 16°.

The bottom grid had slats with a 25° slope, and the
depression in the interface between the solvent and the
slurry was very shallow (Figs. 2 and 12). For this reason
and because any instability takes time to develop, a
deeper grid with plain slats having a slope of 30° can
probably be used. A deeper grid allows the interface to
have a greater range of movement.

In the test rig the onset of unstable flow occurred at
a similar viscosity for the slurry as in the column filled
with solvent. The test rig can therefore be used in
determining whether a slurry is sufficiently viscous for
stable flow. It could also be used in the investig<1tion of
the most suitable type of prescreening equipment, and
the wear and scaling of gypsum on the slats. Scaling is
least likely to occur in this part of the circuit, because the
rate of leaching is at a minimum, and the concentration
of gypsum crystals at a maximum.

Distributors

Variations in the flowrate of fresh feed to the column
can be accommodated either by blocking off ports, or by
varying the depth of the slurry in the distributor. If
necessary, a constant flowrate can be obtained by the
recycling of barren slurry.

The solvent distributor (Fig. 19) has a channel in
front of the distributor ports, which gives two fairly
uniformly distributed streams of solvent, one flowing
downwards and the other flowing upwards along the wall
of the tower.

Control of the Interface

As pointed out earlier, the level of the interface
between the solvent and the slurry at the base of the

column must be controlled so that it is on the bottom
grid. The sensing element should be an admittance probe
because this is relatively insensitive to changes in the
properties of the slurry. The system should control the
level to within :f:: 20 mm. Problems caused by crud can
be eliminated if the sensing element is located in a
compartment connected to the column by one hole
below the interface and another above the crud layer
(Fig. 19).

Fig. 20 shows an on-off controller for shutting down
the column when the interface moves outside the range
of normal operation. When the interface reaches either
level I or level 4, the column is isolated by turning off
the slurry feed pump, the slurry discharge pump, the
slurry discharge valve, and the solvent feed. At level I,
the slurry dump valve opens, and at level 4 it closes. If
there is a blockage in the discharge, the interface rises to
level I, and the column is isolated. The opening of the
slurry dump valve causes the interface to fall to level 4,
and the dump valve closes. The sequence of opening and
closing the dump valve continues until the slurry has
drained from the packing.

Conclusions

The solvent losses in the contactor should be low,
because coalescence has been eliminated, and movement
of the mineral grains to the interface has been mini-
mized.

A high mass transfer coefficient should be obtained,
because there is frequent mixing of each of the phases
within itself. The column is efficiently baffled, so the
effect of back-mixing should be small. In the extraction
of uranium with tertiary amine an extraction efficiency
of 99 per cent should be obtained in a packing height of
about 35 m.

Operation of the column should be easy because the
only critical factors are the control of the interface level,
and the viscosity of the slurry. There should be little

Interface
probe

compartment

Solvent
distributor

Fig. 19-Details of the base of the column
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Fig. 20-Control of the interface level

wear on the slats because of the high viscosity and low
velocity of the slurry. Maintenance should be simple
because there are no moving parts. The fabrication, and
all mechanical and structural aspects of the packed
column, rely on proven technology. The grids could be
mass produced from plastic by a combination of injection
moulding and vibration welding. The capital cost of the
packed, column plus pre-screening facilities should be
similar to that of the extraction mixer-settlers used for
clear solutions.

Recommendations
The shape of the teeth should be optimized (Fig. 10)

by use of a very short batch contactor having grids, each
with one slat and with each slat containing one tooth.
During such an investigation, preliminary experimental
estimates of the mass transfer coefficient could be
obtained. At that stage, slats of the full width should be
tested at an industrial plant to investigate factors such
as scaling of gypsum.

Reliable results on extraction efficiency and loss of
solvent should then be obtained at an industrial plant
with a test column of the minimum practical capacity.
This would be a column with 35 m of packing, with each
grid containing three injection moulded slats, and each
slat containing three teeth. Successful operation of the
test column would virtually ensure the success of an
industrial plant, because the basic components of the
packing and the operating conditions would be identical.

If further proof is required, a semi-industrial column
should be tested as part of a complete liquid-liquid
extraction circuit. Other applications for the column
include the solvent extraction of other metal ions and a
variety of applications involving gas adsorption and
distillation.

Notation
a = radius of impinging stream
d3 = depth of liquid outside the jump
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F - Froude number at the hydraulic jump
uP;/{(P2 - PI)gh}'

g = acceleration due to gravity
It = depth of film before the jump
hI = film depth on the tooth
h2 = film depth at the tip of the tooth
h3 = film thickness in the spreading of a film
kI = convergence of tooth

dw
= r2d(}

Q = volumetric flowrate per unit width
Q2 = volumetric flowrate of the impinging stream
R = Reynolds number = Q/V2

RI = Reynolds number at which instability occurs
rI = radius of the jump
r2 - radius of curvature of the tooth
r3 = radial distance in the film, measured from the

point of impact of the stream
u = radial velocity ofthe film just before the hydraulic

Jump
U = dimensionless velocity
v = velocity of impinging stream
w - width of the tooth
y - dimensionless distance from the interface
()

0 = slope at the start of a tooth
() = slope of the surface
() - angle between the normal to the surface and the

axis ofthe stream in equation (1)
1L2 = 'dynamic viscosity of the slurry

V2 = 1L2/P2

PI = density of the solvent

P2 = density of the slurry

1> = angular position referred to a line drawn from the
point of impact down the centre ofthe slat

Acknowledgements
The writer thanks the Chemical Engineering Division

of the Commonwealth Scientific and Industrial Research
Organisation for their research grant, and Gonzinc
Riotinto of Australia for financial support. The assistance
of the following is also gratefully acknowledged: Dr A. J.
Lynch, the staff of the Department of Mining and
Metallurgical Engineering of the University of Queens-
land, the staff of Territory Enterprises and Rum Jungle,
and the workshop staff of Amdel.
h.

References
1. CHARLES, G. E., and MAsoN, S. G. J. Colloid. Sci., vol. 15.

1960. pp. 105, 236.
2. RITCEY, G. M., SLATER, M. G., and LucAs, B. H. Int. Sym-

posium on Hydrometall., Chicago, 1973. pp. 419-474.
3. RAYLEIGH, Lord. Proc. London Mat. Soc., vo!. 10. 1978. p. 4.
4. BENJAMIN, T. B. J. Fluid Mech., vo!. 2. 1957. p. 554.
5. HASSON, D., and PECK, R. E. AIChE. J., vo!. 10. 1964.

p. 752.
6. TOWELL, G. D., and ROTHFELD, L. B. AICHE J., vo!. 12.

1962, p. 1972.
7. WATSON, E. J., J. Fluid Mech., vo!. 20. 1964. p. 481.
8. BIRD, R. B., STEWART,E., and LIGHTFOOT,E. N. Transport

Phenomena. London, Wiley, 1960.
9. BANKS, R. B., and CHANDRASEKHARA,D. V. J. Fluid Meeh.,

vo!. 15. 1963. p. 13.
10. STREETER, V. L. Handbook oJ Fluid Dynamics. London,

McGraw-Hill, 1961.
11. HAR=AND, S., and MECKLENBURGH, J. C. Chem. Engng Sci.,

vo!. 21. 1966. p. 1209.
12. NORTH, A. A., and WELLS, R. A. Trans. Instn Min. Metall.,

vo!. 74. 1964. p. 463.

OCTOBER 1982 JOURNAL OF THE SOUTH AFRICAN INSTITUTE OF MINING AND METALLURGY




