
Synopsis

The design qfin-pulp
adsorption vessels in
the gold industry has,

for the most part, been
seen as a problem
involving the suspension
qfjine particles qf ore in
a slurry. The needfor
the vessel to be designed
as a mass-transfer con-
tactor has received
instdfident attention.

The current series qf
papers addresses this
need The previous paper
considered the question
qf the scale dependence
qfthejilm transfer
codfident. This paper
examines the mixing
considerations that are
relevant. A review qf the
literature and an examin-
ation qfa limited set qf
data provide some
insight into the mixing
conditions neededfor
the dispersion qfthe
particles qf adsorbent.
The mixing requirements

for the suspension qf the
ore particles are also
considered, and conclu-
sions are drawn in
regard to the design qf
mechanicallY agitated
vessels for gold in-pulp
adsorption drcuits.
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Scale-up procedures for
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Part 2: Mixing requirements
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Introduction

In a previous paper!, attention was paid to the
difficult problem of the influences of scale,
geometry, and mixing conditions on film mass-
transfer coefficients in gold in-pulp adsorption
systems. It was found that these influences can
be described reasonably well by simple parametric
expressions. Further, it was found that the values
of all but one of the parameters in these expres-
sions are relatively unaffected by scale, geometry,
or mixing conditions over the range of conditions
tested. The one parameter that is very strongly
influenced by these factors is the agitation speed
or, alternatively, the power input required to
reach the point where the particles of adsorbent
are just dispersed in the slurry. If these expres-
sions are to be used with any confidence, a good
estimate of this parameter is needed.

There is another reason for the need of such
an estimate. In the design of adsorption equip-
ment, it is important that the agitation is intense
enough for the adsorbent phase to be at least
just dispersed in the slurry. No particle must
remain stationary at the bottom of the vessel (or
floating on the surface of the slurry) for more
than a short time. Operation at agitator speeds
much below those that achieve this condition
result in adsorption rates that are significantly
lower than what is optimal (Figure 1).
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Figure 1-lnfluence of mixing intensity on gold-
adsorption rates (after Gray and 0ldshue2)
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A considerable body of informationexists on
the suspension of solids in a liquid. This paper
therefore begins with a review of the relevant
literature. Thereafter, the question of the
dispersion of the adsorbent phase in gold in-pulp
systems is discussed, and some experimental
results are examined.

Review of relevant mixing theory

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

The practical aim of mixing theory is to
provide the process engineer with the tools
necessary to select the geometry, agitator speed,
and power input that will achieve the desired
process response. Various mixer configurations
are available3, each with its own characteristics
and areas of application. In gold-adsorption
technology, the favoured configuration is the
open-tank, mechanically agitated vessel (Figure
2), which is the only configuration considered in
this paper.

Slurry
depth H Baffle

{
Impeller

clearance B

, ,
----

Impeller
diameter D

Cylindrical vessel
with diameter T

Relevant geometric ratios:

Slurry depth, H = T
Impeller clearance, B = 0,25 T
Number of baffles = 4
Width of baffles = 0,10 T
Height of baffles = T
Baffle clearance

Off tank bottom = 0,075T
Off tank wall = 0,02 T

Figure 2- Typical geometry of a carbon-in-pulp contactor
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Gold-adsorption systems: Mixing requirements

Once a particular configuration has been
selected, the remaining design problem involves
the selection of the rotational speed of the
agitator, N, as well as the power, P, and torque,
t, that must be applied to maintain that speed.
These design variables are related as shown2, 4
in equation [1]. Other variables that are used in
mixer design are the power intensity (power per
unit volume), Pv, the specific power, E, the
torque intensity (torque per unit volume), 1:,the
impeller discharge rate (or impeller pumping
capacity), Q, the pumping rate per unit volume,
Qv, and the Reynolds number of the impeller, Re.
Equations [2] and [3] define these variables. It
should be noted that some equipment designers
prefer to use the equivalent volume, Veq,and the
equivalent torque intensity, 1:eq,as defined in
equation [4].

P = PopN3D5; t = ~ [1]
21rN

E = P / Pv; T = t / V [2]

Q = f>rND3; Qv = Q/V; Re = pND2 / f.-l[3]

Pv = p / V;

Veq= ~V;
Pw

Teq=t/Veq

p and pware respectively the density of the
slurry and the density of water, and D and T the
diameters of the impeller and the tank. Po is the
power number of the impeller, and reflects the
difference between the theoretical and the actual
power required to produce a given agitator speed.
Obviously the power number is strongly
influenced by the hydrodynamic conditions in
the mixer, but it decreases to a constant value as
the mixing moves into the fully turbulent
condition (Figure 3). Similarly, the pumping
number, Pr, is dependent on Re, increasing to a
constant value in the fully turbulent region
(Figure 3). For most mixing systems, particle
suspension requires a high degree of turbulence,
and the power and pumping numbers are there-
fore constant in the normal operating range of
agitator speeds.
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Figure 3-Dependence of the power and pumping
numbers on the Reynolds number of the impeller (after
Gray and Oldshue2)

~ 180 JULY/AUGUST1995

[4]

Required process response in a mixer

A mixing system is designed to achieve a certain
result, termed the process response of the system.

It is possible that more than one process
response is applicable. In gold-adsorption
systems, several possibilities can be identified:
suspension of the ore particles, suspension of

the adsorbent phase, a more or less uniform
distribution of adsorbent throughout the slurry,
and a hydrodynamic condition that achieves a
high rate of gold transfer from the liquid to the

adsorbent phase. This paper is concerned
primarily with the attainment of the dispersion

of solid phase in the fluid;. and peripherally with
the degree to which it is distributed uniformly
throughout the fluid, The relevant process
responses need to be more carefully defined.

~ The just-dispersed process response
If the particles in a gold-adsorption system
tend to settle in the fluid, the agitation
must be sufficiently vigorous for the solids
to remain in suspension. Following the
majority of researchers, the required
process response is taken as the condition
in which no particle remains stationary on
the bottom of the mixer for longer than
two to three seconds2, 4. This condition is
referred to here as off-bottom suspension.

When the solids tend to float, mixing is
not a suspension but an assimilation
problem. The process response in this case
is defined in a way similar to that for off-
bottom suspension. In gold in-pulp
systems, the adsorbent phase may exhibit
either type of behaviour. Because the two
responses are conceptually so similar, they
are referred to collectively by the same
term-the just-dispersed process response.
The subscript JD is applied to the various
mixing variables to indicate the attainment
of this condition. So, for example, NJD'is
the agitator speed that is required for the
solids to be just-dispersed in the fluid. At
agitator speeds below NjD,some particles
will settle (or float). As the speed is
increased above NJD'the concentration of
the solids in the fluid will move towards a
more homogeneous distribution.

~ The homogeneously-distributed process
response
This process response has to do with the
attainment of a given distribution of solids
in a mixer-a matter that is relevant to
gold-adsorption systems6. This design
response is quantified in various ways
based on the change in solids concentra-
tion with depth in the tank2, 4.
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To get even close to a homogeneous
distribution requires agitator speeds-and
power inputs-that are considerably greater
than those needed to produce the just-
dispersed condition. As Figure 1 indicates,
the effort expended yields only a relatively
small increase in the mm coefficient, and
so is invariably not economically worth
while4. For this reason, the primary focus
in this paper is on the just-dispersed
process response.

Settled particles become suspended in a
mixing vessel by the motion of the fluid over the
bottom of the vessel. Turbulent eddies and/or
viscous drag lift the particles into the body of the
fluid in that region4. The mechanisms involved
in this process are very complex and difficult to
quantify. In addition, the agitator speed, and the
configuration and scale of the vessel, influence
the hydrodynamic conditions in ways that are
not completely understood. The assimilation of
particles that tend to float is even less well
understood. As a consequence, it is difficult to
predict the conditions needed to just disperse a
solid phase in a mixer. The various approaches
to this problem fall into one of two categories:
predictive methods and scale-up methods.

Methods for predicting the just-dispersed
condition

Suspension: empirical methods

Many empirical correlations2. 4.7-9have been
developed from carefully controlled tests in
laboratory-scale mixing equipment with tank
diameters ranging from 0,18 to 1,8 m. (Buurman
et a/.1o report work conducted in a vessel of
4,3 m diameter.) These expressions seek to
predict NJDgiven the relevant mixing configur-
ation and the mixing conditions. They attempt to
account for all the important factors that
influence off-bottom suspension such as the
kinematic viscosity, v, the particle size, dp, the
density difference between solid and fluid, ~p,
and the solids concentration, C.The most widely
used isthat due to Zwietering9:

( )

0,45

NJD = Svo,ldg,2 g~p CO,13D-O,85. [5]

The exponents of the parameters in the
Zwietering equation have been found to be
independent of impeller type, vessel size,
impeller clearance, and ratio of impeller to vessel
diameters. The dimensionless constant S
accounts for the effect of differences in contactor
geometry8.9. For circular, flat-bottomed tanks
with a given type of impeller, the dependence of
S on the ratio of tank- to-imp eller diameter, TID,
can be described by relationships of the form

Sex (TID)a, [6]
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where a is a parameter dependent on geometry.
It has a value of 0,82 for propellers and 1,3 for
flat-bladed impellers .

Suspension: model-based methods

Predictive relationships based on models of the
suspension mechanism have also been
developed. That developed by Baldill is partic-
ularly interesting because the expression is non-
empirical yet produces an expression somewhat
similar to the empirical expression of Zwietering.
It is based on an energy balance and a model for
the transmission of energy by microscopic
eddies. A dimensionless number, Z, expresses
the ratio of the measures describing the kinetic
energy imparted by eddies to the energy gained
by particles on suspension. In its simplest
application, it assumes that, for a given mixer
geometry, this number is constant, which leads
to the followingexpression for NjD:

¥JD = Z (
g!r.p

)

O,5

;/3 ~~3 I-.
p Po D D

Alternatively, Z can be taken to depend on
both scale and geometry. Baldi's attempt to
describe this dependence is based on a Reynolds
number for suspension, Re" (equation [8]). The
value of Z for a particular geometry is obtained
from the relationship between Z and Re". Baldi's
approach describes suspension by disc-turbine
impellers fairly well, but is less successful with
other systems4.

3
Re* =

pD NJD

T!1

Various workers have developed suspension
models by focusing on the settling rate of particles
and the force required to lift them12-14.Essen-
tially, the approach involves an energy balance
(which is incomplete, as Chudachek7 points out)
so that the minimum power needed for off-bottom
suspension is equal to the force required to lift
the particles multiplied by their settling velocity,
Usettle.The predictive expression takes the form
shown in equation [9], where ps is the density of
the solid:

[7]

[8]

!r.p
~D = gC Vp-usettle'

Ps
[9]

Suspension and rates of particle settling

As equation [9] suggests, the settling rate of
solid particles exerts considerable influence on
the intensity of agitation required in a mixer to
achieve off-bottom suspension. Particles with
low settling rates are easier to suspend than
those with large settling rates. Gates et al.15,
drawing on procedures employed in industry,
describea mixer design procedurethat is based
on the determination of particle-settling rates.

JULY/AUGUST 1995 181 ....



1000

"A
c 100.0is
8 10
E 6

2
1

-0.6
-

0,2
-

0,1 I I

0,001 0.01 0,1

Gold-adsorption systems: Mixing requirements

Workers take account of particle-settling
rates in different ways. If expressions such as
equation [9] are used, the hindered-settling rate
is employedlZ, 13,although some suggest that the
minimum fluidizing velocity is more appro-
priatel4. In other approaches, the value of the
particle-settling rate at low solids concentration,
Ufree,is derived either from equation [10] or from
a relevant correlationZ, 16.

Equation [5] suggests that Njo will increase
with solids concentration (NJoa CO.13).Particles.
in suspension have a dampening effect on the
turbulence4, and particle-to-particle interactions
reduce the rate at which particles settle (or
float). In addition, the viscosity of the slurry
increases, and its rheological properties may
become non-Newtonian. As Figure 4 indicates,
the effective viscosity of typical gold-plant
slurries is dependent on the shear rate, Le. the
slurry exhibits non-Newtonian behaviour.

Because of hindered-settling effects, some
workers suggest that, above about 17 per cent
solids (by volume), no further increase in
agitator speed is required to achieve off-bottom
suspension4. Others15 find that the combined
effect of hindered settling, increased viscosity,
and dampened turbulence require an adjustment
of the agitator speed that suggests greater. not
lower, particle-settling rates.

What workers usually do to account for the
influence of solids concentration is first to
estimate Ufree,the particle-settling rate at low
concentrations (equation [10] or equivalent),
and then to modifY this value to Uslurry.the
settling rate in the slurry. One procedurez, 17for
doing this is presented in equation [11]:

[

4 d!'J.

]

112g p P
u -free- 3 CPL 0

Uslurry
= (1- Cv)',

ufree

where PLis the fluid density
Cois the drag coefficient (obtained
from its relationship with the
Reynolds number of the particles.
Figure 5)

70% solids
(120 eP)

~

i.
1!
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Shearrate

Figure 4-Non-Newtonian behaviour of typical gold-plant
slurries (the effective viscosities being shown in
brackets), after Bailey5
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Figure 5-Drag coefficient versus particle Reynolds
number (data for carbon particles settling in water are
plotted on the Co versus Re diagram due to Wadell18)

Cv is the volumetric concentration of
solids
r is an exponent that varies between
4.65 and 2,33 as the flow regime
moves from laminar to turbulent.

Gray and Oldshuez indicate that the nature of
the suspension problem changes depending on
the settling rates and concentration of the
particles. They identifY five categories of mixing
systems, as shown in Table I. uhl and Von
Essen 19 make similar distinctions by indicating

that a system involving either fine particles or
particles at concentrations that create hindered-
settling conditions should be treated as a liquid-
blending problem. They add that larger particles
at moderate-to-Iow concentrations should be
treated as a solid-suspension problem.

[10]

TableI
Types of solid-liquid mixing systems,
after Table 11in reference 2

[11]

Low concentration of particles with
settling rates < 2,5 mm/s

Category

Low concentration of particles with
settling rates from 2,5 to 100 mmls

Low concentration of particles with
settling rates> 100 mm/s

Moderate concentration of solids
with settling rates <2,5 mm/s;
slurries are moderately pseudo-
plastic but show no yield stress

High concentration of solids to form

slurries with high viscosities and
very non-Newtonian behaviour

50% solids

(25eP)
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Blending and process responses dependent
on fluid motion

Models of fluid motion for particle suspension

consider the fluid velocity across the bottom of

the mixer, Ubot,and suggest that this velocity

must exceed some critical value, Ucrit,for the
particles to be just suspended in the fluid.

Many workers2°, 21 have shown that the fluid

velocity, U, at any level in a mixer is dependent

on the agitator speed, as shown in equation [12],

where H is the depth of the slurry. The fluid
velocity across the bottom of the vessel, Ubot.is

governed by a similar expression. It follows that,

at the just-suspended point (where N=NJD and
Ubot=Ucrit), the grouping on the right-hand side of

equation [12] must be constant. The resulting
expression, equation [13], is oflimited usefulness

for predictive purposes but can be used as a basis

for a scale-up procedure.

ND2
uOC

(T2 H)1/3

Ucrit =constant=K NJDD2/(PH) 113,

where K is a proportionality constant.

A second model relates the fluid velocities in
a mixer to the speed of the impeller tip, $ (also
known as the peripheral speed). The model7
focuses on the vertical flows of fluid, both
downwards through an area Ai swept by the
impeller and upwards through an area Aw in the
outer region adjacent to the vessel walls. In
geometrically similar tanks, these two areas
remain in the same ratio and

1rf)2
Aw ocAj =-.

4

The mean downward velocity through the
impeller region, Uvert.is determined by Q, the
pumping capacity of the impeller, and the
pumping number, Pr (equation [3]). If, in
geometrically similar systems, Pr can be assumed
to have the same value, then Uvertis proportional
to the tip speed, $ (equation [15]). What this
implies is that, in two geometrically similar
systems having the same tip speed, the downward
velocity of the fluid will be the same. Provided
the fluid-flow patterns are also the same, it
follows from equations [14] and [15] that, for
equal tip speed, the fluid motion will be equal in
the outer region of the tank and also, by implica-
tion, across the bottom of the tank. If this is true,
then any process response that depends primarily
on fluid motion should occur at the same tip
speed provided the fluid-flow patterns in the two
systems are similar:

Q 4PrND3
Uvert= - = 2 ocND = ifJ/;c. [15]

Ai 1rf)
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A similar approach can be developed with a
different characteristic velocity, Us,known as the
apparent superficial velocity19 or the bulk
velocityl6. The term is defined in equation [16],
where A is the cross-sectional area of the tank.
Proponents of this approach suggest that it is
more characteristic of fluid velocities within a
mixer than is the tip speedl6. By this view, the
same process response should be achieved at the
same superficial velocity in vessels of different
scale-again, provided the patterns of fluid flow
are similar. It should be noted that, in systems
having the same rID ratio and the same
pumping number, equations [15] and [16]
correspond exactly and Uverta Usa $:

= Q/A =
4PrND3

Us 2 .
;eT

[16]

[12]

Assimilation of floating particles

The assimilation of floating particles has received
much less attention than has the suspension of
settled solids4. Whether the particles of adsorbent
tend to settle or float has a strong bearing on NJD
because greater mixer speeds and power inputs
are required to assimilate floating particles than
to suspend settled particles4.

Joosten et al.22report a significant relation-
ship for estimating the speed to just assimilate
floating particles--equation [17], which is far
less well established than Zwietering's equation.
It was derived for a system involving a four-
bladed impeller with the blades pitched at 45
degrees and a vessel of 0,27 to 1,8 m diameter.
To promote the assimilation of the particles, a
single baffle was installed to create an off-centre
vortex. The solids were coarse, in the size range
2 to 10 mm.

NJD = [0,036 (T / D)3.65

(8p)O,42(K)]O,5

P D

[13]

[14]

[17]

Scale-up procedures

The predictive expressions given earlier were
tested for vessels with diameters of up to 1,8 m
or so. For mixers considerably larger than this,
the validity of these expressions is uncertain. In
addition, considerable care must be exercised to
ensure that a given expression has been derived
from tests on systems that are similar and
relevant to those under consideration. For
example, Bohnet and Niesmak23 found that nine
expressions from the literature gave predictions
that varied between -56 and 250 per cent of the
experimental values they had obtained. They
attributed these large variations to basic
differences in the mixing systems from which
the correlations had been derived.
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Where the available predictive expressions
are not applicable, or where they are of uncertain
validity, the required mixing information must
be determined experimentally. The scale depen-
dence of measured parameters makes this
problematic in that it is frequently unpractical to
conduct the measurements at the scale of interest.
Measurements are therefore conducted on a
suitable scale based on the same solid-liquid
system that will be mixed on a larger scale. The
measurements obtained are then interpolated,
Le. scaled up, to yield the information required
for the large-scale system.

The key to this approach is that the hydro-
dynamic conditions in the small-scale vessel are
either similar to those that will occur in the
larger vessel or differ in a way that can be
accounted for reliably. Three types of similarity
are recognized19: geometric, kinetic, and dynamic.
Two systems are geometrically similar if the
ratios of all the geometric dimensions (for both
the vessel and the impeller) in one system are
the same as in the other. The systems are
kinetically similar if the patterns of fluid flow are
geometrically similar. Dynamic similarity exists
when the ratios of the relevant forces (e.g.
Reynolds numbers, shear and viscous forces) are
the same at geometrically equivalent points in
the two systems. It is usually assumed that
kinematically similar systems are first geo-
metrically similar and that dynamic similarity
assumes kinematic similarity. Deviations from
strict geometric similarity are sometimes
necessary to give kinematic similarity24.

Two approaches to scale-up are followed:
that employing scale-up rules and that employing
scale-up equations. The first method postulates
that the desired process response is achieved at
the same value of a relevant mixing parameter
on different scales. The second attempts to
describe the scale dependence of a relevant
mixing parameter.

The identification of the mixing parameter to
be used as a basis for the scale-up procedure
depends on the mixing system and the type of
process response desired. This choice, as well as
the 'correct' application of the scale-up procedure,
requires considerable experience in that the
process is fraught with risk. Uhl19has suggested
that scale-up is 'almost entirely an art, supported
by limited concepts and a kit of imperfect tools'.
However, for many mixing situations, it is the
only practical approach that is available. A
number of excellent reviews and articles are
available on the subject2, 21,24-28.
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Scale-up rules

Behind the use of scale-up rules is the idea that
some key mixing parameter is very closely
linked to the hydrodynamic condition that
controls the process response of interest.
Consequently, it is assumed that systems of
different scale are dynamically similar (and so
will have the same process response) when the
values of that parameter are the same in both
systems. So, for example, the 'rules' of constant
tip speed and constant power intensity reflect the
belief that the same process response will be
obtained at different scales when the tip speeds
or power intensities are the same. Usually, t~e
scale-up rules are applicable only to geometrIcally
similar systems.

The rationale behind such rules comes from
an understanding of the physical factors that
control the process response. The understanding
may be the result of experience, a reliable corre-
lation, or a meaningful suspension model. So,
for example, equation [15] and the suspension
model on which it is based provide a justification
for the constant-tip-speed rule, while equation
[9] lends support to the constant-power-intensity
rule.

These two rules, especially the latter, have
been used very extensively2, 24,26,29.More
recently, the rules of constant torque intensity
and constant superficial velocity have received
favour24 for systems where shear and fluid
motion strongly influence the process response.
For turbulent flow conditions in geometrically
similar systems, the constant-tip-speed rule
corresponds exactly to these two rules24 provided
Po and Pr do not change with the scale.

The choice of which rule to use in a given
application comes from an understanding of
which aspect of the hydrodynamic conditions in
the system (such as shear rate, fluid motion, and
energy input) most affects the desired process
response. For blending and the suspension of
fine solids, fluid motion is the physical factor
that is important, and the scale-up rules that are
recommended are constant torque intensity or
constant superficial velocity2, 19.

The widespread use of scale-up rules,
particularly the constant-power-intensity rule,
have led in some quarters to the mistaken
impression that they are universally applicable
and significant. Many workers warn against
such error19,25.Although the approach has been
used successfully many times, there have also
been many instances of design failures.
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Scale-up equations

In many scale-up situations, the process response

is scale-dependent in a way that cannot be

described by a neat and simple scale-up rule. In

these situations, the scale-up procedure must be

based on correlations between mixing and

geometric variables19. 25.26. The correlations are

termed scale-up equations or translational

equations.
Geometric similarity between the two scales

of interest is assumed for these correlations, so

that any dimension on one scale is related 110the

equivalent dimension on the other scale by a

single scale ratio, R. This ratio involves linear

dimensions and is defined as in equation [18].

The subscripts 1 and 2 indicate the two different

scales, scale 2 being the larger.

R=
T2

=
D2 =(V2)1/3

= etc.
T1 D1 Yt

The scale dependence of mixing variables

can be described by a simple power relationship.

The scale-up equation for agitator speed, for

example, is shown in equation [19]. Again, the

subscripts refer to the relevant scale. Any mixing

parameter, including those used in scale-up rules,

can be scaled using similar expressions.

n ( T2 n
NJD2 = NJD1R = NJDl -) .

11

The value of the scale-up exponent n is

obviously of crucial importance, and can be

obtained from the literature or from equipment

suppliers. It can also be inferred from the

predictive expressions given earlier, or it can be

determined experimentally for the specific

mixing system under consideration.

For the suspension of particles that settle at

appreciable rates in a fluid, the recommended

scale-up equation is based on the power

intensity19-equation [20]. The recommended

scale-up exponent is -0,25, although this value
may vary somewhat with the nature of the

mixing system.

EID.2<XElD.l (T2/Tl)~.25 [20]

Provided Po and Pf are constant, a scale-up

equation based on one mixing parameter can be

converted to an equivalent equation based on a

different mixing parameter. This suggests that

the choice of mixing parameter is not important.

Here, experience is needed. Different equipment

manufacturers prefer one mixing parameter over

another for a variety of reasons. Clearly, if Po or

Pf is not constant with scale, the choice of the

scale-up equation can be very important:

XjD<X (T/D)t1Ddl. [21]
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[18]

It is possible to extend the scale-up approach
to systems that diverge from geometric similarity.
Rautzen25 does not recommend this practice, but
suggests that the effect of variation in geometry

be examined before the scale-up procedure is
applied. In the present paper, an expression of

the form of equation [21] is considered where

XJDrepresents any mixing variable at the just-
dispersed point (e.g. NJDor EID)'

To conclude the review of scale-up procedures
it is worth stating that a scale-up rule is really a
scale-up equation with a particular value for the
scale-up exponent n. Obviously, this value will
be zero if the scale-up equation and rule are
based on the same mixing parameter. However,
if the scale-up equation is based on a different
parameter, the value may not be zero. So, for
example, the constant-power-intensity rule is
equivalent to an agitator-speed scale-up equation
(equation [19]) having a value of -0,67 for n. If
the value of this exponent were -1, the scale-up
equation would be equivalent to a constant-
torque-intensity scale-up rule.

[19]

Design of contactors for gold in-pulp

adsorption

Gold slurries are three-phase systems consisting
of fine particles of ore at concentrations of about
37 per cent by volume (50 per cent by mass) in
an aqueoussolution along with coarse particles
of adsorbent at concentrations of about 2 per cent.
The rheology of gold slurries is non-Newtonian
but, as Figure 4 indicates, only moderately so at

the solids concentrations commonly found in
adsorption systems.

In the development of carbon-in-pulp (CIP)
technology, the adsorption vessels were designed

on the assumption that adequate suspension (or
assimilation) of the adsorbent phase should occur
once the ore particles had been adequately
suspended. Essentially, the vessels were designed
as mixers. Investigations showed that, with this
approach, reasonable distributions of carbon in
the slurry could be maintained under normal

operating conditions6. However, as Figure 1
suggests, uniform distribution of the adsorbent
may not be as important a factor from a mass-

transfer perspective as ensuring that the
adsorbent is at least just dispersed in the slurry.

If contactors for gold in-pulp adsorption are

to be designed optimally, among the many factors

that must be considered, those affecting the rate

of gold adsorption should be given special
prominence. The contactors need to be designed

as mass-transfer units, rather than as mixers. To

do this, attention must'be given to three primary

factors:

~ suspension of the fine particles of ore (to

ensure that the system remains fluid)
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~ dispersion of the adsorbent phase (to
ensure that the particles are at least just
dispersed)

~ influence of the design on film-transfer
coefficients (to give as high a gold-
adsorption rate as economically possible).

The last aspect was addressed in the previous
paper!. The scale-up procedure developed there
required a reasonable estimate of

E'D' the specific
power at the point where the adsorbent is just
dispersed. The information is the same as that
required for an understanding of the dispersion
needs of the adsorbent phase.

As the suspension of the ore particles fits
categories 1 and 4 in Table I, this aspect of the
design is treated as a liquid-blending problem
controlled by fluid motion. Scaling of the just-
suspended point for the ore particles should
therefore be based on the constant-torque-
intensity or constant-superficial-velocity rule.

Experiments can be conducted to show the
torque intensity (or superficial velocity) at which
the particles of ore will be adequately suspended
in a small-scale system. The same torque
intensity (or superficial velocity) must then be
achieved on the larger scale.

Alternatively, values of these variables can
be selected based on previous experience. Some
typical values are reported in the literature.
Hicks et al!6 describe a procedure used
industrially in which each type of blending or
suspension problem is associated with a given
range of superficial velocities. They recommend
superficial velocities in the range 0,09 to 0,18 m/s
for the suspension of low concentrations of
particles with settling rates of less than 2 mm/s,
or the blending of moderately low-viscosity
liquids (Table I in reference 16). Lyons2 based
his design procedure on a tip speed of 3,5 m/s.
Two South African equipment suppliers indicate
that the design of CIPadsorption vessels begins
with typical values of either torque intensity or
superficial velocity. The values cited were
between 6 and 7 Nm/m3 for the equivalent
torque intensity, Teq,and around 18 mm/s for
the superficial velocity.

Little attention has been given in CIP
technology to the prediction of the just-dispersed
point for the adsorbent phase. In the design of
South African CIPcontactors, it is usually
assumed that dispersion of the carbon phase
needs to be addressed only when the slurry
density is very much lower than the carbon
density. In such situations, the contactors are
designed to the same scale-up rules as are
employed for the suspension of the ore particles.
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The adsorbent-gold slurry system is more
complex than the two-phase systems for which
most scale-up procedures have been developed
and tested. It is therefore not certain whether
these procedures are fully applicable to the
dispersion of the adsorbent in gold-extraction
systems. To throw some light on this problem,
the specific problem of the dispersal of carbon in
CIPcontactors is examined more closely.

Dispersion of carbon in CIP processes

Theory

It is unlikely that successful estimation of the
point at which carbon is just dispersed in gold
slurries can be achieved by use of the predictive
expressions discussed previously. The systems
are too complex. Scale-up procedures must
therefore be employed. However, the most
appropriate procedure is not immediately
apparent.

The first step must obviously be to assume
that the slurry acts as a single-phase liquid. This
appears to be a safe assumption provided that
the particles of ore are small and are reasonably
well suspended and distributed in the slurry.
Figure 4 suggests that such a slurry will have an
effective viscosity in the region of 25 cP, although
the values will be higher for ores that are very
finely ground. The design problem is then seen
to be one in which a solid at low concentrations
must be dispersed in a liquid of near-Newtonian
rheology. The complication introduced by the
possibility that the adsorbent may tend to float is
considered later.

From Table I it is clear that the design pro-
cedure for the suspension of particles of
adsorbent depends on their effective settling
rates. The table refers to a critical settling rate of
2,5 mm/s. If the particles settle at a rate below
this critical value, the suspension problem should
be treated as a liquid-blending problem, and a
scale-up rule should be used for the design. If
they settle at rates greater than this, the design
should be based on a scale-up equation, equation
[20] being the one most widely employed.

To ascertain which design approach is
appropriate, information on the settling rates of
carbon particles in the slurry is needed. Settling
rates are difficult to measure. However, rough
estimates can be made by use of equation [10]
and the density data given in Table 11.For a
value of the applicable drag coefficient, CD,
reference can be made to the settling-rate data
reported by Baguley3O.The relevant information
is presented in Table III and is plotted on curves
of CDversus particle Reynolds number!8 in
Figure 5. What this figure reveals is, fIrstly, that
the particles of regenerated carbon behaved
almost like spheres, sphericities between 0,93
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Table 11

Densities of the phases in CIP systems

Typical density, kg/m3

1450
2100 to 2300
600 to 960

1600 to 1760
1300 to 1400

Table 11/

Settling rates and drag coefficients of regenerated carbon in
water

.Data obtained from references 6 and 30
t Rep = psCIpUfreel~

and 0,97 being indicated; and, secondly, that the
maximum drag coefficient for carbon particles is
in the region of 1,2 to 2. Because the slurry has
a much greater viscosity than that of water,
settling is likely to occur under more laminar
conditions at much lower settling rates. Figure 6
shows the limits of the settling rates for the
largest and smallest particles typically found in
CIP systems. The lower limits were calculated

Particle size = 0,8 mm
40

30

f 20
,-,,10

~ 0
~-1o=;;i -20<)

iZI -30

-40

-150 -100 -50 0 50 100 150
Density difference (kglm3)

200 250

from Stokes Law (equation [22]) on an assumed
viscosity of 25 cP, and are indicated by the dark
lines in the diagrams. Because the particles have
sphericities so close to unity, an adjustment for
particle shape is not needed. The upper limits
were determined from equation [10] with a drag
coefficient of 1,2.

g d; ilp
Usettle=

18.u

Figure 6 shows how the difference between
the densities of the carbon and the slurry might
affect the settling rates of the carbon particles.
The effective settling rates in CIPoperations will
be somewhere between these limits-probably
closer to the lower values associated with laminar
settling conditions. (It should be noted that, in
the evaluation of these settling rates, attention is
focused, not on the degree of turbulence in the
contactor, but on the flow conditions that arise
because of the way the particle settles.)

In Figure 6, a band of settling rates has been
superimposed to indicate the region where
dispersion of the particles can be treated as a
liquid-blending problem. What is indicated is
that, if all the carbon particles are small, their
settling rates will be below the limit of 2,5 mmIs
provided the carbon-slurry density difference is
no more than about 180 kg/m3. However, the
situation changes significantly as the size of the
carbon increases. With large particles, carbon-
slurry density differences greater than 20 kg/m3
(0,02 g/rnl) result in settling rates greater than
the critical value of 2,5 mm/so At greater density
differences still, the settling rates are significant.
For example, with particles of 2,5 mm, a density
difference of 50 kg/m3 will result in a settling
rate of 6,8 mm/s or more, while a density
difference of 100 kg/m3 will result in a settling
rate of 13,6 mmIs or more.

[22]

Particle size = 2,5 mm
40
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Figure 6-Estimated settling rates of carbon particles in a sluny having a viscosity of 25 cP. (The dark line indicates the
limiting settling velocity under laminar-flow conditions. The heavily shaded region indicates the range of settling rates
when the particles settle under more turbulent conditions. The range of settling velocities over which a liquid-blending
design approach applies is indicated by the lightlyshaded region LB)
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Figure 7 shows the effect of particle size
more clearly. The density difference-the
carbon-slurry density difference that will result
in a settling velocity of 2,5 mm/s-is plotted as a
function of particle size. (Only the minimum
settling rates are considered in the figure.) If th~
density difference is less than this value, the
settling rates are Iow, and a liquid-blending
approach with a scale-up rule is indicated. If
they are greater, the design should be based on a
solids-suspension approach using a scale-up
equation.

Figure 7 is not intended as a design tool: in
practice, the designer finds a range of particle
sizes, and the slurry density fluctuates to some
extent. In addition, Figure 7 applies only to a
situation in which the slurry viscosity is 25 cP.
Rather, what it indicates is that the design of
contactors on a liquid-blending basis may not be
optimal for a particular case. Even rather small
fluctuations in slurry density (or relatively small
slurry-carbon density differences) will mean
that, at the least, the larger particles will have
significant settling rates-a situation not
adequately catered for by the liquid-blending
approach. Consequently, the designer cannot be
sure that the contactor has been adequately
designed to keep the carbon dispersion above
the just-dispersed point.

200

0
1 2 3
Particle size (mm)

Figure 7-Regions indicating the appropriate approach for the design of CIP contactors.
(The graph shows how the design approach depends on the particle size of the carbon and
on the carbon-sluny density difference when the sluny has a viscosity of 25 cP. The
boundary is defined by a settling rate of 2,5 mm/so The settling rate is calculated by use of
equation [22])
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To account for these situations, the designer
should consider using suspension principles and
a scale-up equation. However, a problem arises
in that it is not certain how the scale-up equations
developed for simple two-phase mixing systems
will apply to more complex three-phase systems
in which the particles settle in a slurry. The
problem is further aggravated by the general lack
of information about systems in which the
particles have a tendency to float. To address
these various problems here, some relevant
experimental data are examined.

Experimental data

The previous paper! described a series of mass-
transfer tests conducted on CIP systems involv-
ing an adsorption suite of synthetic gold slurry
and virgin carbon that was fairly representative
of South African conditions. The mixer configur-
ation used was that given in Figure 2. The
diameters of the tanks involved in the test
programme ranged from 0,185 to 1,2 m. The
impellers were a1l20-degree three-bladed
hydrofoils. The particle densities were Iow so
that the particles tended to float at Iow levels of
agitation intensity.

The just-dispersed point was identified from
data on both the agitator and the power input.
The method employed was to identify the break-
point in the relationship between film coefficient
and either agitator or power input, point A in
Figure 1. The method has been shown to give
similar results to those obtained by other
methods8, 3, although some discrepancies have
been reported8. Nevertheless, for the current
purpose, this technique is the most appropriate
because mass-transfer effects are of primary
concern.

The power input was determined by measure-
ment of the restraining torque necessary to
prevent rotation of the drive arrangement. (The
details are presented elsewhere!. 32.) Some
workers account for system friction when
measuring power33,34,but most do not (or do
not report doing so). For the data considered
here, both types of measurements were made,
and two sets of power data were therefore
available. In the previous paper!, the correlation
of film coefficients with power or specific power
was reported as being essentially the same for
both sets of power data. However, it was found
that the CIPdispersion data were very sensitive
to the power data, and both sets of data gave
poor correlations. The data set giving the better
correlations was used in the work reported here.
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Table IV

Data on the dispersion of activated carbon in a typical gold slurry

D
mm

2,86

7,86
7,22
5,95

14,60
12,74
10,72

90,37

333,8

PJD
W

110

110
130
142

110
130
142

275

480

It is important to appreciate that the CIP data
presented here (Table IV) are a byproduct of a
study on mass-transfer coefficients. Although
the information is limited in extent, it is still
interesting in that no body of data relevant to
the just-dispersed condition of an adsorbent
phase in a gold slurry has been reported
previously.

Results

As an examination of the applicability of available

scale-up procedures for the prediction of the

just-dispersed point of the adsorbent in gold in-
pulp systems, five questions are addressed.

Thereafter, relevant conclusions are drawn and

appropriate recommendations are made.

Question 1: How did the power number vary

with the agitator speed?

In the design of a mixing system, it is necessary

to select both the agitator speed and the power

needed to maintain that speed. For large-scale

systems, one of these terms is estimated by use

of an appropriate scale-up procedure, while the

other is inferred by use of the power number, Po,

and equation [1]. Errors in the value of the

power number employed will result in errors in

the selection of one of these important design

variables. (Other things being equal. such errors

are minimized if the agitator speed is inferred

from the power because Po is raised to the third

power in the calculation.) Clearly, the scale

dependence of Po should be understood.

Figure 3 shows that Po is constant in the

fully developed turbulent regime, where solid

dispersion normally occurs. In fully turbulent,

fully baffled vessels, it is usually assumed that

the power number is dependent only on impeller
type and geometryl0. Curves relating the power

number to the Reynolds number are available35.

It is sometimes assumed that the power number

is the same for impellers of any diameter8. How-

ever, it is very evident that this is far from being

universally true. Bates35 reports a variation of

20 per cent in Po with impeller diameter. For a

disc impeller, Chapman8 found that the power

number increased from 3,15 to 5,95 when the

impeller diameter changed from 97 to 280 mm.
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He also reported that Po increasedwith D/T, and
found it to be very sensitive to minor differences
in impeller geometry. A recent careful study36
detailed such effects for a 45-degree pitched-
blade impeller (downflow) in the form of
equation [23]. That correlation suggests that a
tenfold increase in scale will increase the power
number by a factor of 1,8, even though the
systems are geometrically similar. Clearly,
variations of such magnitude, if ignored, will
lead to serious error. If Po can vary significantly
in the simple two-phase systems from which the
above conclusions have been drawn, the potential
for variation in complex gold-slurry systems is
significant:

T
P = 0 653 TO,26 (_ ) 0,1l

0' D

( B ) -0,23 0,68 8 1,82
- nb ,
T

where B is the clearance of the impeller
above the tank bottom
nb is the number of blades in the
impeller
8 is the angle of the blades in
radians (rd).

Figure 8 shows the power number as a
function of agitator speed below and above the
just-dispersed point in the gold-adsorption
systems tested. Po is not plotted against the
Reynolds number of the impeller because of
uncertainty about the viscosity. Although the
three vessels were almost geometrically similar,
very different power numbers were obtained.
The following points emerge from an exam-
ination of Figure 8.

~ The power number is not constant in
the region of the just-dispersed point.
In the smallest vessel well above the just-

dispersed point, the power number is

essentially constant with agitator speed.

(Its value of 0,36 agrees well with the

value of 0,35 given by the manufacturer.)

However, in the region of the just-dispersed

point, its value is about 0,41. In the two

larger vessels, the power number decreases

markedly with increased speed.

~ Large-scale agitation of gold slurries by
hydrofoil impellers probably does not
occur under fully turbulent conditions.
In a given mixing system, a variation in
the power number with agitator speed
indicates that the system is not fully
turbulent. It can be seen that, in all cases,
the particles of adsorbent were just
dispersed before the slurry was in the fully
turbulent regime. This is particularly
evident in the larger vessels. These
observations agree with those of Gray and
Oldshue2, who report that, in the suspen-
sion of slurries, fully turbulent conditions
can occur only near the impeller.

[23]
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Figure 8-Power numbers for the CIP systems tested
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Table V

Power numbers in gold CIP adsorption vessels

,
The large impeller was lined with rubber, and the others were not

t This value was taken as the reference point for the scale-up calculation

Table VI

Comparison of various correlations for NJD

Impeller type

45' pitched blade
Flat blade
Hydrofoil

p

-0,333
-0,118

TableVII
Values of key dispersion variables in geometrically similar CIP
systems

690
275

2,509

255
3,67
0,24

13,2
0,142

,
The values of Us were calculated on the assumption that the pumping number was

constant at 0,6
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1,2'
2,5

0,77
0,62

0,48

~ The power number at the just-dispersed
point is scale-dependent. It is not clear
from Figure 8 whether the power number
in the fully turbulent region is likely to be
scale-independent in geometrically similar
vessels. What is evident is that, in the
region of interest-the just-dispersed point,
the power number is scale-dependent.
Table V presents the relevant data.

Question 2: How well do the suspension
correlations given in the literature describe
gold-adsorption systems?

The scale-up equations developed from the

Zwietering and Joosten expressions take the

form of equation [21], while the Baldi equation

reduces to the form of equation [24]. Table VI

compares the values of the exponents in these

equations with those obtained for the CIP data:

N/D ex (T/D)t1DdJpg. [24]

It can be seen that the published values of

the exponents in the Zwietering expression are

close to the values obtained from the CIF data.

This is a little surprising in view of the differences

in the associated mixing systems. In the Joosten
expression, the CIP data give exponents that are
similar for dJ, but not for tl. In the Baldi
expression, the agreement is good for the value
of tl, not very good for the value of dJ, and poor
for the value of p.

Question 3: Are any of the key dispersion
variables independent of scale?

To determine whether or not it is appropriate to
apply a scale-up rule for the dispersion of the

adsorbent phase in gold slurries, the scale
dependence of the mixing parameters at the just-
dispersed point is examined. Relevant data for
the three geometrically similar systems tested
are presented in Table VII.

As expected, N/D-the agitator speed to just
disperse the carbon-decreases with an increase
in the size of the vessel, while the specific power
and the specific torque decrease and increase
respectively. The variation in the tip speed to just
disperse the adsorbent, fI/D,varies with scale, but
does not show any specific trend. It is interesting
to note that the apparent superficialvelocityat
the just-dispersed point is the variable that is
closest to being scale-independent, although this
observation may arise from the assumption that
the pumping number is the same at the three
scales.

Question 4: What scale-up equations are
appropriate for the dispersion of the
adsorbent phase?

In Table VIII, the scale dependence of various
mixing parameters in the CIF systems tested is
demonstrated, all the available data being
considered. Table IX demonstrates the same
information but only for those systems that were
geometrically similar.
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Table VIII

Scale dependence of key dispersion variables

Correlation coefficient

0,987
[0,956]

0,937

0,624

0,619

NB: The correlation involving tip speed is identical to that involving agitator speed after
modification of the exponent on 0 to account for the fact that 8 = NO

Table IX

Scale dependence of key dispersion variables in geometrically
similar systems

Correlation coefficient

0,98
0,98
0,97

Table X

Comparison of scale-up exponents for particle dispersion

-0,85
-0,67. -0,76
-0,75

0,5
(0 - 0,67)'

[0,42]

0,37

Exponent on NJD Exponent on ~JD

[-0,84]
-0,77

. Baldi held that the exponent for a disc impeller should be zero but that, for other
impellers, it would be a function of geometry

t The value of the exponent varies with the mixing system
, The value of this exponent depends on the concentration and settling rate of the solids.

When particles settle in the fluid at rates greater than about 0,5 cm/s, the exponent
decreases from 0,5 to zero as the concentration of the solids increases from zero to that
of a dense slurry. If the settling rates are very high, the exponent may be as high as 0,67
for a dilute slurry'9

As can be seen from Table VIII,NJDcorrelates
with the geometric variables significantly better
than does the specific power, EJD'or the torque
intensity, "tJD.Chapman et al.B make a similar
observation, finding that the minor scatter in the

NJDdata is magnified in the EJDdata. Their
explanation for this was that there were minor
geometric differences in their experiments
between the vessels of different sizes: some
vessels had a sparge pipe or a centre support
bearing at the base of the vessel, while others
did not. Their power data appear to be much
more sensitive to these slight differences in
geometry than are their data for agitator speed.
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Something similar may have affected the CIP
data reported here. The impellers of 142 and
480 mm diameter were lined with rubber, while
the others were not. Further, in the large vessel.
the support structure for a stabilizing bearing
near the top of the tank was just submerged in
the slurry.

The observed sensitivity does not invalidate
the usefulness of correlations based on power
(or variables derived from them), but it does
indicate that caution is needed in their use.

TableX comparesvalues for relevant scale-
up exponents from the literature with values
obtained from the CIPdata. Two values for each
exponent are given for the CIPdata. The first,
from Table IX, indicates the value obtained for
geometrically similar vessels. The second, from
Table VIII,which is derived from the broader
correlations involving all the available data,
should be the more reliable.

The values of all the exponents on NJDare
very similar, with the exception of the value
reported by BaldL The values are in the region of
-0,75. This value indicates that the scale-up
equation is closer to a constant-power-intensity
rule (when it would have a value of -0,67) than
to a constant-torque-intensity rule (when its
value would be -1).

The agreement between the various
exponents on EjDis not good. Nienow4, following
ChapmanB, recommends that the more conser-
vative exponent of -0,28 should be used. This
value is in good agreement with the value of
-0,25 recommended by Rautzen and others2, 25,
who present various scale-up procedures based
on industrial practice. The more reliable
exponent from the CIPdata is -0,35.

To complete the examination of the scale
dependence of key variables, the effect of changes
in impeller diameter in a given vessel is
considered. ChapmanB found that the exponent
dl in equation [25] was -1,5. He claimed
reasonable agreement with the value that would
arise from Zwietering's equation, Le. -1,67. From
the CIPdata, the value of the exponent was found
to be -1,45 for the tank of 305 mm diameter and
-1,73 for the tank of 330 mm diameter. A more
reliable value was obtained from the regression
on the full data set given in Table VIII.This
value is -1,67, which agrees exactly with
Zwietering:

NJDrxDdl. [25]

It emerges from this discussion that, for the
dispersion of carbon in the CIPsystem tested,
the most reliable scale-up equation involves the
agitator speed. This equation is not sensitive to
minor geometrical differences between the
scales, and is in good agreement with the
correlations found in the literature.
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Question 5: Does the design procedure for
the suspension of ore particles result in
insufficient agitation for adequate dispersion
of the carbon?

This question can be answered only for the
specific adsorption systems for which data are
available. To address the question to the system
tested, a comparison must be made between the
data in Table VII and the scale-up rules used for
the design of CIPcontactors (as described
earlier) .

The superficial velocities recommended by
Hicks16are in the range 0,09 to 0,18 m/s, while
South African CIPplants are designed with
values around 0,18 rn/s. The latter value would
be adequate for the dispersion of carbon in the
systems tested-Table VII shows values for Us/D
ranging from 0,1 to 0,14 m/so

The equivalent torque-intensity values used
in the design of CIPcontactors are typically in
the range 6 to 7 Nrn/m3. For the systems tested,
this translates into torque intensities in the
range 8,7 to 10,2 Nrn/m3. Table VII indicates
that this range would be inadequate for carbon
dispersion in the systems tested-the values of
t/D increasing from 10,7 Nm/m3 as the scale is
increased.

Table XI presents the torque intensities and
superficial velocities that would result from
scaling up of the agitator speed as recommended
in the previous discussion. As can be seen, the
values are all greater than those indicated by the
scale-up rules that are usually applied to the
design of CIPcontactors. The tip speeds are also
greater than the range of 200 to 300 rn/min that
is thought to be safe for minimizing the attrition
rate of carbon. These observations, as well as
the scale-up equations that have been
recommended, must remain tentative until a
stronger set of data is available than that
presented here.

TableXI

Tentative scale-up data for the CIP systems tested
(p =1450 kg/m3, Po= 0,35, and PI = 0,6)

~ 192

Measured

1,2
0,48

135

12
4,8

23,5

354
23,3
0,23
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Discussion

The dispersion data examined here originated
from systems in which the carbon particles tended
to float. As such, the conclusions that can be
drawn provide some insight into an area of
mixing that has received very little attention. The
following points have emerged.

(1) An examination of the power numbers
obtained suggests that the dispersion of
the carbon occurred before the slurry was
fully turbulent. In addition, it was found
that the power number at the just-dispersed
point was significantly dependent on scale,
even in geometrically similar systems. One
consequence of this is that the calculation
of power from scaled-up agitator speeds by
use of a constant power number would
under -estimate the power requirements. In
addition, scale-up equations based on
different mixing parameters are not likely
to correspond to one another in the way
that they would if the power and pumping
numbers were constant and scale-
independent. Therefore, for gold in-pulp
systems, one scale-up equation may prove
to be more reliable than another.

(2) No appropriate scale-up rule was found for
the dispersion of carbon particles. The
agitator speed and specific power decreased,
and the torque intensity increased, with
increasing scale in geometrically similar
vessels. The indication was not as clear for
the apparent superficial velocity, Us/D.In
that case, there was some variation with a
change in scale, but the variation was
reasonably small. It will require a better
set of data to reveal whether the Us/D for
the dispersion of adsorbent particles
remains essentially constant with scale for
gold-adsorption systems.

(3) It is apparent from (2) that the scale-up of
the system tested requires an appropriate
scale-up equation. This suggests that the
mixing in the specific CIPsystem tested
was a suspension-assimilation problem
and could not be treated as a liquid-
blending problem. Power and torque
intensities appear to be rather sensitive to
minor variations in system geometry, and
therefore do not offer as reliable a basis
for scale-up as equations based on agitator
speed. The scale-up equation recommended
by RautzenZ5,but with a scale-up exponent
of --D,76, seems to be the most appropriate
-equation [26]. It should be noted that
Rautzen recommends that strict geometric
similarity should be maintained when this
scale-up equation is used.

Nrv,z = NjD, 1 (Tz/T!)...(),76 [26]
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(4) It is apparent from the scale dependence of
the power number that there will be some
difficulty with the estimation of the power
and torque required on a large scale. For
the scaling up of mm coefficients, which
requires a value of EJDon the larger scale,
there will also be difficulty. In the absence
of correlations of power number against
Reynolds number for gold-slurry systems,
it is recommended that both the agitator
speed and the specific power should be
scaled, rather than the application of the
power number to a scaled-up value of the
agitator speed. The recommended scale-up
equation is as follows:

EJD,Z IX EJD, 1 (Tz/T1)-O.Z5.

A conservative value for the scale-up
exponent t1 is suggested because of the
sensitivity of the CIP data to power measure-
ments. Chapman's value of -0,28 (Table VIII) is
recommended, but the impact of values as low as
-0,35 or -0,4 should also be tested.

Scaling up of the specific power, rather than
the specific torque, is recommended here because
this appears to be the more common practice in
suspension problems where a scale-up equation
(rather than a scale-up rule) is employedz. Table
VI suggests that both variables correlated with
the CIP data equally poorly.

Conclusions

There are two mixing issues in gold in-pulp
adsorption systems. The first involves the
suspension of fine particles of ore so that settle-
ment does not occur during operation and re-
suspension can be achieved readily after a
shutdown. The second involves the dispersion of
the adsorbent phase in the slurry. Mass-transfer
considerations dictate that, at the very least, the
adsorbent must be just dispersed in the slurry so
that the full surface area of these particles is
available for gold adsorption. In addition, if film-
transfer coefficients are to be scaled successfully,
it is necessary to scale up the value of EJ~the
specific power at the point where the adsorbent
is just dispersed. This is required irrespective of
whether it is needed for the design of the mixing
conditions in the contactor.

In regard to the flfSt mixing issue, the
suspension of fine particles of ore, no specific
data were examined, and current design practices
were therefore accepted without comment. The
procedures involve scale-up rules based on equal
fluid motion. Constant-equivalent-torque-intensity
or constant-superficial-velocity is the rule
commonly applied. Typical values that are used
are 6 to 7 Nm/m3 for the equivalent torque
intensity, and around 0,18 m/min for the
apparent superficial velocity. The constant-power-
intensity or constant-tip-speed rule is no longer
favoured for the scaling up of mixing require-
ments. However, tip speeds need to be in the
range 200 to 300 m/min if high levels of
adsorbent attrition are to be avoided.
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In regard to the second mixing issue, the
dispersion of the adsorbent phase, two factors
need to be assessed. The flfSt concerns the likely
settling rates of the particles. The second is
whether the adsorbent phase has a tendency to
settle or float at the slurry densities envisaged in
the contactor.

If the settling rates of the particles are low-
below about 2,5 mm/s-the recommended design
procedure is the same as that employed for the
suspension of the ore particles, whether the
particles tend to float or settle. Settling rates are
a function of the particle size, the slurry viscosity,
and the difference between the adsorbent and
slurry densities. An idea of the minimum settling
rates can be obtained from equation [22] by the
assumption of particle sphericity, Newtonian
rheology, and laminar settling conditions
(Figures 6 and 7).

If the settling rates of a good proportion of
the adsorbent particles are significantly greater
than 2,5 mm/s, the use of an appropriate scale-
up equation is recommended. Whether the
particles have a tendency to settle or float has, at
least in principle, a bearing on which equation to
use. Normal practice for systems of particles that
tend to settle is to scale-up on power intensity by
use of equation [27], although some workers
have found this approach to be rather sensitive
to minor differences in the geometry of the sys-
tem. In systems where the particles tend to float,
little guidance is given in the literature. The
work reported here indicates that the relevant
scale-up equations are very similar to those used
when particles tend to settle. Again, the scale-up
equation based on a power variable is prone to
error, and scale-up based on agitator speed is
recommended, Le. equation [26].

For the scaling up of mm-transfer coeffi-
cients, a scale-up procedure is required for EJD'
the specific power needed to just disperse the
adsorbent phase. Equation [27] is the appropriate
vehicle but, as already mentioned, caution should
be exercisedbecause of its sensitivity to minor
deviations in the geometry of the system. In
addition, the scale-up exponent (usually -0,25)
may be closer to -0,4 in systems involving
particlesof adsorbent that tend to float.

The primary concern in the first two papers
in this series (this and reference 1) has been to
provide an understanding of those aspects of
contactor design which willmost affect the rates
of gold adsorption. The next paper will examine
how these aspects can impact on the performance
of operating plants.

Nomenclature

A
Ai
Aw

Cross-sectional area of the vessel
Area swept by the impeller
Area adjacent to the vessel walls,
where the fluid flow is upwards
Parameter (equation [6])
Impeller clearance
Solids concentration (by mass)

a
B
C
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n Scale-up exponent concentration
32. AFEwu,K.\. Scale-up in

carbon-in-pulp adsorp- nb Number of blades on the impeller Uvert Fluid velocity past the impeller
tion systems. johannes- P Power applied to maintain agitator X Generic mixing parameter
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