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The operation of a gravity settler for the water-uranyl sulphate -kerosene system was
studied. The effect of process variables, which include flowrate, agitation intensity,
phase ratio and air entrainment, on the dispersion band height-area relationship in
a gravity settler was investigated. Using synthetic solutions a model was developed
for the prediction of dispersion band heights for the following mixer geometries: 1)
square mixer, 2) cylindrical miver, 3) closed mixer (no air entrainment).

The model was tested using an actual leach liquor solution from Key Lake. The
predicted band heights were found to be genérally higher than experimental values,
indicating that conservative designs would arise from the use of synthetic solutions
in the absence of ’crud’. The absence of air entrainment feqdréalﬁlore power for the
prevention of phase inversion. The inv &cngauon also showed definite a.dvantages by

operating the system with a contmuous organic phase.
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Nomenclature

Symbols in the text, unless otherwise stated, have the following meaning:

w

v

parameter

settler area, cm?

parameter

general constant

drop diameter

film thickness

dispersion band height, cm .
genera.l constant

general constant -

~ impeller speed (rotations per minute).

dispersed phase ratio

volumetric flowrate, mL/min.
impeller speed (rotations per minute)
sum of squares of residuals

time

parameter

volurnetric flowrate, mL/min.

general constant |

general constant



¢ dispersed phase ratio

P density, g/cm®

B viscosity, cp

04 interfacial tension, dynes/cm
B initial parameter estimates

Subscripts
c continuous phase
dispersed phase

o ~ initial properties
“Ac actual

£d feed
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Chapter 1
Introduction

In the production of uranium yellow cake, required for the production of nuclear
fuels, the following operations are involved. The uranium ore is first mined, ground
to 80% minus 200 mesh and then leached. Sulphuric acid is used to leach the ore

and solubilize the uranium. The urantum in solution can occur in several different

forms [1}:
U0z +2HY «— UOI2 +H,0

UOF? + 5072 s V0,50,
U0;504 + SO7? «— (UO0,(S04)2) 2

(U0:(S0.)2)2 + 5072 «— (UO5(SO4))™

Uranium is recovered from the leach solution using either jon exchange or liquid-
- liquid extraction. Solvent extraction transfers the uranium from the aqueous leach
liquor to an ocganic solution by contacting the two immiscible phases. When the

1



3]

uranium has been concentrated in the organic solvent it is stripped into a second
aqueous phase, from which uranium is then recovered by precipitation.

Solvent extraction employs selective amine extractants such as Alamine 336,
Amberlite LA-1 and Primene JMT. One of the most commonly used for the extrac-
tion of uranium is the tertiary amine Adogen 364 [2]. Accordingly, in the extraction
stage, the uranium is transferred from the aqueous to the organic phase in the fol-
lowing manner:

(FoNH),50; + (U02(S0,)2)"2 «— (ReNH);00(S04)z + SO;2

2(R3N'ﬁ)_2804 + UOz(SO.g);‘ — (R3NH)4U02(804)2 -+ 280:2

The overbar indicates the organic phase.

Uranium is recovered from the loaded organic phase bv stripping with an am-
monium sulphate solution. The stripping stage transfers the metal back into an
aqueous phase. Finally, uranium is precipitated from the strip liquor as yellow cake
by using ammonium hydroxide or hydrogen peroxide [3]. The tertiary amine is recy-
cled and conditioned with sulphuric acid to change the amine to the sulphate form.
A scrub stage may be included in the process by contacting the loaded orga.mc with
water to remove impurities from the organic.

The equipment traditionally used in the uranium processing industry is the
mixer-settler. This involves mixing of the two phases in the mixer, where mass
transfer takes place, and then letting the phases separateina grévity settler. Mixer-
settlers are capable of la.rge throﬁghputs and good mass transfer. However, the
. separation of the two phases has many uncertainties which has led to overdesign of

the gravity-settler. This results i in: ‘

.. High ca.p;tal cost. -
o Large solvent inventory.-

¢ Excessive evaporation losses.



o Control difficulties.
» Large space requirements.

In a gravity settler a dispersion band forms at the interface of the two phases.
The relationship between the depth of the settler, dispersion band height and area
of the settler can be considered as design variables with two degrees of freedom. In
other words, if two variables are set the other becomes fixed. Since the limitations
for depth and area of the settler are physical, they can be selected arbitrarily, re-
sulting in the overdesign of gravity-settlers. Thus, accurate prediction of dispersion
band height with respect to area can be used to optimize settler dimensions.

The process variables which can effect dispersion band height are throughput
(Q), agitation intensity in the mixer (RPM) and the dispersed phase ratio in the
feed (PR). Having a mathematical model to predict the dispersion band height with
respect to these variables would be of benefit for mixer-settler design.

The initial equation developed bj' Ryon, Daley and Lowrtie [4] related the dis-
persion band height (H) to the throughput (Q) per unit area of the settler (A). This
was confirmed theoretically by Barnea and Mizrahi [5]. The equation,

H=C(Q/AY E (1)

does not clearly identify the influence of the process variables agitation intensity
(RPM') and phase r.a.tio (PR) since C and y were experimentally determined con-
stants ‘

Gondo and Kusunolu [6] were able to expand the equation developed by Ryon
et-al. [4] to include the process variables (RPM and PR) of a water in kerosene
system. However, their equation contradicts the accepted coalescence medna.nism
of dispersions. '

A dimensional analysis a.pproach was attempted by Smith a.nd Davies [7] The
assumed dependence of b_a:nd height on some physical properties (e.g. vxscosxty
and 'interfadal tension) was found to be negligible. ' As well, a direct rela.tionéhip_
between process variables and the physical properties of the system is still requn'ed' |
for pred1ct10n of the dispersion band he:ght '



Allak and Jeffries [§8] pursued an iterative droplet-layer-height approach but
which required knowledge of a critical film thickness which could only be obtained
from experimental data.

Golob and Modic [9], Vieler et al. [10], and Jeelani and Hartland [11], all ap-
proached the problem of dispersion band height prediction with & similar premise.
They attempted to predict dispersion band height for a continuously operated
gravity-settler from batch dispersion tests. None of these authors attempted to
directly relate the dispersion band height and the process variables (i.e. agitation
intensity and phase ratio).

The necessity for an equation which relates the process variables to dispersion
band height becomes evident. Such an equation would be of benefit in the design
of mixer-settlers, since by imposing any physical limitations, say area, the equation
could then be used to optimize the remaining physical dimension, depth. |

Atlkinson [1] attempted to develop a predictive dispersibn band height equation
for the uranyl-sulphate-Adogen 364 system. Using aqueous continuous operation,
the focus of the investigation was to determine the effect of the process variables
such as agitation intensity (RPM), dispersed phase ratio (PR), throughput (Q) on
- the settler area (A) dispersion band height (H) relationship. A mathematical model
. was developed for a square mixer. Inconsistent data resulted in a poor ‘model for a
closed cylindrical mixer. _ . : ‘

In the present study, organic phase continuous operation was used to determine
the effect of agitation intensity (RPM), dispersed phase ratio (PR) and throughput
(Q), on the dispersion band height-settler area rela.t:onsh:p

The objective was to develop mathematical models, relatmg dxspersmn ba.nd
height and process variables, for different mixer configurations (i.e. squa.re and
cyhndncal) and to determine the mixer type effect, on dispersion band heights.
A closed mixer was used to examine the effect of air entrainment on mixer-settler
operation. These studies of mixer configuration and air entraim:ﬁent effects can be
expected to aid equipment selection for mixer-settler process&e : |

The final objective was to test the mathematlcal models obtained with a.que-
ous/organic continuous phase opera.tmn by substituting the synthetic leach solution . -



with Key Lake leach liquor and comparing the data with that predicted by the
model. . |

It was hoped that the effect of these variables on the dispersion band height could
be modelled and a feasible design equation for predicting band heights developed.



Chapter 2

Background and Literature

Review

2.1 Coalescence

The following factors are of concern in mixer settlers: 1) mass transfer 2) dropiet
size distribution and the rate of phase disengagement or coalescence. It is this rate
of phase disengagement which is of prime importance as it directly affects diépersion
band heights’ and hence settler size. -

A dispersion occurs when two immiscible phases are vigorously mixed, such that
the droplets of one phase (the dispersed phase) are dispersed in the second phase -
- (the continuous phase). The phases will separate over time, by the coalescence of

droplets in each phase. In a continuously operated system (e.g. a :mxer—sattler),

a dispersion band is formed between the two 1mm.15c1b1e phases. This is shown in

" Figure 1. The height of the dispersion band is represented by H. The dxspersxon

‘band height, along with settler depth and area detenmne the capacity, of the settler
for operation in the process. :

It has been proposed that coalescence between dlspersed phase droplets and the

‘interface occur in five consecutive stages [5]. The stages ‘though are not necessarily

independent and can be summarized as follows; 1) the approach of a drop towards

~ the interface, wh:ch causes both - drop and mterface deformation;.2) the da.mped
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oscillation of the drop near the interface; 3) the formation of a film of continuous
phase between the drop and its bulk (dispersed) phase; 4) the drainage, rupture and
removal of the film; and 5) the transfer of the contents of the drop into its bulk phase.
Coalescence also occurs between the individual drops. In drop-interface coalescence,
gravity holds the drop at the interface until the film drains and ruptures. In drop-
drop coalescence the effect of gravity is much less, consequently adjacent drops may
not remain in sufficiently close proximity long enough for film drainage and rupture
to occur.

The exact mechanism of settling and coalescence in solvent extraction is not
clearly understood. The time required for 2 droplet to coalesce into its bulk phase
is referred to as the coalescence rate. The faster the coalescence rate, the quicker
separation of the two phases occurs and thus a smaller dispersion band height is
predicted. |

The relationship between the coalescence rate and dispersion band height can

be determined by examination of the dispersion band structure.

2.2 Dispersion Band Structure

It has been éuggested by different investigators that the structure of the dispersion
ba.nd is made up of two or three zones. Allak and J effreys [8] proposed three distinct
zones, a coalescmg zone, a packing zone and a flccculating Zone. This is illustrated
in Figure 2. This figure represents an aqueous continuous system. (Note: Since the
organic phase is dispersed the droplets rise, however, for the system investigated in
this study the aqueous phase was dispersed and the droplets fall. This diagram is
used as an illustration of the different zones in a.'dispersion, the fact that droplets rise
" or fall does not change the concept ) In the flocculating zone, when the drops enter
the bed they are jostled about with the result that, although they remain spherical,
they arrange themselves in the most compact way and trap the continuous phase in
~ the interstices. In the packing zone, the drops pass into the band and are squeezed
toget.her extruding the continuous phase. In the coalescmg zone, which is only one'
or two drops thick, the droplets tend to coalesce with the interface more than with '
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each other.
Barnea and Mizrahi [5] suggested that two zones existed. The first being referred

o as the 'dense’ layer, which can be found in the vicinity of the coalescence front.
It is equivalent to Allak and Jeffries [§] coalescing zone and occupies 10 to 20% of
the total volume of the dispersion band. The second zone is referred to as the ’even’
concentration layer which constitutes the majority of the volume of the dispersion
band. |

According to Barnea and Mizrahi, the role of the 'dense’ sub-laj,’er is to expand
the effective area of the interface available for precoalescence so that bigger droj)s
reach the coalescing front. The role of the 'even’ concentration layer is to provide
for the conditions and residence times necessary so that drop to drop coalesence
can take place. The total thickness of the ’even’ concentration layer adjusts itself
to provide sufficient residence time for all droplets, which were originally too small
to rise or fall, to grow by coalescence. When the appropriate size is reached, the
droplets approach the coal&scmg front (dense sub-layer) to become part of their
bulk phase.

For settlers then, it is apparent that their capacity depends more on the mech-
anism of hindered settling of drop populations and drop-drop coalescence than on
the droplet coalescence rate at the coalescence front.

The coalescence rate is affected by the throughput (Q) and the dispersed phase
ratio (PR), which determine the residence time in the ’even’ concentration sub-layer
of the band. The agitation intensity (RPM) determines the droplet size which will
in turn affect the coalescence rate. Thus, by manipulating these process variables,
their effect on the coalescence rate can be measured with dispersion band heights.

Before investigation of the effect of process variables on the dispersion band
height, it is necessary to review the equations developed by other authors to under-
stand the different approaches utilized.
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2.3 Dispersion Band Equation Development

The equations developed for prediction of dispersion band heights are presented in
two main groups. The first group can be classified as ’direct’, in that they attempt
to relate dispersion band height to process variables directly from continuously
operated gravity-settler data. The second group attempts to predict dispersion
band heights from batch settling data, their objective being to eliminate extensive
pilot plant work. This group can be classified as ’indirect’, since they attempt to
predict dispersion band heights for steady-state gravity settlers indirectly.

Ryon, Daley and Lowrie initiated the direct methods of predicting dispersion
band heights when they first reported an equation based on experimental data col-
lected from the Amex system [4]. The authors concluded that, dispersion band
height as a function of flowrate per unit cross-sectional area was virtually indepen-
dent of settler size, and that the specific flowrate (Q/A) could be used as a reliable
basis for design of larger scale equipment. The equation devéii.:_)ed was: |

H = G(Q/AY | k‘ (2)

Where H was the dispersion band height, Q the total throughput and A the area -
of the settler. C and y were experimentally determined constants. The equation
does not indicate how dispersed phase ratios (PR) and agitation intensity (RPM) .
in the mixer influence the experimental constants, C and y. Expansion of these

experimental constants to include dispersed phase ratio (PR) and a.gita.tién intensity
(RPM) is necessary to optimize settler design. | ‘

. Barnea and Mizrahi [5] confirmed the equation developed by Ryon et al. [4]

by studying the effect of 'dense’ and ’even’ concentration layers on dispersion band
heights. The study was restricted to settlers with dispersion band heights greater
than 15 centimeters. Their dispersioh band height equation, is developed below. At

steady state the volume of continuous phase entering the dispersion band is equal -
to the volume leaving the band. Therefore, the avefage draining velocity over the
whole area is; | ' : : |

Q-¢) S |
= e



where ¢ is the dispersed phase fraction. Barnea and Mizrahi denote Uy, the relative
velocity between two phases, as the average vertical velocity of the continuous phase
divided by the average fraction of horizontal area occupied by the continuous phase.

_Ql—-¢o) _1
U,;s— A *1_¢ (4)

where ¢ is the local concentration of the dispersed phase in the ‘even’ concentration
layer. Therefore,

Us x Q/A ‘ ‘ (3)
Also, the relative velocity between the phases is proportional to the 1’th power of
the average drop diameter,

' U, x d (6)
where

2> i=1f{Rey) > 0.5 ()

and the average drop diameter is a function of the residence time in the ‘even’
concentration layer,

doctif | | (8)

with j>3 and where 1/j is a function of the rate of grbwth of the drops due to

- coalescence in the ’even’ concentratlon layer. Co:nbmmg equat:ons (5) and (6) for
relatwe velomty gives;

]

Q/hxd @ :

The average residence time in the ’even’ concentration layer, t, is given by
t=V/Qxdo/s o (10)

where V' is the volume of the even concentra.t:on layer. A.Iso, toc V' /Q since ¢o/¢
are constants at steady state.

I the ’even’ concentration layer is considered to be a constant proport:on of the
total th1ckness of the d;spersmn band, V, then combining equations (8) and (10)

- gives,

A«Mawmw o )
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or since V = H*A

d o (H*A/Q)Y o< (H/(Q/A))A - (12)
Rearranging equation (12) yields
&« H/(Q/A) (13)
or |
H «x d(Q/A) (14)

Equating equafions (9) and (13) gives,

(Q/AM  (H/(Q/A)Y (15)

and isolating H yields,
| : H o (Q/A)/+ | (16)
Ho (Q/AY - - o an

\\here y =j/i+ 1. ¥ j>3 and 2.02i>0.5, then y2>2.5.

Although this development has imposed a lower limit on the expenmenta]ly de-
termined constant y, the effect of dispersed phase ratio (PR) and agitation intensity
(RPM) is not clear. Again, expanding the constants C and y to include the effect
of PR and RPM is necessary. ‘ -

Gondo and Kusunoki[6] using a ’dn‘ect’ method, published their experiments
on the separation of a water in kerosene dispersion in a vertical glass settler. The
heighﬁ of the dispersion band (H) was correlated with the feed throughput (Q), the

dispersed phase ratio (¢} and the speed (N) of the mixer impeller. The followmg
empirical correlation resulted:

H=¢oNoQ/a® )

Although this equation agrees with the results of Barnea and Mizrahi, there is
one significant difference. The equa.txon indicates that AH should decrease 1f the
continuous pha.se throughput was mcreased, all other variables held constant. This
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contradicts the concepts of coalescence and dispersion separation which indicate
that, increasing the the continuous phase throughput (or decreasing the dispersed
phase ratio) should decrease the coalescence rate, thereby increasing the dispersion
band height. A closer look also indicates that the constant 3.1 must be expanded
to include the effect of RPM (or N) and PR (or ¢).

Smith and Davies|[7] attempted to directly predict dispersion band heights ,
and developed an equation using dimensional analysis. By studying eight different
systems, the following equation was obtained:

H Vate 0.846 ( a2 Apg) —~0.878 (Fd)o.m | -
— = 3499 — 19
do ( ¥ ) 7 He ( )

where V is the volumetric flowrate of the dispersed phase, dy the dispersed phase
droplet size, Ap the density difference between the phases and g, y, and 7 the
gravitational constant, viscosity and interfacial tension respedtively. The subscripts
¢ and d represent properties of the continuous and dispersed phase. |
Close study of this equation indicates that there is little effect of continuous
- phase viscosity and interfacial tension. This is unlikely when the mechanisms of
coalescence are considered, as it is the continuous phase which must drain between
. the dispersed droplets before their coalescence. Therefore, a Ia.i'ge dependence on |
continuous phase viscosity would be expected. Dimensional analysis also assumes
knowledge of the relationships between the process variables and the physical prop- -
erties of the system. This may be difficult to obtain and by modelling the system
directly with the process variables this problem may be overcome. ‘
Allak and Jeffreys[8] developed a mathematical model, based on film rupture
thickness to 'predict dispersion band height as a function of inlet drop size, flowrate,
and the physical properties of the system. '
The iterative procedure developed, estimates the dispersion band he:ght as fol-
lows. As the dispersion band forms from drops of initial diameter dg, continuous

phase is trapped in the amount expressed by

() @




where Q, represents the upward flow of the continuous phase, V the superficial
velocity and ¢ the dispersed phase ratio in the feed.
The initial film thickness between drops, b, is estimated from equation (21).

1-¢
d 21
= (53) e
The drops pass into the band and continuous film drains until the critical flm
thickness h, is reached. Time taken for draining to occur is estimated by

_ 55 ( Vired )1 ' | ©2)
981 \ pgv*¢*hl
Since V is known, the thickness of the first increment of the band is Hy =V *t.
Upon coalescence of a pair of drops, d:¢:V change and are recalculated for the next
increment. These steps are repeated until the initial Q, is reduced to zero. The
total band thickness is 3" H.

Several questions arise from this method. What is the critical film thickness?
Upon coalescence, what do d:¢:V become? Can an increment of dispersion band
height be determined by the coalescence of a single pair of droplets? This final
assumption does not lend credibility to the procedure since droplets coalesce at
different rates within the band itself. u o

The next group of equations have been classified as ’indirect’. The hypothesxs'
that contmuous d:sperszon heights can be calculated md1rectly from batch settling
data is noteworthy, however, the objective of eliminating pﬂot plant work is not

practical from a process design viewpoint. This, coupled with the fact that, the
effect of procesé variables on dispersion band height have not been investigated, are
the inherent weaknesses of these equations for use in mixer-settler design.

Golob and Modic[9] studied the relationship between batch and continuous set-
tling rates as a method of determining the dispersion band height. Their results -
show that at equal dispersion thicknesses, the batch coalescence rate and the contin-
uous systems’ dispersed phase throughput per unit settler area are equal, allowing
. batch results to be used for the design of continuous settlers. Observatmns in the

Amex[—i] extractlon process were used to formulate the equation,

CH=1453 = 145(Qu/A o (23)
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where the coalescence rate vy is equivalent to the dispersed phase throughput Qg
per unit area (A).

This equation indicates that the continuous phase throughput has no effect on
the dispersion band height. This would contradict the mechanisms proposed for the
coalescence of a dispersion. The effect of agitation intensity in the mixer (RPM),
dispersed phase ratio (PR) and total throughput (Q) are not clear. The effect of
these variables become important in process and equipment design.

Vieler, Glasser and Bryson[10] derived an internal age-distribution model to
relate a batch settler with a continuous stea.dy—stéte settler. They proposed that, if
the internal phase disengagement rate is a function of age, as well as other properties,
there exists a non-uniqueness in going from batch to continuous experiments. They
explained their hypothesis in the following manner.

Suppose that in a dispersion one defines ¥(t)dt as the volume of the dispersion
in the settler of age, between t and t+dt, where age is defined as the time since
the volume element entered the system. Associated with this volume element,
one defines a phase-disengagement rate g(x,t) which is the fraction of the volume
disengaging per unit time when the age is t and the properties of the system are x.
Examples of such properties might be the phase ratio and the total dispersion band .

thickness. In terms of these two quantities a material balance over a differential age
interval leads to the equation,

B o —gmiue) - 24)
The -niajor assumptions in the derivation of this equation, is that one can define a
property of the system as g. The validi\:.y of the assumption that one can relate g
from the batch and continuous experiments has not been confirmed.

However, the authors propose that the continuous results can be summarized in
the equation v

agaﬁ+b . (25)

where V is the volume of the dispersion; Q the total throughput and H the disper-
sion band height. Both constants a and ‘b should be positive as V/Q represents a

coalescence time and must increase with increasing dispersion band height. -
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Again, this equation fails to show the effect of process variables such as agitation
intensity in the mixer (RPM) and phase ratio (PR), necessary for process design.

The prediction of dispersion band height from batch settiing data was also de-
veloped by Jeelani and Hartland[11]. They were able to develop an equation which
related the total band height (H) to dispersed phase throughput (Qq) per unit area -
(A) of the settler. :
| H=K(Q/A)" (26)

The constant K was found to be dependent upon the average dispersed phase hold-
up fraction in the continuous settler. The constants w and K were both determined
from batch settling data, thus by-passing extensive pilot plant work. However, pilot
plant testing is required for scale-up. 2z

Inspection of equation (26) shows that throughput of the continuous phase has
no influence on dispersion band height. This contradicts the proposed mechanism
for coalescence in dispersions which states that, increasing the continuous phase
throughput would raise the dispersion band height by impeding the motion of the
- dispersed phase droplets to their bulk phase.

Citing the need for pilot plant work and equation wealmesses, the necessity of an
equation which can predict dnspersmn ba.nd he1ght wuth respect to process variables
~ is.warranted.

The present study is a continuation of work initiated by Atkinson[l]. Using the
‘direct” method of studying a continuous steady-state settler, Atkinson[l] investi-
gated a uranyl-sulphate-Adogen 364 system. The focus of the investigation was
to determine the effect of the process variables such as agitation intensity (RPM),
throughput (Q), dispersed phase ratio (@) and settler cross-sectional area. The
effects of these variables on the dispersion band height for an open square mixer
configuration were ‘determined for an aqueous phase continuous system. He also
investigated the effectsof a cyhnd.ncal mixer configuration with no air entrainment
(i.e. closed). A mathematical model for the square mixer was developed. A com-
plete ma.thematmal model could not be developed for the dosed cyhndncal mixer

. configuration.

" The inv est;gatlon utilized synthetic phases. The orgamc phase compnsed 3. 5%
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Adogen 364, 3.5%isodecanol and 93% Sheil 140 kerosene. The aqueuos phase corm-
prised sulphuric acid in water at a pH of 1.6. The model developed for the square
fpixer was, - '
H = (T1/RPM + T2 * Q)exp((Ts * Ba+ T4 x Q)/A) (27)
where Ty, T5, TsandT, are parameters determined by nonlinear regression analysis.
- The model was not coinpared to data for actual leach solutions. As well, this
particular system should have been operated organic phase continuous to minimize
organic loss through entrainment. This was not investigated nor confirmed opera-
-~ tionally with actual leach solutions. No equation could be developed for the closed
cylindrical mixer data which indicate an influence of either air entrainment or mixer
configuration. | | .
It was hoped that, in the present study, the effect of process variables on the
dispersion band height could be modelled for both mixer configurations and no air

entrainment. From this a feasible design equation for predicting band heights could
be developed. '

W



Chapter 3
Experimental

In the current investigation, an extension of Atkinsons’ work (1) was undertaken.
It was decided to continue the development of a single stage mixer-settler using the
uranyl-sulphate-Adogen system. Again, the focus of the investigation was the effect
of process variables on the dispersion band height.

Using simulated phases, the study investigated an extraction stage operated
with the organic phase being continuous. Orgahic continuous operation is desirable
since organic loss due to e:;tra.inmént can be eliminated when compared to aqueous
" continuous 6peratioh. By measuring dispersion band heights at different operating
conditions, a mathematical model for predicting band height can be developed. The -
use of Synthetic solutions to develop appropriate models is necessary since, each
solvent extraction system can be ore dependent. The developed model can.then be
compared to dispersion band'height data obtained using actual leach Iiciuors.

' The a.ppa.fa.tus configuration used is shown in Figure'3. A plexiglass settler, 50
cm high x 50 cm long x 20 cm wide, was used to separate dispersions produced
~in a mixer. The squa.rezmxer, 13.6 am x 13.6 cm x 13.6 .cm, and the cylindrical
mixers, 14 ¢m high x 15 cm diameter, had a capacity of 2500 mL. Agitation was
provided to the mixers. rby a 6-bladed turbine impeller, 5.2 em diameter x 1.4 cm
: hzgh "which was rotated by a variable speed motor. Rotational speed was set and
 monitored with a cal:brated strobe hght A moveable full width baffle was inserted
‘ mto grooved slots in the settler side walls to prowde different setthng cross-sectional

19



Sett‘le_:-

Mjixer

 AQUEOUS

ORGANIC

holding tanks

Figure No. 3 : Experimental Apparatus. .

2C



21

areas ranging from 134 cm? to 787 cm? (See Appendix D for intermediate areas).

The aqueous and organic phases were pumped from their respective holding
tanks to the mixer with Masterflex peristaltic pumps. The flowrates were monitored
using inline glass rotameters (TRI-FLAT, Fischer and Porter Co.) which were
calibrated for each of the experimental solutions used. The phases were introduced
into the bott~m of the mixer at a Y-joint placed at the mixer inlet. After .miﬁng,
the dispersion overflowed by gravity into the settler. The dispersion entered the
settler through a full width slit 5 cm high at point A in Figure 1. The phases left
the settler through cylindrical ports and flowed by gravity to the holding tanks.
A flow restrictor was placed on the aqueous return line to allow for adjustment of
the aqueous phase level (and subsequent dispersion band position) in the settler.
‘The organic and aqueous phases were recycled from the settler to theu' respective
holding tanks which were situated below settler level.

City of Ottawa tap water acidified to pH = 1.6 with concentrated sulphuric acid
was used as the agueous phase. The organic phase comprised of 93% Shell 140,

3.5% isodecanol and 3.5% Adogen 364 by volume. Sixty litres of each phase was
prepared. The organic phase was conditioned by contactihg with 5% sulphuric acid
in water to obtain the sulpha.te form of the tertiary amme The aqueous and organic
phases were then contacted by mixing to eliminate any mass transfer effects. The
settled phases were allowed to remain in contact for four days. After settling, the
PH of the aqueous phase was ad_]usted to 1.6 with the addmon of a few drops of
sulphuric acid. ‘

Start up commenced with rinsing the settler with tap water and shaking dry.
Continuoﬁs phase (organic) was pumped into the mixer and the flowrate was ad--
justed. When liquid began to enter the settler the impeller was started and the.
speed set. The pump for the dispersed phase was then started and set. Once the
height of the aqueous phase rea.ched the dispersion mlet the flow constrictor on the -
aqueous outlet was adjusted to mmntam the posztxon of the dispersion. baad. The
a.ppa.ratus was a.llowed to opera.te for one hour before the baﬂie was placed i in the

settler

Phase flowrates and the agitation intensity were mainta.ined for each run. The
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settler baffle was moved to vary the cross-sectional area available for settling. The
baffle was moved to the different positions in a random order. After positioning
the baffle in a specific slot, the dispersion band height was allowed to reach steady
state. The band height was not recorded until the height had remained consta.nt
for ten minutes.

The shape of the dispersion band varied from tall and narrow to flat and W1de
depending on the cross-sectional area available. If the band took on a wedge-
like shape, an indication that the cross-sectional area was to large, band height
measurements were not recorded. The surfaces of the dispersion bands were visible
through the transparent sides of the settler and the upper and lower limits of the
dispersion bands were well defined. Band heights were measured in centimeters.

Three mixer configurations were used. The first was a square open mixer fed
from the bottom and overflowing by gravity. The second was of cylindrical shape.
The third mixer was cylindrical as well, however, the top of the mixer was sealed to
eliminate air entrainment. ‘The dispersion left the mixer through a small opening
around the impeller shaft and then flowed via a walled trough into the settler.

- A pseudo 3-level experimental design was implemented to investigate the effects
of agitation, throughput and phase ratio on the dispersion band height-cross sec-
tional area relationship. For each run, (i.e. at a given RPM, Q and Phase Ratio)the
area was \fa'riedlra.ndomly in the slotted spaces provided. Table 1 represents a 3-level
factorial experimental design for the variables RPM, Q and PR. A total of ‘thi_rty

runs (including 3 replicate runs at the zero point conditions) were performed. The
variables were coded by subtracting half the sum of the upper and lower limits from
the operating value. This value was then divided by half the range. Using RPM as

an example: Coded Variable = (Z-200) /50 where Z equa]s an opera.tmg value (i.e.
250,200 or 150). |

The expenmental conditions are shown in Table 2. The levels of the process
parameters used were determined in the following manner. The total throughput
Q) was calculated using residence times in the mixer most common in solvent
extractxon processes. A residence time of one to four minutes is commonly ased in
_ the cqpper-LIX 64 system and it is not unusual to utilize a residence time of up to



five minutes in the Amex process [12]. Equipment restrictions made residence times
greater than 2.5 minutes and less than 1.0 minute difficult. It was thought that these
times would sufficiently represent the uranyl-sulphate-Adogen 364 system. Knowing
the volume of the mixer, the corresponding upper and lower limits cf the flowrate
were 2000 mL/min and 1000 mL/min. A center point selection of 1500 mL /min
completed the experimental design.

The dispersed phase ratio’s (PR) employed were determined from industrial
operating practice. The Amex process maintains a phase ratio of 0.5 (i.e.A/O =
1/1). However, process variations may occur. Thus, phase ratio’s of 0.6 (i.e. A/O
= 3/2) and 0.4 (i.e. A/O = 2/3) were taken as upper and lower Limits.

' Determination of agitation intensity was based on a method of maintaining
constant phase ratio in the mixer, reported by Bouyatiotis and Thornton [13]. It
involved varying the speed of the mixer and measuring the actual phase ratio (PRac)
entering the settler and comparing it to the phase ratio in the feed (PRyy). This
was done by stopping the mixer and feed pumps simultaneously, letting the phases
separate, and measuring the height of the pha.sés in the mixer. A plot of the ratio
PR /PRy versus agitation speed yields a curve from which the agitation speeds can
be determined. The lower limit chosen was in the region where PR, /PRy is less
than 0.75 without phase inversion, and the upper limit where the ratio approaches
1.0 (i.e. 0.98). This was carried out for each mixer configuration. All runs were
operated with the organic phase continuous.



Table 1: Experimental design

RPM Q  Phase Ratio (PR)

+1/-1 +1/-1 +1/-1

+1/-1 +1/-1 0

+1/-1 0 +1/-1

0 +1/1 +1/-1

0 0 +1/-1

0 -+1/-1 0

S +1/-1 o 0
0 0 0

Table 2: Experimental conditions

Q mL/min AQUEOUS mL/min ORGANIC mL/min RPM

PR Level

2000 1200 800 . 250 0.6  +1
1500 750 750, 200 05 . O
) ‘-‘.»\:\E:\‘\

400 600 150 0.4  -I°

1000



Chapter 4

Results and Modelling

4.1 Square Mixer Results and Modelling

The equation developed by Ryon et al.[4], H= C(Q/A)¥, can also be written,
H=C(1/A)y. It was desired to expand the experimentally determined constants
C and y with respect to throughput (Q), agitation intensity (RPM) and dispersed
phase ratio (PR). .

. The experimental data for the square mixer configuration are presented in Fig-
ures 4 through 7. | | |

The data is presented in the form: dispersion band he:ght (H) versus the inverse
of the settler area (1/A). In general, the data was consistent in showing concave
upward shape for all the plots. This lends support to the equations developed by
Ryon et 2l.[4], Barnea and Mizrahi [5}, and Gondo and Kusunoki [6]. Figure 4 shows
the effect of throughput (Q) on the dispersion band height-settler area relationship:

Figure 5 demonstrates the effect of agitation intensity (RPM). From Figure 6, the
effect of dispersed phase ratio (PR) can be seen. Replicate run data shown in Figure
7 indicates a definite time trend. Inspechon of all data show the general trends of'

increasing dispersion band helght with increased throughput agnta.hon intensity
‘and dispersed phase ratio.
'The model developed by Vieler et al.[10] was shown to be ma,dequa.te when plots

of V /Q versus H failed to d:spla.y a positive slope for the data. This is shown in.
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Figure 8. A positive slope is necessary since V/Q represents ‘a residence time for
coalescence, and should increase with increasing dispersion band height {10].

The experimental data (H versus 1/A) did not display straight line behaviour.
A transformation was desired to continrue mathematical modelling using linear re-
gression analysis. '

The: tra.nsformatlons, In H versus In (1/A) and In H versus 1/A were both
found to yield straight lines for the experimental data. In order to decide which
transformation is best suited to represent the data, R? values for each individual
run were compared. The R? value is a measure of how well the model represents
the data. The value of R? can range from 0 to 1. In general, as the value of R?
' approaches one, the better the model represents the data [14]. The R? values for
each transformation are presented in 'I‘able 3.

To determine which transformation was significantly better in representing the
data, the R? values were ’blocked’ into individual runs and the average difference
between the two transformations, for all runs, calculated. From this value, a 95%
confidence interval for the difference between the average R? values, for all runs,
calculated. If the 95% confidence interval included the value of zero, the differ-
ence between the two transformations was not' considered significant, and either
transformation could be used for further modelling.

The 95% conﬁdence interval for the difference in R? values was [0.000825 to
0.0307). Since the value of zero did not lie within the interval, there exists, a
difference between the two transformations. The mean R? values for the In H versus
In (1/A) and In H versus 1/A transformations were 0.936 and 0.952 respectfvely.
Thus, the transformation ln H versus 1/A was chosen for further modelling.

Plotting ln H versus 1/A yielded straight lines for each individual run. The
plots are presented in Figures 9'through 11, and Appendix C. From this, the model
selected for the system studigd was: s

InH = fo + 51(1/-‘\)

where B and B1 are expenmenta.lly determined constants. -
If such a model was found to adequately represent the data for ea,ch mdnndual |



V/Q (MIN)

31

1.35-
1.30- o
1254 o
1.20-
&)
1.15- O
© o
1.10 o
1.05-
o]
4
0.95— l O o O
Q
0.90- o
O
0.88% — e =T T ) T T e |
1 2 '3 4 s & 7 8 9

HEIGHT (cm)

Figure No. 8: V/Q versus H plot for the square mixer daia at
Q = 1000 mi/min, RPM = 250 and PR = 0.5 '



Table 3: R?values for the Square Mixer Data

Run No. InHwvs. 1/A In H vs. In(1/A)

1 0.9278 0.8697
4 0.9740 0.9488
T 0.9660 0.9646
8 0.9795 0.9458
9 0.9755 0.9442
10 0.9949 0.9525
11 0.9531 0.8990
12 0.9740 - 0.9459
13 0.9887 " 0.9586
14 0.9312 0.8650
15 0.9337 0.8493
16 0.9449 0.9919
17 0.9819 0.9108
18 - 0982 09559
19 0.8933 - 0.9247
20 " 0.9953 0.9725
21 - 0.9705 0.9381

22 0.8970  0.8365
23 . 0.799 0.8392
24 0.9850 - 0.9754
25 0.9882 -~ 0.9610
26 0.8743 10.9532
27 ©0.9340 - 0.9854
28 . 0.9802 . 0.9788
29 0.9442 0.9834
30 . 0.9642 - 0.9480
31 0.9783 0.9770 -
32 0.8629 0.8404
.33 0.9822 0.9792

34 09879 . 09809
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Figure No. 9: 'In Height versus 1/area for the square mixer
data at Q = 1500 mL/min and PR = 0.5 .
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run, the parameters, By and By, may be distinct functions of the process variables
and thereby assist in the identification of those variables which have a significant
effect on the dispei'sion band height and in the development of a model which
represents the dispersion band height in terms of throughput, agitation intensity
and dispersed phase ratio.

The Grid Technique is 2 modelling technique developed by Sylvestre and Scott
[15). It involves, the estimation of the parameters for each individual run. These
parameter estimates are then plotted versus the remaining process variables (e.g8.Q,
RPM, PR) to observe any possible trends (i. e. a straight line or quadratic function).
If trends exist, the original parameter estimates are modelled with respect to that
process variable which exhibited a trend. This introduces new parameters into the
model with which the algorithm may be repeafed until each variable has been tested
for inclusion in the model. Citing weaknesses within this technique (i. e. require an
experimental design with more than three levels of the process variables to evaluate
any trends), 2 model containing ten perameters failed to adequately represent the
experimental data.

Instead, a modified version of this technique was mplemented successfully. The

~original pa.rameters, ﬁo and B, were expanded into a linear quadra.t:c polynomial:
B=as+ Qaaxi + Z;X;%xsxj
i= ==
with respect to all of the process variables (Q, RPM, PR). Using the Statistical
Analysis Systems (SAS) procedure STEPWISE, estimates of the parameters were
determined. The STEPWISE procedure introduces or eliminates pa:rameter esti-
mates based on the Q ratio. The Q ratio is:
' o=l (SSRmodell) — (SSRmodel2)
"~ &2 (No.ofParametersModel2) — (No. ofparametersModell)
where 52 is an estimate of pure error variance. The decision at each step about

. whether to add a term to the existing model is made within the routine by compar-

- ing this Q ratio to an F value spec:.ﬁed by the user. This F value remains constant ‘

throughout the sequence of fits [16]. The F va.lue is determined from a three di--
mensmnal probability dlstnbutmn function using the degrees of freedom from each



model. The degrees of freedom for a2 model is equal to (n-p), where n is the number
of data points and p the estimated number of parameters.

The resuits of the STEPWISE procedure, for the expansion of 8y and 5, are
presented in Table 4. Parameter estimates for 5y and S are represented as a and b
values respectively. Parameters with standard deviations larger than the estimated
value were not included in the model.

Table 4: Parameter Estimates for the Square Mixer

parameter Estimate and Std. Deviation

r 0.00833 +/- 0.00010
as 0.08628 +/- 0.04902
as 0.07978 +/- 0.04902
be 373.95 +/- 0.35
by 79.83 +/- 11.95
bs . 6277 +/- 11.95
bs 39.37 +/- 11.95
bis 32.60 +/- 14.64
baa -42.97 +/- 18.900

Coded variables were used for analysis (. e. ,-f-l, 0, -1). The subscripts 1, 2, and
3 denote @, RPM, and PR respectively.

Therefore, for the square mixer the original parameters become:

Bo = ag + a2(RPM) + a3(PR)

1 = bo+ 51(Q) + ba(RPM) + bs(PR) + bro(Q * PR) + bpa(RPM)?

These values can then be substituted back into the original equation for the
calculation of dispersion band heights. The final model was then plotted against
‘the experimental data. This is represented in Figures 12 through 14. These plots
represent the extreme and centre point data from the experimental d&sign (. e
-1.-1,-1 and +1,+1,+1 and 0,0,0). A residual plot is shown in Figure 15.
| Figures 12 through 15 show that the model underpredicts the dispersion band '
, he:ghts for the square mixer configuration. The models’ lack of fit has severa.l
sources, some of which are expenmenta.l or modellmg techmque.
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The time trend shown in Figure 7 probably occurs because of solvent degra-
dation. Degradation may occur, since the experiments were performed over a one
year period. To overcome this problem, periodic addition of fresh organic solvent
would be required. The assumption that, moving the baffle to vary settling area
while all other process variables were held constant, would not show dispersion band
height correlation, was a second experimental error which may contribute to model
inadequacy.

The mathematical modelling technique also contributed to model inadequacy
shown in Figures 12 through 15. The decision of appropriate transformation by R?
values is not reliable. Modelling with the alternative transformation may improve .
model fit of the data. The use of other quantitative/qualitative methods for decision
of appropriate transformation, may also improve model fit.

The use of stepwise regression does not necessarily produce the fitted model
with the fewest terms nor even the combination of a specified number of terms that
provides the best fit to the data. One must bear this in mind when using stepwise
regression [16].

Considering the many‘so‘urces for model inadequacy, a model has been developed
for the square mixer configuration. The number of parameters is prohibitive (9),

however, the model can be used for comparison with other models developed for
different mixer configurations.

~ for an aqueous continuous mixer operation. As well, the use of nonlinear regression
analysis was implemented. Both of these approaches would contribute to differences
between Atkinsons’ model and the model developed in the present study.

The square mixer model, developed in the present study, shows dependence on
all of the process variables tested. This model then, agrees with the mechanism of
dispersion coalescence proposed by Barnea and Mizrahi [5].

Atkinsons’ (1] model contained only four parameters. This model was developed

£y



4.2 Cylindrical Mixer Results and Model]ing

Using an open baffled cylindrical mixer yielded similar data as the square mixer.
The experimental data for the cylindrical mixer is presented in Figures 16 through
19 and Appendix B. The data is presented in the form: dispersion band height
(H) versus the inverse of the area (1/A). In general, the data shows concave up-
ward shape. The plots reveal an increase in dispersion band height with increasing
throughput (Figure 16) and phase ratio (Figure 17). The effect of agitation inten-
sity (Figure 18) shows an inconsistent trend, that is, dispersion band heights are
greater for the impeller speed of 200 RPM as opposed to 250 RPM. Usually, higher
agitation intensities would produce smaller droplets, which would in turn increase
dispersion band heights, according to the proposed mechanism of dispersion coa-
lescence. This discrepancy was not reported in the literature. Figure 19 indicates
that a time trend exists, as was reported earlier for the square mixer data.
Selecting an appropriate transformation was necessary for modelling the effects
of process variables on dispersion band height. As was done with the square mixer
data, the cylindrical mixer data was plotted as In H versus 1/A and In H versus In
(1/A). The R? values were used to determine the transformation which best repre-
sented the data. The R? values are presented in Table 5. The mean R? values for the
In H versus 1/A and ln H versus In (1/A) transformations were 0.8754 and 0.9081
respectively. The 95% confidence interval calculated for the difference between the
‘mean R? values for each transformation was [0.0109 to 0.0556]. Since the value of
zero did not lie within the interval, the two transformations were considered signif-
icantly different. The selection process indicates the transformation In H versus In
(1/A) best represents the data as a straight line. |
The transformed data is presented in F1gures 20 to 22 and Append.tx C. The
. selected model
InH = ﬁo'i'ﬁl *In(1/A)

.mth e.\penmenta.ll} determined parameters, fp and B, serves as the sta.rtmg pomt
for further mathematical modelling.
" The previously utilized version of the Grid Techmque[lS] was again implemented
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Table 5: R? values for Cylindrical Mixer Data

Run no.

InHvs. 1/A In HvsIn(1/A)

:;ggaﬁ;‘gmmalmmpwwv—l

8™

19
20

21

22
23
24
25
26
27
28
29

. 0

0.8532
0.7538
0.6813
0.7707
0.3583
0.7631
0.7409
0.8365
. 0.8531
0.8713
0.8827
0.9474
0.7925

0.9158
0.8340
0.8525
0.9918
0.8548 .

0.7745
0.9931
0.9157
- 0.9799
0.9451

- 0.9768

- 0.9655
0.7800
0.5566
0.9828
0.9580
0.9824

" 0.9410
0.8707

0.8257

0.8786
0.9356
0.8726
0.8726
0.9112
0.9070
0.7851
0.8128
0.9676
0.8495
0.9357
0.8668

0.8918

0.9695
0.9333

- 0.8234 -
. 0.9799

0.8348
0.9632
0.9562
0.9615

0.9934.
0.8277
0.9586

0.9737
0.9638

0.9807

i
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to model the data (see section 4.1). The parameters f; and 3, are again expanded
into polynomial form as:

’ 3 3 2
B=z20+2 axi+2 ) 2%y

=1 i=l j=1

The SAS precedire STEPWISE was used to determine the best model (see section
4.1). Coded variables were used for analysis and the subscripts 1, 2, and 3 represént
Q. RPM, and PR respectively.

For the cylindrical mixer data the original parameters become:

Bo=20+m(Q)+ a«(RP\i)
B = bg + b2(RPM)
The estimates fgﬁr the secondary paraineters are presented in Table 6.
Table 6: Parameter Es:timates for the Cylindrical Mixer

parameter Estimate and Std. Deviation

o 9.988 +/- 0.010
a 0.792 +/- 0.486
a2 -1.107 +/- 0.4860

b 1.540 +/- 0.003

by -0.278 +/- 0.0890

The final equation'islof the form:
InH = (a0 + 21(Q) + 22(RPM)) + (bg + bz(RPM)) » In(1/A)

This model was then plotted against the experimentzl data. This is presented in
Figures 23 to 25. These plots represent the extreme and centre point data from the
experimental design (i.e. -1, -1, -1 and +1, +1, +1 and 0, @, 0). A residual plot is
shown in Figure 26. Figures 23 through 26 show. that the model overpredicts the
dispersion band heaghts for the cylindrical mixer configuration. Again, the:lack of
fit-has several sources. The expenmental and modelling weaknesses were discussed
‘in the previous section (see Section 4.1) and equally apply for this set of data.



H

HEIGHT (cm)

1/AREA (cm~2 X 10-3)

Figure No. 23: Observed and Fredicted dispersion band heights

versus /area for the cylindrical
. RPM = 150 and PR = 0.4

mixer. AtQ = 1000 mL/min, .

2.5+
/
/
/
27 Legend / °
O OBSERVED /
--- PREDICTED | /
1.5 | /
| / o)
o/
i / .
- /-
/
0.5- 0
o : g CE | T T — |
0.0 0 20 30 40 5.0 6.0

53



HEIGHT (cm)

-

30+
Legend
O OBSERVED
95 --- PREDICTED

20- . /

15-‘ A' /

10 | , ) /

1/AREA (cm~2 X 10-3)

F’gure‘ Nt; 24: Observed and Predicted dispersion-band h.enghts
versus-1/area for the cylindrical mizsr, At Q = 2000 -nL/mm.
RPM 250 and PR = 0.6

O
//°
s- 020
! '/OO
0 LS . l T 1
0.0 w20 3.0 4.0 5.0

6.0

54



HEIGHT (cm)

‘Legend /
O OBSERVED - /
5 --- PREDICTED - .
/

1- Ve

Oo |
o 1 1 . | B : : 1 S, [ 1
0.0 1.0 20 30 . 40 50

1/AREA (a}r? X 10-3)

6.0

Figure No. 25: Observed and Pred;cted dispersion band heights

. versus 1/area for the cylindrical mixer. At Q =- -1500 mL/min,
RPM = 200 and PR =.0.5 .

55



RESIDUAL

‘-
A
Legend
X Q=0,RPM=0,PR=0
37 A Q=1,RPM=1,PR=1
® Q=-1,RPM=-1PR==1
2—
1-
X
X
X
0 . :
® o %
X > ®
d:xxxx X
4 JYAYN A
A
A
-2~ A
A
A
‘3. T+ - T 1 7 n|
0.0

T 1 .
1.0 2.0 3.0 4.0 S.0 6.0

1/AREA (cm~2 X 10-3)

Figure No. 26: Residual Plot for the cylindrical mixer model

56



The inconsistent effect of agitation intensity must also be considered an additional
source of model error. Respecting these sources for model error, a model for the
cylindrical mixer data has been developed. This model allows for comparison with
the square mixer model.

The E}'Hndﬁcal mixer model does not contain as many parameters (5 versus 9)
as the square mixer model. Fewer parameters are desired, since an excessive number
erodes the credibility of the model. Although the transformation selection procedure

~was identical for the two models, the difference in the number of parameters can
be attributed to the use of different transformations. Recall that the square mixer
utilized the transformation In H versus 1/A, while the transformaticn In H versus
In (1/A) was implemented for the cylindrical data. Since the reliability of R? values
as a method of determining model adequacy is not known, applying the alternative
transformation may prove advéntageous. ‘

The cylindrical mixer model did not show the dependence of dispersed phase
ratio on dispersion band height. This contradicts the mechanism of dispsersion
coalescence proposed by Barnea and Mizrahi [5]. The use of a larger dispersed
phase ratio range must be tested to verify this result.

The effect of mixer configuration indicate that a simpler model can be developed
for the cylindrical mixer. The effect of dispersed phase appears to be less pronounced
for the cvlmdncal mn.er conﬁgurat:on '
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4.3 Closed Mixer Results and Modelling

A sealed baffled cylindrical mixer was used to study the effect of air entrainment
on the dispersion band height in a gravity settier. The top of the mixer was sealed.
The dispersion was forced through the small annulus between the shaft opening
and the shaft itself. The dispersion flowed by grav:t} down a walled trough to the

settler.

Determination of the correct agitation intensity was performed as detailed in
Chapter 3. At an impeller speed of 150. RPM the phases inverted. Therefore, the
speed was increased to prevent phase inversion. The lower limit was set at 200
RPM. Thus, center and upper limits becare 250 and 300 RPM respecti\:ely

The expenmental data i is presented in Figures 27 through 30 and Appendix B.
The data is presented in the form: dispersion band height (H) versus the inverse of
the area (1/A). The general shape of the plots is concave upward. Once again, the
replicate run data, Figure 30, indicates a time trend for the data.

Plotting the experimental data in the form of the two transformations, In H ver-
sus 1/4 and In H versus In (1/A), yielded R? values for each rua. These R? values |
were then used to select the most appropriate tra.nsformatmn for further modelhng
of the data. The R? values are listed in Table 7. Blockmg the R? vaiues into in-

 dividual runs and calculating the difference between each transformation was used

to calculate a 95% confidence interval for the difference between the two R? values.
"The 95% confidence interval for the difference between R? values was [-0.0102 to
0.0129]. In this case, the value of zero does lie within the interval. This result
implies that there is no significant difference between the mean R? values of 0.9511
and 0.9497 representing the In H versus 1/A and In H versus In (1/A) transforma-
tions. The selection process for the a.pprop-xa..e transformation was performed by
comparison of R? values for each run. Recall that, higher R? values u:nplv better
model fit of the data. The transformation with the most *winning’ runs was then
used for further modelling. From this the model selected for the closed mixer data -
was:

InH = By + B1(1/A)
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“HEIGHT (cm)

(em=2 x 10-3)

Figure No. 28: Experimental data for the closed mixer . -

Dispersion band height vs. 1/area
RPM = 250 '

at Q = 1500 mL/min 2nd

—- .

20
Legend
18 — R
O PHASE RATIO = 0.6
@ PHASE RATIO = 0.5
16 P PHASE RATIO = 0.4
14—
®)
12
104
8- O
B
Y
N 0O
o @
o . =
4 \ d
:gll n
2- R 2
-0 T : - — 1 T 1
0.0 . 1.0 - 2.0 3.0 4.0 5.0 6.0
1/AREA |

60



HEIGHT (cm)

1/AREA (cm-2 X 10-3)

Figure No. 29: Experimental data for the closed mixer .
Dispersion band height vs. 1/area at Q = 1500 mL/min and
PR=05 e

14 -
12- o
Legend o}
O RPM = 300
104 ‘@ RPM =250
B RPM = 200
)
8_
] e
6 - v O
B o9
®
4 9 3o
ool
e |
2+ | ®
-0 — - T T T 1
- 0.0 1.0 2.0 3.0 4.0 5.0 6.0

61



62

16~
2
Legend
O RUNT
12 ® RUN12 o
B RUN18
O RUN21
10
£
c g
=
= 8-
o
L .
L O
6- "
i' o
N
4 ls 8
2+ @O
o T T g 1 . 1 ] IR 4
1.0 20 - 30 4.0 5.0 6.0

7}
o
- Q

1/AREA (em-2X10-3)

~ Figure No. 30: Replicate run data for the closed mixer. Dispersidn

. band height vs. 1/area at Q = 1500 mL/min, RPM = 250 and PR.= 0.5

/_;



Table 7: R2? values for Closed Mixer data
RunNo. InHwvs. 1/A In EH vs. In(1/A)

1 0.9442 0.9245
2 0.9678 . 0.9683
3 0.8656 0.8240
4 0.9966 0.9662
5 0.8839 - 0.9537
6 0.9552 0.9419
7 0.9669 0.9595
8 0.9241 0.9664
9 0.7999 0.8755
10 0.9605 0.9413
11 0.9553 0.98%6
12 0.9884 0.9607
13 0.8992 0.8572
14 0.9949 0.9793
15 0.9598 0.9537
16 0.9916 - 0.9724
17 0.9782 - 0.9892
18 0.9719 0.9604
19 0.9812 - 0.9917
20 0.9867 09771
21 0.9402 0.9740
22 0.9051 0.9259
23 0.9766 0.9722
24 0.9673 0.9866

. 25 0.9874 0.9758
26 0.9429 - 0.8923
27 0.9351 . 0.9269

- 928 0.9591 '0.9516
29 0.9627 0.9879
30

0.9846. . 0.9329
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The In H versus 1/A graphs are presented in Figures 31 to 33 and Appendix C.

~ Implementing the expanded version of the Grid Technique (16), as mentioned in
Sections 4.1 and 4.2, an appropriate model was developed. The original parameters
» Bo and B, were expanded according to the polynomial:

ﬁ ao+Za,x,+ZZa.ux,x

i=1 i=1 j=1

Using the SAS procedure STEPWISE (see Section 4.1) the most frugal model was
developed. Coded variables were used for analysis and the subscripts 1, 2 and 3
represent Q, RPM and PR respectively. |

For the closed cylindrical mixer data the original parameters become:
ﬁo = ag+ a.1(Q) -+ ag(RPM) + aza(RPM * PR) -+ a;;;»,(PR)z
B;: = bp + b1(Q) + b(RPM) + b_a,fPR)

The parameter estimates for the closed cylindrical data are listed‘i‘n Table 8.

‘Table 8: Parameter Estimates for Closed Mixer data

. parameter Estimite and Std. Deviation

a - ~ 0.340 +/- 0.002
a 0.0925 +/- 0.0313 -
az 0.0475 +/- 0.0313
© G2 . -0.0796 +/- 0.03830
a3 -0.109 +/- 0.0495
b 415.54 +/- 3.01
S by 97.83 +/- 10.92
b ...  -18.35+4/-10.920
by ¢ ‘54.44 +/- 10.92

This model was ther plotted a.ga.inet the experimental data. The expenmenta.l
data'repr&senting the-extreme and centre point runs (i.e. -1, -1, -1 and +1, +1, +1
and 0, 0, 0) were used for compa.nson to the model. This i is presented in F1gures 34
to 36. A res:dual plot is shown in Flgure 37
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The model is shown to underpredict the actual dispersion band height. This
lack of fit may derive from the experimental and modelling techniques employved.
These have been discussed in Section 4.1. ,

A model was developed for the closed cylindrical mixer which does allow for
comparison to other models. The mode! developed for the prediction of disper-
sion band heights in a mixer with no air entrainment indicated a dependence of
all process variables investigated. This agrees with the mechanism for dispersion
coalescence proposed by Barnea and Mizrahi [5].

Atkinson [1} also attempted to develop a closed cylindrical mixer model. Un-
fortunately, he developed three different models for each level of throughput. The
present model then represents a significant advantage over Atkinsons’ model.

The significant effect of air entrainment (or lack of air entrainment) was provided

" during testing for the appropriate agitation intensity levels. Recall that, agitation
intensity was raised to prevent phase inversion in the air free’ mixer. This can

 be explained in the following manner. Lack of air in the mixer increases the bulk
solution viscositly and density, making thorough mixing more difficult for the same
power input. The impeller tip speed (or power number) would decrease, thus lower-
ing the energy transferred to the solution. A minimum amount of energy is required .
to maintain orgraic phase contmuous operatlon in a mixer. If the minimum is not
attamed the phases will invert to aqueous phase continuous operation. Simply put,
aqueous phase continuous operation requires less energy than organic phase con-
tinuous operation. The eﬁ'ect of mr entrainment then, was to decrease the power
requirement to the mixer. '

Another difference between the cyhndnca.l and closed mixer mode.ls were the

pumber of parameters in each model. There were nine parameters in the closed

- mixer model as 0pposed to five for the cylindrical mixer model. As explamed

before this was not desired, since models with large numbers of parameters lose

=their cremblht.y Recall that; the effect of dm‘pe.rsed phase ratio was absent for the
cylindrical mixer model. This was not the case for the closed mixer model.

 Comparison of the closed mixer and square mixer models show that interactive

and quadratic effects of process variables appear in diﬁ'ereﬁt parameters (i.e. fo or



B1). However, the effects of both mixer configuration and air entrainment do not

allow for proper comparison of the two models.



4.4 Spiked Key Lake Raffinate Results

To test the proposed model developed using simulated phases, a Key Lake Raffinate
solution was ’spiked’ with Uranium to produce a leach liquer. The raffinate was
reconcentrated with yellow cake. The composition of the leach liquor is given in
Teble 9. The open cylindrical mixer configuration was selected because its’ model

Table 9: Spiked Key Lake Raffinate Composition

element Concentration (g/1)

U 2.500
Ni 2.000
Co 0.047 =
Fe 1.930 —
Al 1.110
Mg 0.690
Si 0.380
Ca 0.620
Na 0.032

7Zn - © 0.057

contained the fewest parameters, as well, the conspicuous absence of a dispersed
phase ratio term allowed for testing the leach liquor at a fixed dispersed phase ratio
of 0.5. The experimental design required only nine (32, two variables at three levels)
“plus three additional zero point runs, saving 2 considerable a.mount of time.
Operation of the individual suns revealed that the system was subject to phase
inversion at certain combinations of flowrate (Q) acd agitation intensity (RPM).
The operating region is presented in Figure 38, where the open circle represents
organic phase continuous opera.txon and the filled circle indicates phase inversicn or
aqueous phase continuous opera.t1on
Observation of continuous mixer-settler operation for the Key Lake system also
reveals differences between aqueous and organic continuous operation. This is pre-
sented in Figures 39 through . Figure 39 shows a small dispersion_band 2t mid-
- height in the settler. This represents orga.mc contmuous operation. With the phases
inverted the dispersion band grew (Fzgu.res 40 and 41), and a stable emulsion was
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formed. Six days later the emulsion still had not separated. This is shown in Figure
42,

The observed and predicted dispersion band heights, for organic phase contin-
uous operation, are presented in Figures 43 through 49. The data is presented in
the form: dispersion band height (H) versus the inverse of settler area (1/A). The
predicted dispersion band heights were calculated from the model developed with
an open cylindrical mixer. Bear in mind that synthetic phases were used to develop
the model.

For most of the plots it can be seen that predacted band heights were generally
higher than observed values. The residual plot, Figure 50, con:ﬁ_.rms this.

Inspection of centre point runs (see Appendix A Table 4) along with Figure 50

revealled a time trend for the observed data, which confirmed earlier findings of
solvent degradation. '

The various experimental and modelling techmques contribute to the models lack
of fit. The use of ]?{_.2 values, Stepwise regression coupied with solvent degradation
and correlated areas all contribute to model inadequacy. '

Introducing an actual leach liquor, with its many chemical impurities only en-
hances the models’ weaknesses. Another source of lack of fit, may be the use of
the cylindrical mixer model itself. The possibility of using a square mixer model
was not investigated. The use of the closed mixer model was not practical from an
industrial point of view, since larger power requirements increase operating costs.

Although the lack of fit is evident in Figures 43 to 49, a model was developed

for the uranyl-sulphate-Adogen 364 system. However, using this model for design
would over-estimate settler area.
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Chapter 5

" Conclusions and

Recommendations

Mathematical models for the prediction of dispersion band heights were developed
for the; 1) square mixer, 2) cylindrical mixer, and the 3) closed cylindrical mixer
configurations. The effect of process vatiables, throughput, agitation intensity and
dispersed phase ratio were evident, with one notable exception, the cylindrical mixer
model did not contain a dispersed phase ratio term. In general, the models support
the proposed mechanism for the coalescence of a dispersion. _ a
These models were not without weaknesses 2s a result of expe:i;n‘enta.l‘proce-
dure or modelling technique. Time trends were noted for the experimental data
which indicates solvent degradation. In future studies, this may be overcome with
the periodic addition of fresh organic. As well, the data collection procedure does
not eliminate area correlation. Since the process variables, throughput, agitation
intensity, and dispersed phase ratio were held constant while the areas were ran- .
domly varied, correlation of ‘the. areas occurs. This can be corrected by randomly -
selecting all of the variables including area for each dispeision band height recorded. '
However, this would be very “time consuming. , :
The use of R? values to determine the best transformation was suspect. The
use of other qua]itaﬁve/ quantitative methods may improve selection of the best
transformation. With this in mind, it would be recommended that the al;e?:native
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transformation be implemented for comparison purposes. This is especially impor-
tant for the closed cylindrical mixer model because no difference between the two
transformations was detected using R? vaiues. The use of Stepwise regression to
determine the best model does not necessarily produce the fitted model with the
fewest terms nor even the combination of a specified number of terms that provides
the best fit to the data. Alternative model selection methods should be investigated.
Atkinson[1] was not able to develop a complete model for the closed cylindrical
mixer conﬁgu:ation- The present study did accomplish this, suggesting better mod-
elling techniques were utilized or differences in aqueous/organic continuous phase
operation. The square mixer model developed by Atkinson was not compared to
data collected from an actual leach liquor system. |
Comparison of the models developed suggested an effect of mixer configuration.
The adequacy of each model would be better studied by comparing the square mixer
and closed cylindrical mixer models to the Key Lake dispersion band height data.
The use of altem#iwe leach liquors to test the selected model is also recommended.
Organic phase continuous operation of the mixer mdacated the necessxty of air
entrainment to minimize power requirements. Ehmma.tmg air entrainment required
additional power input to the mixer for the preventzon of phase inversion. Phase
inversion (agqueous continuous operatmn) was shown to induce ﬂoodmg conditions
in the settler and therefore should be avoided for this system.
Finally, cdhnparlson of the Key Lake liquor indicated that the cylindrical mixer
-model would overpredict dispersion band heights, thereby gwmg conservative settler
designl using this equation.
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Appendix B

- Plots of Experimehtal Data
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Figure No. S1: Experimenial daza for the square mixer.
Dispersion band height versus 1/area at Q = 2000 mL/min
and RPM = 200. , .
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Figure No. 52: Experimental data for the square mixer.

Dispersion band height versus I/area at RPM = 250 and
PR = 04. . :
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Figure No. 53: Experiniental data for the square mixer.
Dispersion band height versus i/area at RPM = 250 and
PR = 0.5. .
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Figure No. 54: Experimental ‘data for the square mixer.

Dispersion band height versus 1/area at Q = 2000 mL/mm
and RPM - 150
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F’gure No SS' Experimental data for the square mixer.
Dispersion band height versus l/area at Q = 1500 mL/nun
and RPM = 150. ‘ .
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Figure No. 56: Expefimenfal data for the square mixer.
Dispersion band height versus 1/area at Q = 1000 mL/min

and RPM, = 200.
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Legend
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% - Figure No. 57:Experimental data for the square mixer.

Dispersion band height versus I/area at Q = 1000 mL/min
~ and RPM = 150. o
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Figure No. 58: Experimental data for the cylindrical
mixer. Dispersion band height versus 1/area at

Q = 1000 mL/min and RPM = 150.
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Figure No. 59: Experimental data for the cylindrical
mixer. Dispersion band height versus l/area at
Q = 2000 mL/min and RPM = 150.
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Figure No. 60: Experimental data for the cylindrical
mixer. Dispersion band height 1/area at Q = 2000 mL/min
and RPM = 200. , ' ,

PR g
T

b

~

106



HEIGHT (cm)

1G7

12
o
107 Legend
O Q=2000 ML/MIN °
® Q= 1500 MU/MIN
g ® Q=1000 MLAMIN
o}
6_.
| O
4 'e) a
o) 8
) 8 .1
o . 1 ] ] 11 1 . 1
0.0 .o, . 2.0~ 3.0 - 4.0 8.0 6.0

-1/AREA (cm~2 X 10-3)

Figure No. 61: Experimental data for the cylindrical
mixer. Dispersion band height versus 1/area at RPM = 150
and PR = 04. - - -
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Fxgure No. 62: Experimental data for the cylmdnml
mixer, Dispersion band height versus l/area at RPM = 200

and PR = 0.4
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‘Figure No. 63: Experimental data for the cylindrical mi.iér. .

Dispersion band height versus 1/area at Q = 1500 mL/min
and RPM = 150. | P
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Figure No. 64: Experimental data for the cylindrical mixer.

'1/AREA (em~2 X 10-3)

Dispersion band height versus 1/area at Q = 1000 mL/min
and RPM = 200, .
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Figure No. 65: Experimental data for the closed mixer.
Dispersion band height versus [/area at RPM = 300 and
PR = 0.6. : o
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Figure No. 66: Experimental data for the closed mixer.

- Dispersion band henght versus l/ara, at Q = 2000 mL/nnn
and RPM = 200.
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Figure No. 67: Expenmental data for the closed mixer.
- Dispersion band height versus l/area at Q = 2000 mL/mm
and RPM = 250.
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= Figure No. 68: Experimental data for the closed mixer.
" Dispersion band height versus l/a.rea at Q= 1500 mL/nun

and RPM = 200
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' Figure No.. 69' Expenmenta.l data for the closed mixer.
Dispersion band height versus 1/area at Q = 1000 mL/mm
and RPM = 250. .
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F:gure No. 70: Experimental data for the closed mixer.
Dispersion band height versus 1/area at Q 1000 ml/mm
and RPM = 200.
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Figure No. 71: Ex:perimenml data for the closed mixer.

' Dispersion band height versus I/area at RPM = 300 and
PR = 0.4, : o i . .
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Figure No. 72: In Height versus 1/area plot for the square
mixer data at RPM = 250 and PR = 0.6.
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Figure No. 73: IN Height versus l/area plot for the square

mixer data at Q = 1500 mL/min, RPM = 200 and PR = 0.5.
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Figure No. 74: in Height versus l/area plot for the
square mixer qlata at Q = 1000 mL/min and RPM = 200.
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Figure No. 75: In Height versus l/area plot for the -
square mixer data at Q = 2000 mL/min and RPM = 200.
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. Figure No. 76: In Height versus 1/area plot for the
square mixer data at Q = 1500 mL/min and RPM = 150.
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Figure No. 77: In Height versus /area plot for the
_square mixer data at Q = 1000 mL/min and RPM = 150
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' Figure No. 78: ln Height versus 1/area plot for the

square mixer data at Q = 2000 mL/min and RPM = _150.
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Figure No. 79: 1a Héight versus I/area plot for the
square mixer data at RPM = 250 and PR = 0.4
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Figure Nb. 80: In Height versus In 1/area plot for the
cylindrical mixer data at Q = 1500 mL/min and PR = 0.5
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Figure No. 81: In Height versus In 1/area plot for the
cylindrical mixer data at Q = 1000 mL/min
" and RPM_‘- 150. .
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Figure No. 82: In Height versus In 1/area plot for the
cylindrical mixer data at Q = 2000 mL/min and RPM = 150.
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Figure No. 83: In Height versus In 1/area plot for the
- ¢ylindrical mixer data at Q = 2000 mL/min and RPM = 200.
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Figure No. 84: In Height versus In 1/area plot for the
cylindrical mixer data at RPM = 150 and PR = 0.4
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» Figure No. 85: In Height versus In 1/area plot for the

 cylindrical mixer data at RPM = 200 and PR = 0.4. '
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Figure No. 86: In Height versus In 1/area plot for the
cylindrical mixer data at Q = 1500 mL/min and RPM = 150.
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Figure No. 87: In Height versus In 1/area plot for the
- cylindrical mixer data at Q = 1000 mL/min and RPM = 200.
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Figur No. 88: In Height versus 1/area plot for the
closed mixer data at Q = 1500 mL/min, RPM = 250
and PR = 0.5. A :
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In HEIGHT
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Figure No. 89: In Height versus 1/area plot for the
closed mixer data at RPM = 300 and PR = 0.6.
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Figure No. 90‘ In Height versus 1/area plot for the
closed mixer data at Q = 2000 ml/min and RPM = 200.
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Figure No. 91: In Height versus 1/area plot for the _
closed mixer data at Q = 2000 mL/min and RPM = 250.
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Figure No. 92: In Height versus 1/area plot for the
closed mixer data at Q = 1500 mi./min and RPM = 200
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Figure No. 93: In Height versus 1/area plot for the

closed mixer data at Q = 1500 mL/min, RPM = 250

and PR = 0.5 :
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Figure No.94: In Height versus 1/area plot for the closed

mixer data at Q = 100QmL/minandRPM-250- :
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Figure No. 95: In Height versus 1/area plot for the closed
mixer data at Q = 1000 mL/min and RPM = 200
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In HEIGHT
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Figure No. 96: In Height versus 1/area for the closed
‘mixer data at RPM = 300 and PR = 04 |
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Appendiﬁc D

Physical Data

7

Pumps . _Maste;'ﬁex peristaltic pumps
“with 7018 and 7017 heads
400 to 1200 ml/min.

==

Rotameters ‘ | TRI-FE:KT"‘;Fischer and Porter Co.
Settler o o Height = 50cm ~ full width
' Width = 20cm  movable baffle

Length = 50cm | '
.Sett].ing‘areas T tAl 134 cn?

A2 179

A3 226

A4 273

A5 318

-~ A§ 355
A7 411
A8 457

s



A9 - 502
Al10 549
All 596
Al2 . 641
Al3 687
Al4 . 7T

AlS 787

Square Mixer Capacity = 2500 ml, square, open top -

136 cm X 13.6 cm X 13.6 cm.

Cylindrical Mixer Capacity = 2500 ml; cylindrical,
open top, height 14 em, Dia. 15 cm

Closed Cylindrical Capacity = 2500 ml, cylindrical,

Mixer N  closed top, height 14 cm, Dia. 15 cm
Impeller 6 bladed turbine, 5.2 cm O.D.

blades 1.7 X 1.4 cm high.

Phase Properties ot | . Porg = 0.80 g/am®.
' ' forg = 1.6 cp .
Pag = 1.07 gfcm®
Pog =1.0cp. .
. 4.= 40 - 50 dynes/cm -





