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ABSTRACT J
A bench scale, single stage, mixer settler unit has been
designed to study dispersion band height characteristics.

The system studied was the kerosene-adogen 364-sulphate
" solution with isodecanol modifier. Two types of mixing ves-
sels were studied. 1) square,open, unbaffled. 2) cylindri-
cal, closed, baffled. Dispersions produced were fed to a
box type, variable area, gravity settler and the height of
the dispersion bands in the’ settler were measured,

The effecfﬁ of throughput, agitatdon intensity. in the
mixer, , didpersed phase fraction in the feed to the mixer,
and the area avallable for settling were investigated.
Individual height-settling area relationships were estab-
lished for runs at constant throughput, agitationm intensity,
and dispersed phase fraction, L

A four parameter model was developed to represant all the:
data obtained usihg the square mixer. The parameters were
related to the effects of throughput, agitation intensity,"
dispersed phase .fraction in the feed, and settling area. A
five parameter model was developed to represent the data at
each of the throughput levels investigated using the cylin-
drical mixer. The parameters were related to the effects of
agitation intensity, dispersed phase fraction in the feed,
and settling area. The effect of throughput could not be
determined using the data obtained and therefore a model to
represent all the cyllndrlcal mlxer data 'was, not determined.

The model developed- for the square mixer data, and the
models developed . for the cylindrical data at each of the
three throughputs levels investigated, were found to ade-
guately represent the data in each case. The models also
provided insight into the form of the effects of the process
varlables on the observed dispersion band heights.
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. Chaptet I - v_/

INTRODUCTION

Thig work was-part of a reg&arch program 1nvolv1ng the Un1—
versity of Ottawa, and CANMET, a d1v1510n of Energy, Mines,
aﬁd Resources Canida,_ The prov151oq of laboratory,space and
ﬁaterials by CANMETAdictated directing research{towards top-
ics of interest to the Canadian hy%jometallurg{cal induséfy\
while stillfmegting the thesis requirements at thg ﬁniversi;
ty of Ottawa. | ‘

" Recent work in the University of Ottawa-CANMET program
(l 2) .has 1involved the reeoverf of ‘uranium from ‘uranipm
bearlng ores in the productlon Qf yellow cake. 1In the‘Cana-
dian uranium proce551ng industry, the uranium is usuall&u
recovered from the ore by first crushing the ore fdllowed by
leadhing with acid or alkali. h Either liquid-liquid extrac-
tion or iom exchange is used to reco&ef the uranium from the

leach liquors.

Thé "AMEX" process (3), .in the case of solvent extrac-

™

tion, uses a selective tertiary amine present in an organic
phase to extract the uranium from the aqueous leach liguor.

This is followed by ammonium sulphate stripping to recover
o

-

the uranium;from the organic phase.
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Sulphuric acid reacts with the dissolved uranium as follows:

Uo, + 2H* = UO;* + H,0
U0*? + S0~ = UO SO
2 L 7 ty
U0, 80, + SO/ * = (Uoz(sou)z)-=

(uo, (so, ), )-* + sq;* = (00,80, ), )~
The uranium may occur in any of the above forms .

In solvént extraction; a transfer of the uranium occurs
between the aqueous and the organic phases. This transfer
of uranium from the 1leach liquor to the organic phase is
called extraction and the recovery of the uranium to a sec-
ond aquous bhase is called stripping. The use of an amine
which 35 highly selective allows the extraction of a single
metal ion. The amine used in the solvent extraction of ura-
nium is chosen for its selectivity towards ‘uranium and its

ability to leave undesirable impurities behind.

The amine must be in its sulphate form for efficient
extraction. This is effected by contacting the organic

- '
phase containing the amine with sulphuric acid.

2 RN+ H SO = (RNH) SO
3 2 % 3 2 I i
When the aqueous and organic phases are contacted the amine

sulphate extracts the uranium,

n

2 (R_NH) SO + UO (sO )-* (R_NH) UO (SO ) + 2 80-°
k! 2 4 Z b 1 3 Iy 2 H o2 i

1

(R,NH) SO, + UO, (SO, };? (R, NH), VO, (SO, ), + sO;?

where the overbar indicates the organic phase.



3
The loaded organic. is stripped at high pH with ammonium

sulphate,

(R,NH), UO,(SO,) + 4 NH OH = 4 RN + U0 SO + 4 HO

+ 2 (NH,),SO,

The stripped organic is then contacted with sulphuric acid

before recycle to the extraction stage.
n. -

To-perform the ligquid 1ligquid contacting, mixer-settlers
are commonly used in the international and Ganadian uranium
processing industries (1:4,5,6). A disp sion™of one phase
in the other is created -in the ﬁixer and then allowed to
separate in a gravity settler. The process is usually mul-
tistége with the number of stages dictated by the efficiency

of extraction or stripping desired.

The design of ﬁixer ééttler equipment and the prediction
of mixer settler performance when applied to a specific pro-
cess, involves many uncertainties at present,. This has led
to "oversizing" of equipment to ensure process requirements
~are m?t. .. In stagewisg operations such as liquid liquid
extraéfion,hr where many mixer settler wunits are used 1in
series, capital costs are very high for such equipment and

the ability to accurately predict settler size would be of

great benefit.

Previous University of Ottawa-CANMET work by Howell, Rit-
cey, and Golding (1), concentrated on developing.a continu-

ous operation single stage mixer settler unit to stddy the
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processes occurring in a single stage of a 1liquid liquid
extraction circuit { extraction, scrub, or stripping ).
%his work used synthetic'leach, extraction, and strip solu-
tions in a small scale mixer settler unit with relatively
short operating times ( approximately 6-20 minutes ).
Howell, Ritcey,. and Golding (1) noted the potential use of
bench scale apparatus to examine dispersion band character-
istics in the gravity settler with respect to several pro-

cess parameters.

Attempts have been made to use bench scale and pilot
plant apparatus to assist in equipment selection and design,
as well as to study the chemical aspects df‘ liquid liquid
extraction. ‘'In the case of the design and selection of
grévity settlers this involves prediction of the height of

the dispersion band which occurs at the interface of the two

. phases.

Most of the work concerning the dispersion band charac-

‘teristics in small scale gravity settlers has dealt with the

effect of total throughput or dispersed phase throughput.

Using throughput per unit cross sectional area is a commonly

» recommended scale up procedure.



A model of-the form,

‘ ' H=2C (Q/a)7 . RN
H = dlsper51on band height
O = total thr&ughput of the phases
A = settler cross sectlonal area

has been proposed for use as a basic scale up procedure when
designiné gravity settlers from bench and pilot plant data
by Ryon et. al. (9,10,11), and Barnea and Mizrahi (12). C
and y are experimentally -determined constants. - Glasser
et.al.{(4) report that y is usually betweenlz.é and 7. Prob-
lems have /been encountered (12), when working with bench
scale gravity settlers. These include lack of reproducibili-
ty of results . and the unsuitability of the
H = c (Q/A)y model.

It was decided; with the cooperation.of CANMET, to con-
tinue the development of a single stage mixer settler and:to
focus oﬁ the investigation of the dispersion band character-
istics with respeéé to process parameters such as agitation

N

intéﬁsity, thrbughﬁut, and settler cross sectional area. It
was hoped that the effects of these parameters on the height
of the dispersion ba;d could be determined. 1In addition, if
reproducible results could be obtained, a model representa-

tive of the dlsper51on baﬁé characterlstlcs in a spall scal&

gravity settler could possibly be developed. y
. ‘ y

o



., Chapter 11 ..

PHASE SEPARATION IN GRAVITY SETTLERS

The thermodynamically stable state of two immiscible liqguids
' 1
is their bulk form with a minimum of interface.

. .’II. )
The . gravity settler as used in liquid-liquid extract}on

processes separates a light organic phase and a heqviér
agueous phaée by means of. the liquid-density difference. ' In
a batch separation situation, the two phases will be_seﬁa-
rate.with a single interface between them wheﬁ separation is
complete. Cften ih continuous mixer-settler operation a
dispersion band exists at the interface bétween‘the two
phases in the gravity sett%sr. In a verticad seifler, the’.
dispersion band covers the entire settling area. This is in
contrast to a horizontal settler, where the dispersion does
not necessarily cover the entire cross sectional area avail-

able for settling.

The mechanism of separation of droplets of one phase dis-
persed in the other involves many proéesses. Disperéed phase
droplets are forced towards the bulk dispersed phase by_gfa—
vitational forces and continuous pﬁase drains from between
the drops. Drop-drop coalescence occurs, as does drop-bulk

phase coalescence. Some continuous phase is carried with
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the dispersed phase drops and some small dispersed phase
drops are carrfed along with the draining continuous phase
as it flows towards the bulk continuous phase—dispersion

interface.

fhe rates at . which the above processes occur appears to
depend on the physicél characteristics of the respective
phases and the characteristics‘of the feed dispersion. The
drop size distribution in the dispersibn‘ieaving the mixer
and entering the gravity settler is dictated by the physical
characteristics of the phases and the mixing { agitation
intensity, impeller geometry, and mixer configuration }.
Physical characteristics thought to affect the rate of sepa-

ration of the phases include phase density, density differ-

ence, phase viscosity, and interfacial tension.

v

The primary contern when selectiﬁg or designing a mixer
for use 1in a 1liquid-liquid extrac;ion process is that it
provides the necessary drop residence’ timé and surface area
to allow the required mass transfer to take place. *Also of
importance is that the dispersion will readily separate so

as to minimize the settling area required.

Much literature is devoted to the size of the drops pro-
‘ duced in agitated vessels and to the distribution of drop
‘sizes. An excellent review of the literature 1is given by

Glasser et.al. (4)



a . /\
8
. The dependence of d32, the Sauter mean drop diameter, on

impeller speed, "N, and impeller diameter, D, has been

expressed in the form,

d32 N2p?

The exponent "a" varies between -1.5 and -.72. The exponent

"b" varies between -2.45 and -.70.

The drop size distr&butioh"has Seeh found td be a normal
one by some investigators and many report log-normal distri-
butions. The log-normal reports include Brown and Pitt k?)
for kerosene-water systems. Kolarik and Pipkin (8) report
the drop size distribution as the sum of two individual
gaussian curves for the wuranyl nitrate-tributyl phosphate

extraction system.

The effect of drop size on drop-interface coalescence’
time was also reviewed by Glasser et. al. (4). They report-
ed that it was generally accepted by most authors that sin-
gle drop-interface coalesceqce times ‘1ncrease with qup
diameter. It must be noted that these observations were for

! .

single drops and not ’ggnzﬂgops in a-dispersion or packed

ped.

”



2.1 Prediction of Dispersion Band Height in Vertical

Settlers @ , ) <:\”

A basic method for predicting the dimensions of a gravity

settlér‘required to separate the dispersion created in con-
“tinuou§ flow extraction processes was proposed by
Ryon,Daley, and Lowrie (9,10,11). They utilized single
stage mixer settler wunits in which the effects of phase
ratio, dispersion type, throughput, mixing pOWer,ana temper-

ature on the dispersion band height were investigated.

'Plots of H, the dispersion bané height, against dispérsea
phase throughput on log-log coordinates yielded straight
1line plots. The authors also copciuded that dispersion band
height as a function of flowrate per unit cross- sectional
area was virtually independent of gettler size, and that the .
specific flowrate (Q/A) could be used as a reliable basis
for design of larger scale equipment.

This exponentiél increase of dispersion band height with

specific flowrate can be expressed as,

-

H = cle/a)”
where C and y are

constants determined
experimentally

£

Since Ryon,Daley,and Lowrie, several authors have confirmed
the specific flowrate method. Barnea and Mizrahi (12) devel-

oped a semi-theoretical explanation for the model. They lim-
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ited their treatment of dlsper51on bands in grav1ty settlers

and excluded the follow1ng cases;

A, continuous settler operation with very small disper-
sion bands. i.e., less than 15 cm.
2. feed dispersions containing less than 15% by volume

dispersed phase,

3. dispersions consisting of more than.two liquid phases,
4. continuous settlers operating in.unsteady state condi-
‘tions. .
. 5. continuous geptler operation with incompleté séﬁara—
tion. oo

The authors described “the structure of the .dispersion band

in deep settlers as consisting of two main sub-layers,

1, a "dense layer" adjacent to the coalescence front,

, The dispersed phase is predominant here and exists in
‘packed form. The dense layer occupies only 10-20% of”
the total volume of the dispersion band.

2. an "even concentration layer™ of which most of the
dispersion band is composed. The concentration of the
dispersed phase is nearly constant in this region.

The role of these two sub-layers in the mechanism of phase

separation is asffollows;
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Considering the light bhase dispersed, the féed disper-
sion enters the settler. The‘dispersed phase moves towards
the csalescence.front. The‘ heavier continuous phase moves
denwérds due to gravity. Dispersed phase droplets are car-
ried. with the continuous phase. Drop' drop coélescence
results in light phase droplets of sufficient size that
boyant forces cause the light phase §rops to rise agaihst
the draiﬁing continuous phase. The "even concentration lay-

L

er" thus self adjusts to a height which provides an average

residence time sufficient for droplets to grow through drop-

drop coalescence to the critical size for movement counter-

current to the continuocus phase flow.

The "dense 1layer"™ or packed layer is formed when more
drops approach the coalesence front than ate removed by
drop-bulk dispersed phase coalescence. At steady state a
total .mass balaﬁcé on the dispersed phase should be consid-
efed rather than a drop balance. Drop—-drop coalescence
within the paqked layer occurs as does drop deformation and

packing.

v

Barnea énd Mizrahi (12) consider the "even concentration
layer” to be the primary factor in determining the thickness
of the dispers{on band and that it is a fixed proportion of.
the volume of the dispersion band. In a continuously oper-
ated settler, the phase flow and cdvalescence 1in the "even
concentration layer™ can be used to develop the

H = (0/a)) model.
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At steady state— the volume of-continuous phase entering

. the dispérsion'band is equ;1 to the volume leaving the dis-
persian band through drainage ‘to enter the bulk ‘continuous

phase. Therefore the average draining velocity over the

whole area will be,

Q{1-o) or Qc

A : A

$o is the dispersed
phase fraction in
the feed

-

Barnea and Mizrahi denote U¢, the relative velocity between
the two phases as the average vertical velocity of the con-
tinuous’ phase divided by the average fraction of horizontal
area occupied by the continuous phase

g

Ud

Q(lLéo)
A
C

) 1
(1-0)

where ® is the local
concentration of the
dispersed phase in

the even concentration
layer

or Ud = Q/A

Also, if the relative velocity between the phaées is pr5p0r~
‘tional to the i power of the average drop diameter,
up = 4+ r

2 > (i = £(Rey))z 0.5
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The average drop diameter is a function of the residence

time in the’ "even concentratigg~lgyer“,

- n d e tY)
j>3
~ .
1/j is a function of the rate of growth of the drops due to
coalescence in the even concentragion layer.
Combining the equations for relative velocity gives,
/A= d*
The average residence time in the even concentration layer,
t, is
t = V'/Q-¢o/¢.
. e
V' is volume of the
g - even concentration
layer
Therefore, p
te V'/Q
as ¢o and § are, constants at steady state.
Barnea and Mizrahi also consider the even concentra?}on lay-
er to be a constant proportion of the total thickness of the
dispersion band.
Therefore,
1/
a « (v/t/3
; 1 y
~ or e (urlo/ant/3
-
O
-,
3 -
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rearranging gives,
d = H/(Q/A)
or - H « & (Q/a)

from (Q/A) « & ,

-~

0

=

e
1\“5—_

d « (g/a)i/t
therefore, ! «

(o/ar’t (o/a)

e 5]
A

or’ H

R

(Q/A)y ‘where y= (j/i+1) |
j >3, 0.5<1i<?2

If j >3 and 0.5 < i < 2, then y =2 2.5 .

Unlike Barnea and Mizrahi, Allak and Jeffreys (13) state’
that a "packing zone" is where the significant phase separa-
tion prpcess which determines the thickness of the disper-
sion band occurs. They observed that their dispersion band;

were composed of three distinct zones: a flocculating zone,

a packihg zone, and an interfacial coalescence zone.

In the backing zone, '~ the drops pack cloself together and
take the shapé of regular pentagonal dodecahedra. Aallak and
Jeffreys considered the thickness of the éispersion band to
depend on the rate of drainagd of the continuous phase film

from betwéen adjacent 'faces of the dodecahedral drops and on
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the thickness of the film when it ruptures resulting  in
drop-drop coalescence. The model for prediétiop of disper-
sion band height_presented is not readily applicable. Exper-

imentally observed dispersion ‘band Hheights wére used to

‘determine the critical f£ilm thickness for coales?gnce in

each system studied. The film thickness obtained/for each

system was ‘then used to predict dispersion Bhgs\heights at

other flow rates

Smith and Davies (14) determined that the separation of
the phases in the dispersion band is controlled by coales-

cence. They found H to be a function of the size of the

drops entering the dispersion band and ghét height incréased"

. - : /
as drop diameter decreased. Also show

o have an important

Hﬁﬁ
gyé

results in terms of

effect on the separation rate were w effects.

smith and Davies correlated their'
throughput, iglet grop diameter, interfacial tension, phase

viscosity, and density difference,

':‘Q

H/do =yvf ( T'-Qd/do)

where T' is a coalescence time constant which is character?
istic of the particular system. T' is a function of drop
diameter, phase viscosity,.interfacial tension, and the dén—
sity difference. Information about the form of the effect
of throughput, drop diameter, and the physical properties of

the systems studied was limited.

"
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Golog and Modic (15) studied coaiescence in the Amex

extraction process. " Alamine 336,. -or Aliquat 336 in Shell

Sol K with n-decanol present was used as the organic phase

and sodium sdﬂphate in water was the aqueous phase,

The relationship between batch and continuous coalescence

was investigéted. Results wefé\presented as,

H'= 1.45 (Qd/n)°-* = 1.45 vd@? -1

: vd is the batch coalescence
; rate of the dispersed phase

"\
1

1
This inhdicated that the dontinuous phasehthroughput, in the

range of phase ratios investigated,“had no effect.
' L
. !
Vieler, Glasser, and Bryson (16) presented a study con-
: . ‘ ' ;
cerned with the relationship between batch and continuous

* A

phase disengagement.

/
Tjey defined y{(r)dt as the volume of dispersion in the

er of "age" between t and t + dt. "Age" is the ‘time

since the volume ‘element entered the'system.

A Phase disgpgagement rate, g (x,f), is the volume of
dispefsion diéengagihg per unit time whenlﬁhe age 1is t and
the prqperties ogﬂghe system are X. ‘Vieler, Glasser, and
Bryson'éay examples of the-pgoperties represented by g might

be phase ratio and total dispersion band height.

o
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au(t) = -§ ( x,t )¥(¢) S 2.1
dt

-

They used the relation,

V/Q = aH + b
to represent their continuous data, where a and b are posi-

tive constants. )

b

Mechanistically, they propoéedwthe following to explain
the form of the V/Q = aH + b model. A perfqu}y mixed, con-

tinuously operated, steady state mixer supplies a dispersion

~
to a settler.

13

G(X,t ) 1is a phase disengagement rate which is the frac-

tion of volume disengaging per unit time when the age is T

[

and the properties of the'system are X.
X is defined as the volume element of dispersion 1in the

settler of age T . Integrating equation 2.1 with X indepen-
dent of age (as the system is at steady state), ‘

S

P (T) = Viexp -UITG ( X,7t)dr
: . -

@ T Fl L
- 5 exp (1 G (%,7)dT At S

- U U

Where V is the volume
of the dispersion,
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If Q is the total volumetric flowrate of dispersion, ' from
steady state considerations, ' <,

-

[s4]

Q= 6 {X,tW(ar

]

w(0) - (=) \

¥ (0)

as § (= ) must be zero for steady state operation { i.e. no

volume element of age « is left)

+

The average residence time in  the dispersion band is v/Q,

and Vieler et. al. state, >

oa T p
V/Q = 1. exp - J G(X, 7 )aT)dr

T

-~

4

Furthermore, they state that any volume element with small G
will have a lérge contribution towards the mean residence
time, or more specifically anykslowly disengaging partic}es
will tend to build up in the continuo;s settler and make a
large contribution to the volume of the.dispersion band
while the rapidly disengaging section will make a small con-

tribution. :
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Vieler, Glasser, and Bryson plotted their continuous set-
tler operation results as V/Q vs H which' yielded straight
lines in their case, with the observation that i1f these
plots were extrapolated td zero the mean residence time V/Q
does not reach zero as H» 0. This is of the form V/Q = aH +

b.

One model for ‘internal age distribution in the continuous

settler is as_follows,

Assume that there is no disengagement in the continuous set-
tler for some time t, after which there is a constant rate,
k.

i.e. g=+kH (t-t")

Where H is a step

function

;e

t could be thought of as the time to 'geqch the disengaging

interface

' i.e. t = CH

7
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Using that form of g ‘, Vieler, Glasser, and Bryson obtained

vV/Q CH+ 1/k

which is of the form,

v/Q aH + b

which fits their continuous results.

-

Stoenner and Wohler (17} describe .the separation of phas-
es in a gravity settler as a sequence of three steps.
1. coalescence of the Sméil,_ virtually'suspended, drops

into large drops

2. sinkiﬁg or rising of the large drops to the coalescing
interface : ‘

3. coalescence of the large drops at the interface

For scale up, Stoenner and Wohler prefer Q/A - C- H/(H+d)

over 0/A = aHP as the former equation has a.limiting value:
for Q/A. The authors do not support their opinions with

experimental evidence. Fig 2.1 1illustrates the difference

between the two models.

"
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I Q/AzgHP
II Q/A=¢_H
H-»a

Q/A m/hr

Figure 2.12 H vs Q/A , Stoenner and Wohlers proposal.

Gondo and Kusinoki (18) correlated their continuous settlex

’

résults for a kerosene-watétr system as,

H=-¢"’(UC+Ud y3.1 N? -

where N is the impleller rpm. Uc and Ud are the superficial
velocities of the 'continuous and dispersed phases respec-

tively in the settler (cm/min). b is the dispersed phase

ratio in the feed.
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2.2 Prediction of Dispersion Band Heights in Horizontal

Settlers :
Horizontal settlers are not in use industrially because of
the large settling area required. Capital expense is high as
is the cost of the solvent inventory required. Some}inyes-
tigators, however, consider horizontal settlers to ;ffer
improvements in minimizing dispgrsed phase 1loss through
entrainment by increasing the ‘residence time in the settler

and'reducing the height of the dispersion in the settler.

Jeffreys, Davies, and Pitt (19) analyzed the behavior of
wedged shaped dispérsion bands. This analysis was based on a
differential element model. A kerosene 'water system was
studied. The authors showed that the length of a coalescing
wedge in a gravity settler depends on the drop input rate

and on the size of the drops entering the settler. -

In the case of the light phase dispersed, the wedge will

appear as in Fig 2.2

At steady state, the volume of dispersed phase entering
the element will equal the volume of. dispersed phase leav-
ing. Jeffries Dadies,' .and Pitt performed an overall
material balance on the dispersed phase taking into account
drop-drop coalescence, drop interface coalescence as well as

drops entering and leaving the element.
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1]

Interface

Figure 2.2: Wedge Shaped Disperéion Band

They presented a model which could be used to predict the
mean drop size disribution in the wedge and the overall
wedge length as a function of the flowrates of the phases to
the settler. However, drop-drop and drop-interface coales-
cence time data as well as the mean drop size of the disper-
sion entering the settler have to be known before dispersion

band heights can be predicted.

Vijayan and Ponter (20) also presented a study of wedge

shaped bands but they also came to the conclusion that the
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measuremgnt of coalescence times is necessary in the pre-
diction of the wedge charécteristics. Their model could not
be evaluated because of the difficulties in measuring the

rates of coalescence in the wedge.



Chapter III

EXPERIMENTAL

3.1 Apparatus | -

The apparatus used is shown in'Figu%eS'3rl_and é.z. ‘A plex-
iglass settier was used to separate a dispersion produced in
one of two plexiglass mixers. A movable full width baffle
was inserted into slots in the settler side walls to provide

different settling cross sectional areas as ref#ired.

Both mixers had a mixing volume of 2500 ml., but were
gquite different geometrically. Mixer A was square with an
open top. No baffles were present. Mixer B was cylindrical
with four vertical'baffleé and a clgsed top. In both cases
the phases were fed to an inlet in the center of the bottom
of the mixer. The square mixer allowed liquid to overflow
the side wall closest to the settler along a wailed trough
into tﬁé settler. The cylindrical mixer overflowed around
the impeller shaft and then down a walled trough into the
settler. 1In thé ase of the cylindrical mixer, the overflow
exited the‘mixer\;Lrough a narrow opening through which the

impeller shaft also passed, feducing the possibility of air

entrainment through surface turbulence.

_25_
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Picure 3.1: Experimental Equipment
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Agitation was provided by a 6-bladed turbine impeller
which was rotated by a variable speed mixer. Rotational

‘'speed was set using a mechanical tachometer and was moni-

tored during oeration by a calibrated strobe lisght.
- ~_

The organic and aqueous 'phases were recycled continuously
from the settler to their respective holding tanks which

*

were situated below mixer level, . .

The phases were then pumped to the mixer using peristal-
tic pumps. The phase flowrates were determined using inline
glaés rotameters which were calibrated for the experiﬁental
solutions. The phases were introduced intq the mixers at a
Y-joint placed at the mixer inlet.\\- The dispersion then
overflowed by gravity into the settler. The (dispersion

entered the coalesence area of the settler through a full

width inlet, 2 cm. high, located a mid height.

The phases left the settler through cylindrical ports and
flowed by gravity to the holding tanks. A flow restrictor

was placed on the agueous return line to allow adjustment of

the aqueous phase level in the settler.

3.2 Phase composition

PR

The aqueous and organic phases used experimentally were pre-

pared in the laboqg&pry.

. -

b
S
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——

City of Ottawa tap water acidified to pH=1.6 with concen-

!
trated sulphuric acid was used as the agueous phase.

4

The organic phase was made up of 93% Shell 140 ( an alip-
hatic keroséne ), 3.5% isodecancl, and 3.5% Adogen 364. Ado-
gen 364 is a commercially produced ( Sherex ) tertiary
amine, RN , aﬁd is a 50% mixture of octyl ngrdecylamines.

R=CH (CH ) |

and R

Il

CH, ( CH, ), 3

Sixty litres of each phase was prepared.

1
The organic phase components were mixed together and then

the combination was preacidified by contacting with 5% sul-
phuric acid in water. The two liquid phases were separated

€

and the acidified water was discarded.

L

The pH=1.6 water solution and the acidified organic were
then contacted by mixing with a marine impellef at high
r.b.m. After settling, thé pH of the agueous phase was

- adjusted by the addition of concentrated sulphuric acid in
small amounts followed by mixiné and settling until the pH

of the aqueous phase was once again 1.6 . The settled phas-—

es were allowed to remain in contact for several days.
i

K,, The mutually saturated phases were stored in covered
polyethylene containers to reduce contamination by dust over

the course of experimentation.



.'\.I]

I

3

30

3.3 Experimental method

Start up commenced with rinsing the settler with tap'water
and shaking dry. Continuous phase was pumped into the miﬁgr
and the floﬁrate was adjusted. When liquid began to enter
the settler the impeller was started and the r.p.m.. was set
using the mechanical tachometer and the ‘organic pump was
started and adjusted to the required flowrate using the
rotameter. This allowed the mixer to approach ~steady state

operation while the settler was filling. The agueous exit

line from the settler remained closed until the agueous lev-

el reached the height of the dispersion inlet. The flow
constrictor on the aqueous exit line was then adjusted such
that aqueous level:.remained at the height of the dispersion

inlet. L

Once the settler"was full, the impeller r.p.m. was
checkéd periodicélly with the strobe light and the flowrates
of the two phases were'édjusted as required{ The apparatus
was allowed. to run for approximately one hour before the

first measurements were made. o

\ Thé flowrates of the two phases and the agitation inten-
siEy were constant for eacﬁ run. The settler baffle was
moved ;6 adjust the cross sectional area available for the
dispergion band to occupy. The baffle was moved to the dif-

ferent positions in a random order which varied from one run

to the next.
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After positioning the baffle in a specific slot, the dis-
persion band height was allowed- té stabilize. The disper-
sion band height was not recorded until the height had
remained at a constant level for approximatelf 20 minutes.

-

3.4 Experimental Proceedure

Two sets of experiments were performed. One with the square
mixer and one with the cylindrical mixer. The remainder of.

the apparatus was-used in both sets as were the l@quid phas-

»

The first set of runs were performgd using the sguare
opeﬁ top mixer. The cylindrical clos¢d mixer was then con-
structed and subsequent runs were performed using 1it. A
3-level experimental design ~was emp}oyed "with the square
mixer to investigate the effects of agifatién and throughput
on the dispersion band.heigﬁt—cross sectional area relation-
sh}p. | . ‘

With the cylindrical mixer, another 3-level design was
employed but feed phase ratio was also included as an inde-
pendent parameter. In both series of runs the aqueous phase'

was continuous.



Chapter 1V

RESULTS AND DISCUSSION

83

4.1 Dispersion Bands in the Laboratory Settler using the

Sguare Mixer

For the.preliminary 12 runs a range of height from < 2 e¢m to
16 cm wés observed. The shape of~the dispersion Eand varied-
from tall andlnarrow to flat and wide depending on the cross
sectional area available. In e&ery case however, the dis-

persion band occupied the total c¢ross sectional area avail-

able for settling.

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 in &ll cas-
es. The upper limit ( coalescing front ) was not uniforﬁ in
height and contained peaks and valleys'which were constantly
growing and collapsing. It was possible to determine an
avérége height as these topographic type features were not
very large. The lower limit was much more uniform and could

be indentified as a horizontal line.

When the dispersion band was relatively deep and narrow,
H > L, where L 1s the length of the dispersion band,- the
physical characteristics appeared as Allak and Jeffreys (13)

[

vy
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described. Close packed drops existed .at the top of the
dispersion band. These drops appeared to be stationd}y. In
the lower~portion"the drops were in constant motion due to
turbulence from the incoming dispersion; When the disper-

sion band was low and long, H < L, a packed zone was visible

at the end of ' the band opposite the inlet. This packed

region occubjed the band from top to bottom. Adjacent to
the inlet, drops in turbulent motion occupied the dispersion
band from top to bottom. There was no distinct division
between the two regions and the height of the dispersion
band was essentially uniform over the entire cross sectional
area. Nine runs were performed using the factorial design.
Two replicate runs we;€ performed at the center point. Rep-
licate runs were performed to obtain an estimate of the pre-
cision of the response being measured (height) over the
operating region and to determine if the regponse varied.

with factors Such as run order. The experimental conditions

are presented in Table 4.1

In the square mixer, the upper surface of the mixed lig-
uid was exposed to the-atmosphere. It was observed that air

was being entrained in the mixer in the form of small bub-

bles. These air bubbles were observed when continuous phase

alone was being pumped through the mixer and into the set-
tler. When both continuous and dispersed phase were being
mixed together it was not possible to visually distinguish

petween the dispersed phase droplets and the air bubbbles.
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Table 4.1: Experimental Conditions
Q Aqueous Organic Impeller RPM
ml/min ml/min ml/min
+ 1200 ‘800 - 750
0 900 600 500
- c 606 400 250
. ,
+ - - -
Q ' O - ’
+ 0 -
RPM

.

4,1.1 Experimental Results Using the Square Mixer

The experimental results are presented in figures 4.1

through 4.3 in the form of H vs. 1/A

It is apparent that increasing the agitation intensity
resulted in a decrease in disersion/ band Reight when. the

feed conditions were held constant.
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Figure 4.l: Dispersion Band Height Vs 1/a
Q=1000, Square Mixer
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Figure 4.2: Dispersion band Height vs 1/A
' 0=1500, Square Mixer
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Figure 4.3: Dispersion Band Height vs 1/A
' Q=2000, Square Mixer

~34
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This result 1s inconsistent with the majority of pub-

"lished results. In general (4) an increaseu in agitation

intensity results 1in a smaiier meaﬁ drop size leaving the
. :

mixer, A smaller mean drop size entering the settler usual-

ly results in én increase in dispersion band height (14}.

Ryon et. al. (9,10.11) observed that their systems were rel-

atively insensitive to agitation intensity.

Additional runs were performed to determine the effect of
feed phase ratio on the dispersion band height. When these

runs’ .were coTbined with the runs from the original 23

design, it was observed that an increase in the fraction of

dispersed phase in the feed to the mixer resulted in larger
dispersion bands in the settler. This effect 1is shown in

Figure 4.4 and Figure 4.5

The effect of Q@ , the total throughput, on dispersion
band height can be seen in Fig 4.1, Fig 4.2, and Fig 4.3
Increasing the throughput while holding agitation and the
feed phase ratic constant caused an increase in dispersion
band height. This effect is pronounced at every agitation
‘intensity except for the two runs 0=1500, rpm=250 and
Q=2000, rpm=250 which appear to have the same dispersion

band height-cross sectional area relationship.

m‘b——,
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4,1.2 Mcdelling the Sguare Mixer Results

Figures 4.1 through 4.5 showed that throughput, agitation
intensity, and feed phase ratio had an effect on the disper-

sion band héight for the system being studied.

~

To accurately predict the height of the dispersion band
produced in the experimental settler , a model which incor-
porates’ the experimental variables -{ throughput, agitation
intensity, and feed phase ratio ) is necessary. The form of
such a model should be determined from the experimental data

~and, if possible, theoretical considerations.

The models theoretically developed by Barnea and Mizrahi
(12) ahd Vieler et. al.{1l6) were not found to adequately
represent the experimental data. When plotted in the tradi-
tional -log H wvs log "l/A or log Q/A , the experimental
results did not display the straight line behaviour that was
described by Ryon et.al. (9,10,11) or ﬁérnea and Mizrahi
(lé).  The log-log plots showed upward concave curvature (
see Figure 4.6 ) which had been noted by Barnea and Mizrahi
as being- observed mainly in systems where the dispersion
bands were small or where a large range of dispersion band
heights were observed. Barnea and Mizrahi noted that their
own data displayed upward concave curvature at low disper-
sion band heights in one system. This type of behaviour was
élso observed by Warwick, Scuffham, and Lott ( 21 )7 When

V/Q was plotted against H as Vieler et.al., = suggested,
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straight lines were not observed. Plotting 1n H vs. /A

gave a straight line. This can be seen in Figure 4.6.

Because of this behaviour it was decided a suitable model
to describe the H vs 1/A behaviour of the system being stud-

ied would be of the form.

~
H=T1 exp ( T2:1/A )
where Tl and T2 are
. experimentally determined
constants.
If such a model was found to adequately represent the data
for the eachfindividual fuﬁ, the parameters may be distinct
functions of the process variables and;thereby assist in the
identification of the process variables which have a signif-
icant effect on the dispersion band height and assist in the
development of a model which represents the dispersion band
height behaviour in terms of the process variAEIes (22,23)
The model H = Tl exp(T2<1/A) was chosen rather than
H = T1 exp(T2-Q/A) because the effects of agitation intensi-
ty, throughput,- and feed phase ratio on the parameters Tl
and T2 were of interest. If Q had an effect on T2 such that

H = Tl exp(T2'-Q/A) then T2 would be a strong function of Q.

For the model, H = Tl exp{ T2:1/a ) or
H =Tl exp{ T2-Q/A ) using 1ln H vs 1/A or Q/4A and linear
least squares analysis 1is not an appropriate method to

determine the best estimates of Tl and T2 when fitting the

-
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model to the experimental data. Transforming the model
‘logarithimically also transforms the error associated with
the.  measured responge. © Therefore the model
H = Tl exp(T2:1/A) qaé fitted to the data for each run using
nonlinéar least squares. The pafameters such that the sum

of sguares of residuals was minimized for each Frun are shown

in Table 4,2 v
L3
Table 4.2: Parameters for the Model H = T1 exp{T2 1/A),
Sguare Mixer
Q0 RPM Tl - -T2
2000 .- 250 2.31+/-.51 .24+ /-,04
2000 500 1.50+/-.18. ,31+/-.02
2000 750 1.36+/-.17 .30+/-.02
1500 250 2.45+/-.60  ,24+/-.04 -
1500° ~ 500 1.46+/-.19. .26+/-.02 &d=.4
1500 750 1.14+/-.23 L22+/~.03
1000 250 1.81+/-.31  .24+/-.03
1000 500 °©  0.97+/-.08 .24+ /- .01
1000 750 . 0.62+/-.23 .22+/-.06
1500 500 1,28+/-.50 .39+/-.06 0d=.5
1500 500 1.29+/-.33 L24+/-.,04 Od=.
1500 250 2.11+/-.56 L37+/-.04 ®d;;§
?‘° o
The three- réplicate runs at Q=1500 ml/min , 500 rpm ,

¢d=.4 were grouped together and the model was fitted to the

data from all three runs. Therefore 27 points were used to

fit 2 parameters. The result of that fit was 71=1.46 and

-

T2=.260 .



Plots of the fitted parameters ,vs the independent vari-
"ables in the experiments ( throughput, impeller rpm, *and

feed phase ratio ) gave some insight into the effect of the

independent variables on the model parameters.

Figures 4.7, 4.8, and 4.9 show the model parameters plot-

ted against impeller r.p.m., throughput, and.dispersed phase

ratio in the feed.

The 95% confidence intervals fo the parameter estimates
wvere of use in determining the form of the effect of the
independent variables on the model parameters and were also

of use in eliminating some of the indépendent variables as

having an“effect on s fitted model parameters.

Impeller r.p.m. and throughput were identified as having

a significant effect on the model parameter T1. Only dis-

persed phase ratio in the feed was identified as having an

significant effect on the model parameter T2.
AN

-Figure 4.10 shows 1/rpm is a possible form of the effect
of rpm'on T1l. The simplgaé form of the effect of througﬁput
on Tl 1is linear. D%él}é the large parameter confidence
inteEE?ls sbgwn in figdre 4.8, a more complicated form of

the effect of Q on Tl is not justified.

V4

—

o
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Therefore,

T1 = ( T1l/rpm + T12.-Q )
. . | - i\

A linear form of the effect of $d on T2 was chosen
T2 = T21-$d
The model,

H = ( T11/rpm + T12-Q ) exp( T21-$d/a )

A

was proposed.

The propoSéd model was then fitted to all the data using
‘nonlinear least squares, The independent variables were

scaled to facilitate model fitting.

H

[ ' i

=



51
The model, ‘ 1

P H = ( T11/X1 + T12-X2 )exp( T21-X3-X4 )

was used where,

"~ X1 = rpm/250 A ,
e X2 = Q/1000
X3 = 6d
X4 = 1/A x10° “

One* noticably large residual was observed when the model was
fitted to the data. At 1/A=7.58 x10-7 cm™® ,Q=1500 ml/min ,
. rpm=500, ©§d=.5, the observed response was H=24.5 cm. The

height predicted by the model, . .
ﬂ‘

- . @

H = ( T11/X1 +.T12-X2 )exp( T21-X3-X4 )

L]
*

was 17.41 cm,

This outlier was removed from the data set and the model was

fitted to the remaining data.
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The parameters such that the sum of squares of residuals

was minimized were found to be:

g
Til = 1.05 +/- .21
Tl2 = .68 +/- .08
T2l &~ .62 +/- ,02

The parameter precision was estimated using the parameter

covariance matrix as described in Appendix B.

A quantitative lack of fit test performed indicated some
doubt as to the adequacy of the moéel. As the data set con-
tained replicate 'data points,an "R-Test” could be applied
(24). R was found to be 1.80, the appropriate F distribu-
tion value is 1.77 at the 95% level. .An R greater than the
appropriate F indicates lack of fit. Since this test did
not reveal any information about _the nature of the possible
inadequacy, residual (. observed resporise - predicted

response ) plots were examined.

Residuals were plotted against the operating variables

included in the model ( Q, rpm, &4 ), run order, and pre-

dicted response.

Examination of these plots revealed no pronounced trends /
which would indicate lack of fit. In Figure 4.11 There is a

possibility of a linear trend with increasing throughput.
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However, 1if only those residuals contained within the 2 0.

limits are considered, no trend is apparent.

Models with different functions of Q were tested to veri-
fy that the residuals did not in fact indicate that another

form of Q in the model was appropriate.

H = ( T11/rpm + T12-Q°* )exp( T21-0d/a )
3 H= ( T11/rpn + T12-Q* )exp( T21-0d/A )
H = ( T1l/rpm + T12-Q Jexp( T21-Q-0d/A )

resulted in poorer fits ( greater sums of squares of residu-

als )'f

A four parameter model of the form,

H= ( Tl/rpm + T2-Q ) exp(( T3-06d + T4-Q )/A )

was tested. The sum of squares of residuals was reduced
using tQif model and when a quantitative lack of fit test

was performed no lack of fit was evident.
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The fitted model parameters with 95% confidence intervals

were,

Tl = 1.12 +/- .07

T2 = .,593 +/- .04

T3 = .576 +/- .01

_ T4 = ,018 +/- .003
LA
[

. N f.
In the residuals vs,. predicted response plot in Fig--

ure 4.12 the possibility of increasing wvariance with
increasing predicted response appeared when the three param-

eter model was used.

A transformed response model ,
ln H = 1n ( Tl/rpm + T2-Q )} + T3-0d/A°

was tested to sée if a change in the residugl pattern would
be realized using a model where the pure error variénce is
transformed.: The use of a logarthmic transfogmatipn on the
response would also transform the associated error logarith-

¥

mically.
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The fitted parameters were,

T1 = 1.13 +/- .26 | /
T2 = ‘.50 + /- .1 o '
/ 0 & /
3 = .66 +/- .05 /
/’./\_‘,4’

»

When these parameters are compared to those foq@the

H = ( Tl/rpm + T2-Q Jexp( T3-0d/a )

. '
- -
&

model, only the T2 parameters differ by more than the calcu-
lated 95% confldence intervals.
To choose between phe two forms of the mode&.requires a
decision about which form eé’the error 1s appropriate.

N s
Overall it can be said that the model developed,

H=( Tl/tpm + T2-Q ) exp( T3-¢3 + T4-Q )/a

e

displayed no evidence of lack of fit and is representative
of the dispersion band heiéht'behaviour for the‘ range of
experlmental conditions investigated. This four parameter
model ylelded the lowest sum of squares of re51duals ‘and the
guantitative lack of ﬁit test performed dlawﬁsb\}ndlcate any

. 3
reason to guestion the adeqguacy of the model.

X
KL

“n-e
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Althoﬂgh'the four parameter model included throughput iﬁ
the exponential portion of the model, a strong dependence on
throughput in the form of Q/A was not evident.l Neither the.
residual plots nor the T2 vs. Q plots presented éarlier dis-

'pla@ed strohg evidence that Q needed to be inéludéd in expo-

nential part of the model.
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4.2‘\v9iapgrsion Bands in the Laboratory Settier using the

Cyllndrlcal Mixer

59

To try and  prevent air entralnmEht in the dispersioﬁ a new
cylind;ical mixer was constructed. in unbaffled form, this
mixing configuration resulted in very low dispersed phase
hold up in the mixer. when the four vertical baffles were

installed hdld up levels of greater than 50% were observed.

The mixing conditions p0551b1e with the cylindrical mixer
were much different than those possible w1th the open square
mixer. When operating at 400 rpm or greater it was diffi-
c@lt to discern the aqueous phase-dispersion band interface
indiéafﬁng organic phase was being. entrained in the agqueous
é%ream exiting the settler. The _heights of the dispersion
bands formed were much greater that those observed using the

t‘
square mixer. Flooding occured at low settling areas in
L] d - .
some instances, a phenomenon not observed when the square
. L. [

A ]

mixer was.used.

A three level experimental design. was set up using the

three flowrates used in the sqguare mixer runs , three levels

- of agitation intensity,. and three levels of dispersed phase
_ratio in the feed. The experimental conditions are -present-

ed @n Table 4.3 . ‘

*

For many runs an additonal responsé was recorded.  Dis-

persed phase holdup. in the . mixer was measured by allowing

- . S
the dispersion 1in th§ mixer to separate after shut down.

The heights of the Y@o separated phases were then recorded.
Q@

-3

™ : ) :‘n
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Table 4.3:" Experimental Conditions using "the Cylindrical
Mixer
0 Impeller RPM - 0d
+ 2000 350 .b
300
0 1500 250 .5
200 .
- 1000 150 . ; .4

y

f

4.2.1 Experimental Results Using the Cylindrical Mixer

The experimental data in the form H vs. 1/A is presented in

Figure 4.13 through Figure 4.20

The experimental design was augmented with.foqr replicate
runs at the center point of the design ( Q=1500 ml/min,
RPM=250, @d=.5 ) and with single replicates at two other

R

locations in the design.
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Two runs resulted in organic entrainment in the exit
agueous stream making it impossible to define the lower lim-
it of the dispersion band, Thus no dispersioﬁ ;and héight
measurements were possible. A further run produced disper-
sion bangﬁfso small they could not be meésu;ed accurately.
At some throughput &onditions‘it was not‘possible_to operate
at the high end of the selected impeller rpm range due to
organic entrainment in the aqﬁeous stream leaving the set-
tler. Therefore the range of impeller rpm used at a given Q
and 0d was reduced so that. three levels of rpm were stilf
recorded. The experimenta} design was therfore alﬁe;ed and
incomplete.' Further expe?imentation to effect a complete 3
level design waé not possible due to contamination of the
egperimental phases by concrete dust during repalrs to-the
laboratory.  This also eliminated possible reqlication o%
early runs to study the variance in the observed dispersion

band heights with time.

Unlike the sguare mixer runs, the dependence of disper-

sion band height on the experimental variables was not read-

ily apparent from the H vs. 1/A plots presented in Appendix
D. This raised the possibilify of the dispersion band
height being affected differently by the experimental vari-

ables in different portions of the experimental region.
. - 3

The plots of 1n H vs. 1/A displayed concave downward cur-

vature. This indicated that the exponential model used to
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represent the squarze mixer_resulfs would not be suitable to
represent the cylindrical results. The downwara curvature
indicates that the observed dispersion band ;Efaﬁts are low-
er at small settling areas than would. be fpagqicted if
InH = Tl +T2/A were representative of the beﬁaviodr. This
observation, combined with the fact that the square mixer

data whigh consisted of smaller dispersion band heights was

@ .
N

adequate [j

b
&)

represented by H = T1 exp(T2/a) , indicates that
the coalescence rate in the_dispefsion band may be a func-
tion of. dispersion banqiheight. This possibility was noted

by Vieler et. al. (16) and by Glasser et. al. (4).

Y : _ -
Plotting the data in the form of In H vs 1n (1/A) as sug-
gested by Ryon et. al.(9,10,11) and by Barnea and Mizrahi
{12) resulted in a more linear representation of the data

although slight curvatq{E_fps observed. The 1ln H vs 1n{1/A)

plots are presented in Appendix E. —

When the data was plotted in the V/0 vs H form as sdﬁf
gested by Vieler et. -al.. "(16), the straight lines predicted
by those authors were not observed. Pronounced curvature

>

was observed in some cases. As this model can be rearranged

into\the form of 1/H vs A, the possibility of an effect of
height on the coalescence rate again is raised. The plots
,\LiE/VVQ vs H are presented in Appendix F. )

The effect 0f "rpm on the dispersion band height was not

consistent over the experimental operating region,



were performed at .the same impeller rpm.

&

| « BRI 5|

At 0=2000 ml/min, thé éffect of rpm on thé dispeﬁsion'
band height was consistent at ~“the three different 0d lévels
and the éxpected behaviour of height increasing with

increasing rpm is observed.
Lo

Howevér, at Q= 1500 ml/min, ¢d=.6 rpm=250, and at (d=.4
\

" ‘ : ' 1 . ’ . s e
rpm=250, the observed dispersion band heights are signifi-

canﬁly lower than the heighE$ observed at the other two rpm
leyéls at the same Q and bd. In the case of ¢d=.6, iné?gag;
ing. the impeller rpm from 150 .t%é250 to 350 appeared to
cause an decfeaée.in dispersion Eandyheigh;'af rph;25q fol-
lowed by an increase at rpm=350.. At Q=1500, ¢d%.4, increas-
ing th; iﬁpeller rpm from 150° to 200 to 250 appeared to
cayse an increase in-dispefsioﬁ- band-hé;ght at; rpm=200 fol-
lowed by a decrease at rpm=250. It must be Hqted that the
two above meﬁt%oned runs.were the first two performed in the

. & . .
cylindrical mixer experimental series and that the two runs

S
e
-
-

At Q=IOOb'm1/min, an increase in impeller rpm appeared to
cause a decréase in dipersion band heigﬁt at ¢d=.6. At
dd=.5, the effect of rpm is not clear due to the small dif-
ferences Zn dispérsion band Héights observed at the differ-

ent impeller rpm and the small rangé of rpm investigated.

The ratio of the volume of aqueous phase to organic phase

in the mixer at steady state wa# measured. From this, the

A

fraction of mixer volume the organic phase (dispersed phase)

b

-y
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T

- occupied, was calculated. Table 4.4 shows the dispersed-

- 1

phase fraction in the mixer at steady state.

The dispersed phase'fraction in the mixer data did not

explain the inconsistencies in the effect of rpm on the dis-

persion band height.  The effect of impeller rpm on the
hgldup of the disﬁersed phase the mixér éppearg‘ to be
consisten;/gver the enﬁﬁre operating region. Andg, wﬁen rep-
licate runs were performed, the ~observed holdup valﬁes
-remained constant while gke observea‘aispersion bang heights

diplayed significant variance. ,

. ' f
Also of note is the very low dispersed phase fraction in’

"the mixer at Q=1000 ml/mﬁp[ dd=.4, rpm=200 .- fﬁ

e
ant



‘Table 4.4

Dispersed Phase Fraction in the Mixer at Steady

State
by
Q RPM dd Dispersed Phasé
- Fraction

2000 350 .6 .579
2000 250 .6 550
2000 150 .6 .31
2000 300 .5 .500
2000 250 .5 N/A
2000 250 .5 464
2000 150 .5 .229
2000 250 .4 .357
2000 200 _4 .350
2000 150 .4 .186
1500 350 .6 .550
1500 250 .6 .457
1500 150 6 .279
1500 250 .5 . 457
1500 250 .5 .464
1500 250 .5 L 464
1500 250 .5 .457
1500 250 .5 .457
1500 50, .5 214
1500 250 .4 .343
1500 200 .8 .321
1500 150 .4 _164
1000 350 6 N/A
1000 250 .6 .543
1000 250 .6 .543
1000 150 .6 . .279
1000 250 .5 ©.414
1000 200 .5 .386
1000 150 .5 ..229
1000 200 .4

.071
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4.2.2 Modelling the Cylindrical Mixer Results

The model,

H = Tl exp( T2/A )

Y . :
which was used to represent the sqguare mixer runs was fitted

to the individual cylindrical mixer runs. Inadeguacies were
observed using this model for some runs. These inadequacies
took the form of pilarge residual at the second highest 1/A
value. These residuals were positiv? meaning the model Was
predicting a.dispersion band height less than that observed
experimeptally. This lack of fit was expected when- it was
observed that the 1n H vs 1/A plots in Appendix D displayed

concave downward behaviour. Other models investigated were,

H = Tl(exp(T2/A)~1) .
H="T1 (1/a)12
- ¥
H = ( exp(T2/A)-1) was chosen for consideration as a disper-

sion band height of H=0 is expected at a very‘largé settling

. . -
.area. Plotting V/Q vs., H and .l/H vs. A,( Appendix F ),6 did

not result in straight lines, therefore excluding models of

the form,

1f V/Q = T1 + T2-H

and 1/H = 1 + T2:A°

1

N L : // '” 4.:

.---k%._\
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The model H = Tl-(—l/A)T2 provided a better representation of
the H vs A behaviour of the individual runs than did either

H = Tl exp (T2/a) or H = T1l(exp{(T2/a)-1).

The replicate runs performed provided an estimate of the
pure error q?rianée associated with the height readings tak-
en, As with the square mixer -data, it must be noted that
"individual points cannot be considered to be "true repli-
cates” as each run was performed by varying A as Q, rpm, and
bd were‘held constant. When the individual points at the

same Q, Rpm, ¢d, and A were considered as rgpli;ates, an Sp?

value of 4.28 was obtained. However, a constant variance
k) e
over the range of crossfsectional areas used was not
o LTS ; 1
observed. \

/!

The variances associated with the individull sets of rep-
licate points .{ same 1/a, @, ¢d, rpm ) inereased with

increasing 1/A. As one of the assumptions made when using a

least sguares analysis is that the variance associated with
. N .
the measured response is constant over the entire experimen-

tal region, transforming the response { H ) to trahsform the
. G 0 :
associated error such that the variance of the measurement

of H is constant over the operating region was necessary.

<
A logarithmic and a reciprocal transformation on the dis-

persion band height was performed and the variance for each ™

set of replicates was calculated. These are presented in

Table 4.5

1]
B §

Y S
kS
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Table 4.5: Xéariance from Replicate Runs

g if (mi-1)
Response H n'ﬁ 1/H
\i\ .
runs 1/A . ‘
1
38,44 5.5 .75 L0007 7.5
50,58 4.22.; ., 73 .124 2.17
62 3.48 ™™ 31,4 116 4.42
.2.93 15.5 .297 6.16
2.53 8.5 .091 9,89
2.2 3.0 .049 7.98
2.01 . 2.82 .059 4,23
46,57 © 7.58 18 .022 2.59 E
. 5.5 3.13 .011  3.53 E
4,22 1.13 . .010 . B.45 E
3.48 .32 .006 1.08 E 7
2.93 .50 - .012 2.83 E
- _._.—..o"
45,59  4.%2 0 0 0
3.48 0 0 0
2.93 .5 .002 8.82 E
2.53 .5 .004 2.45 E
2.2 .125 .002 1.68 E
2.01 0 0 o
v
» \
A ‘

R

113}514 |
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‘Ehe reciprocal transformétjon resulted in increasing var-
iance with decreasindrl/A. Therefore only the logarithmic
transformation remainé? to be considered.  Thus, for the
purposes of prediction of the\dis§Ersion band heights in the
laboratory settler, models wgth the response ( height )Y in
‘the form of 1In H would be more suitable than H or ;/H. Tﬁﬁ
could also be applied to the'squaré ﬁixer results resulting
in the model found to adequately represent that data, being

transformed logarithimically.

-

Examination ofethe In H vs 1/A and the 1ln H vs 1n° (1/a)

o

\\\Eiii;bin Appendix D and Appendix ' E suggested that models of
the rm, ‘ )

In H = T1 + T2 1n(1/A) + T3 1/{1n(1/A))
4 -\'
or
“ 1nH =Tl + T2 1/A + T3-A
N

wvhere T3 is dgegative in the case of the latter model, may

/
adequately ri;::%ent the individual runs in terms of the

height-cross tional area relationshipi However,,fitting

the In H=T1 + T2 1n  (1/A) + T3 l/(ln(l/A)) \;Baei~to the;

individual runs resulted in parameter estimates with large

95% confidenée ‘intervals. This occured becaqge of the small

- ~ t

degree of.freedom associated with the fits. Thus, -informa-
g ) - )
L ad .

tion provided about the nature of the effect of the experi-

-

-
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mental variables on the fitted parameters was limited in
this case. \\\

Although determining an adeguate representation of the H

k]

vs A behaviour for the individual runs was important, it was
also of interest to determine the effect of the other inde-
pendent variables (Q, rpm, ¢d) on |the dispersion band
heights observed in the laboratory sétt er, Therefore, the

results of fitting lnH = Tl + T2 1n(1/A) were examined.

Because the error structure indicated thaE-a logarithmic
transformation of H was appropriate, 1ln H = T1 + T2(1ln(1/A))
where 1/A was equal to 1/Area”k';10’ cm-? was fitt?g to the
individual runs. 1/Aa was scaled to obtain posftive In H
values. As in the analysis of the_équefe mixer results, the
model parameters Tl and T2 wereﬂqptainedfbf least squares
analysis and their 95% confidence fh;ervals were 6alculatéd.
Because this is a linear model, the calculated 95% confi-
dence intervals for the paramet¥%r estimates are accurate.

Tl and T2 were then plotted against the experimental vari-

i . \"\-_.l
ables to & termine the effect of Q, rpm, and dd on the model

'parameters. The parameters and their 95% confidence inter-

.vals are présented 7h Table 4.6 ?\\\

. The effects of rpm and ¢d at each of théthree throughput

conditiéns wer% ‘investigated using the model parameters 1in
- 1 . bl

the same manner as was used\.to investigate the /effects of

the variables on the dispersiofn band heights obtained using
{ . i
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_Table 4.6: Parameters for the Model 1nH=T1+T2(1n(1/A)),
Cylindrical Mixer :
_ :

o) dd  rpm T1 T2
2000 - .B<, 350 1.33+/-.25—  1.89+/-.30
2000 6 ' 250 -.0.83+/-.31 1.71+/-.27
2000 .6 150 Q.98+/-.28 1.60+/~.27
2000 .5 300 1.38+/-.24 1.70+/-.26
2000~ .5 250 . 0.86+/-.09 1.74+/-.08
2000 .5 150 0.98+/-.35 1.28+/-.30
2000 .4 250 0.08+/~.33 2.33+/-.30
2000 4 200 0.19+/-.29 1.74+/-.20
2000 -4 150 0.59+/-.14 1.51+/-.10
1500 .6 350 .083+/-.17 1.71+/-.15
1500 6 250 0.49+/-.24( . 1.38+/-.19
1500 .6 150 0.78+/~.16%2" 1.55+/-.13
1500 .5 250 0.70+/-.14 1 63¥7:.12
1500 .5 . 150 . 0.51+/-.30 1.57+/-.22
1500 .4 250 ~0.23+/-.74 1.28+/-.51
1500 .4 200 i 0.33+/-.38 1.58+/-.28
1500 .4 150 0.37+/-.41 1.27+/~.22
1000~ .6 350 ~0.08+/-.14 1.49+/-.09
1000 © ¢ .6 250 0.22+/-.26 1.52+/-.18
1000 6 150 -0.10+/-.20 1.80+/-.14
1000 .5 250 0.25+/-.33 -  1.61+/-.23
1000 5 200 -0.12+/-.15 1.71+/-.11
1000 .5 150 '0.84+/- .48 1.46+/-.33
1000 .4 200 -0.54+/-.59 1.44+/-.39

-

.-
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the square mixer. The runs at Q=1500 ml/min, ®d=.6, rpm=250
and Q=15bq ml/min, ¢d=.4 rpm=250-énd ©=1000 ml/min. ©d=.4,
rpm=200 had the lowest ‘dispersion band heights' observed
optained using the-éyliﬁdrical mixer. Replication of these
rﬁns would be beneficial. Justifiéatioﬁ for deleting these
runs from the égta/set can only be obtained if replicgtion
of these runs prévides dispersion band heights significah;ly

higher than those dbserved.

rd

When these three low dispersion band height runs were

-

removed from the data set a model of the form,
o ‘ o
In H = Tl+ T2-9d + (T3-0d+T4-RPM® +T5-RPM-$d)- (1nl/A)

r .

. was found to adeguately represent the data for each of the

three througaput cond;tions. The model parameters and their
95% confidence intervals are presented 1in Table 4.7 Also
included in Table 4.7 are the results of the T-test for each
quel.fit,(24). In each case T is less than F n-p, vsp?,
indicating no evidence of lack of fit from this test. These
results were examined to determine the effect:of Q on the

dispersion band height.

I1f however, replication of the threexruns indicated that

" the observed dispersion band height were in fact representa-

tive of the behaviour at any.of  the three run conditions
then the model found to -represent the remaining data should
e reexamined.

e
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Table 4.7

Model Parameters for Five Parameter Model

Q ’ 1000 1500 2000 »

T1 2.59+/- 554 0.98+/-.27 1.23+/-.32

T2 ~4,46+/-1.04 -0.66+/-.54 -0.68+/-.63

T3 2.81+/-.56 -0.88+/-.60 4.89%/-.84

T4 . *=0.01+/-.015 -0.04+/-.01 0.07+/-.02

TS 0.12+/-.34- 1.51+/-.44 -1,48+/-.53

SSR © .78 .94 - 1.54

T .97 .71 1.26 o
F n-p,vsp? 1.69 - . 1.53 1.64
The flve model parameters were plotted against Q. These

plots are shown in Figure 4 21 As can be !een from Fig-

ure 4.21  the effect of Q on the dispersion band height

\\\\H//,/appears to beiquite complicated. " Models of the form,
r -

lnH=T1+T2-¢:d-QF3 +((T4~¢d+T5-rpﬁ“)QT6 +T7-rpm-¢d-QT8)1n(1/A)
LY

and'others with Timilar configurations were tested(fut a
‘model which adequately represented the entire data -set was

not determined. Including a term to take into account run

! .

. ' \ . .

order did not offer any,significant improvement ig fit. Of
ri . 4

note however, 1is the fact that throughput did not appear to

" affect dispersion band height in the form of:Q/A.

A

. P
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A five parameter model.of the form,

InH = T1 + Té—ﬁf + ( T3-0d + Té4-rpm® + TS-rpm ¢d) (1/A)

was fitted to the data for each throughput.

The runs previouly deleted remafhed deleted from the data
set. - In each case a T-test was perfo}med. | No evidencq of
lack of fit was determined for any of the three throughputs
investigated. The parameter estimates from these fits are
présented in Table 4.8 The T‘ahd F n-p, vsp? values are also

-

presented.

Table 4.8

Results of 5 Parameter Model Fit using 1/A
instead of In{1/a)

\
Q - 1000 1500 2000
T1 . < 2.46+/-.61 0.92+/-.27 1.21+/-.35
T2 -2.98+/-1.12 0.17+/-.53,-0.08+/-.68 "
T3 0.66+/-.19 +~0.05+/-.20 1.41+/-.30
T4 ' .003+/-.005 -0.02+/-.005 0.02+/-.01
TS -0.02+/-.12 -0.61+/-.15 -0.45+/-.,20"
SSR .98 .93 1.83
T 1,21 - .70 1.50"
. F n-p,vsp? 1.69 1.53 1.64

1%
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For predictive purposes, however, the model with the
4

In(1/A) term should be used, as the indijgidual runs were

" better repfesented_by‘lnH = Tl + T2 1n{l/a)

4.2.3 Summary ‘ o i

The factorial design and the additional runs performed pro-
vided enought information to develq@ an adequate model to
represent the cyllndrlcal mixer data. It was foundlthat all
the experlmeniil variables chosen for study had ‘a signifi-

cant effect on the observed dispersion band heighﬁsf'

The form-df the height-set;ling area relationship for the
square mixee' data was found to be different tﬁan_ the form
found forb_the cylindrical data height-settling area rela-
tionship. The range of-dispersion band heights observed in
the two sets of data dlffered significantly indicating a
é0551b111ty of the d15per51on band height having an effect

4
on the. coalescence rates. within the dispersion band.

¢

The incomplete factorial design performed with the cylin-
drical mixer did not provide enough information to adeguate-

ly model the entire data set. The five-parameter model,
In H = T1+ T2-0d + (T3 (d+T4 RPM> +T5-RPM-0d)- (1n1/A)

was the simplest model which was found to represent the data
at each of the three throughput conditions. All - of the
experimental variables investigated were found to have a

significant effect on the dispersion band heights produced

. using the cylindrical mixer. - -

g

1
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It 1is possible to inveétigate the effects of process
variables on dispérsiqn band - heights_usiﬁg bench scale
mixer settler. Affér using a factorial experimg¢ntal design
to identify those'variaﬁles which have a significanf.effect

on the dispersion band height, more experimentation may have

to be performed to investigate the form of the effects of

the variables in more detail,.

= : -



_ CONCLUSIONS

/A model to predict the dispersion’band height while
‘using the squaTe mixer was successfully developed.
Attempts to model the dafa obtained using' the cylin-
drical mixer were net successful. | a l

H= Tl exp(TZ/A) or lnH = T1' + T2/A appeared.to a&e-
guately represent the indfﬁidual‘runs obtained using
the square mixer. The model parameters could be
related to thropghput, impeller rpm, and the dispersed

phase fraction in the feed.

~1n H =T+ {ELTZ/AY appeared to best represent the

individual runs obtaiped using the cylindrical mixer.

This result is- in agreement with previously published

results by Ryon, Daley, and Lowrie, and by Barnea and
Mizrahi amoég others. The model pafameters did not
reveal much informaticn about the éfféct of thé éxber-
imental variables on the dispersion band ﬁeight.

There was no ekperimental evidence that the effect of
throughput on dispersion. ba®d height was of the Form
Q/A. : ' S

Alr entainm;;gjin a mixer settler apparatus may result
‘in lowering the seltling prea reqhired to effect phase
separation. | ' -

»
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RECOMMENDATIONS .

';in this study, the settler baffle was moved to vary

the settling 4rea while throﬁéﬁput, .dispersed phase

-fraction in the feed, and agitation intensity)wére

held constant at the chosen experimental conditions.
This caused all the height measurements in‘a run to be

correlated. Performing experiments where all the

‘experimental variables, including settling area, are

randomly varied over the experimental region would
eliminate this height settling'area dependence.

It would be of interest to construct a settler where a

- ~

larger range of dispersion band he?ghts could be stud-
ied. In this study, the range of heigh£s observed in
a specific run was 1limited bj the settling areas
available. Examining a larger range of dispersion
band heights may proviae insight into the - nature of
the effect of dispersdéon band height on the rates of.
coalescenge in the dispersion band.

Perform more replication of runs to examin€ the vari-
ance of the observed dipersion _Band'heights with time.
and run order, .It was observed that there was some

effect of time or run order in this study. The repli-

cate runs performed indicated that dispersion band

heights increased over the course of experimermtation.

..'87_
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Expand the investigation to include -oedanic continuous

dispersions aé they are common in industrjal use as a

means of reducing solvent loss .through entrainment in

—_—

waste aqueous streams. o T :

Investigate different extracbg;n systems  e.g.LIX 5

extraction of copper. ' -



H

ba

RPM
SSR

Ti
Tij
Xi

. NOMENCLATURE

settling area cm?
dispersion band height cm

dispersed phase fraction in the feed
td" the mixer - '

total throughput of phases ml

R-test value i

rotations per minute of impeller in mixer
sum of squares of residuals

T-test value

model parameter

-

model parameter +

scaled experimental variable

volume of dispersion band cm?®
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Appendix A
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Run Conditions and Dlsper51on Band Heights w;th

1500 500
1000 750
1500 750
2000 500
1500 500
1000 250
1500 250
2000 750
1000 500
1500 500
®d=.5

1500 500

0d=.3

bd=.6
1500 250

Square Mixer

H(cm). at Settler Crpss Sectional Area (cmxcm)

. e
. 5«
.

. .
(1] UMbk OoWOoO~IPW [wn]
NN
L]
@

s T 8 = w
s 4 = ® a2 ®
s s 0w
N
= ~2

|
W
(]
&

Lo L U Wb B W T W
.

O ~IN\D O U~ UL L
W3R L U B L L3 B N s
] » - L ] [ ]
OOHOO WU WN UL &
WHRNEWRNWE | NWN
L) L] - -

OO oo ONG O

L] L] L] L]
NHEMND
o

¢ & 8 @

~J M N ~1TTR A WE WO
- L] » [ ] - . - L] L] [ ] .
o [==3 [ea} AN ~INNO NN

w NHEFRNWWRNWHRORKN T W
[ ] ]

NS

(P8} (821
[y
3]
-] i LS
{8 ] [#%]
L]
o L
i
|
1
i

o
.
o
fo TS
-]
L]
[#%]
(e}
o
»
o
(92}

...92_



. Table 2

»

93

Run Conditions and Dispersion Band Heights for .

Cylindrical Mixer

H(cm) at Settler Cross Sectional Area’

RUN Q@ RPM &d :Al. A2 A3
32 1500 250. .6 - 16.5 11.4
33 1500 250 .4 11.5 6.5 5.0
34 1500 350 .6 - 40 28
35 2p00 350 ' .6 - - -

36 2000 250 .6 - 45,0 25.0
37 1000 350 .6 - 19.0 12.0 B.0
38 1500 250 .5 - 33.0 20.0
39 2000 250 .4 - - 32
40 2000 150 .5 - 39.0 25.0
41 1000 200 .4 10.5 6.5 4.8
42 2000 150 .4 37 24.5 16.7
43 1500 150 .5 41,0 26.0 15.5
44 1500 250 .5 - 33 0+19.5
45 2000 250 .5 29.5
46 1000 250 .6 26.0 16.0 0.0
47 2000 150 .6 - - 8.5
48 -1500 150 .6 - 31.0 21.0
49 1500 150 .4 20.0 12.0 8.5
50 1500 250 .5 ~ 32,0 19.5
51 1000 150 .6 36.0 19.5 12.0
53 2000 200 .4 41.0 25.5 14.0
55 1000 150 .5 34.0\18.0 11.0
56 2000 300 .5 - - -

57 1000 250 .6 32.0 18.3 11.5
58 1500 250 .5 - - -~ 2B.5
59 . 2000 250 .5 - - 29.5
60 1000 250 .5- 33.0 21.0 13.5
62 1500 250 .5 - 33 21.5
63 1000 200 .5. 29.5 16 10.0
64 1500 200 .4 35,0 24.0 12.0

o I HHEUO I v U I HFON-TNHFHW HNHNWL

LIS T Bls ¢+ = & I+ 2 OO »
Nnoo Q. s OO O DO

HoS. O
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5.0 .

9.0 7.5 .

17.5 14,0 11.5

9.5 8.0

7.8°96.0

- 7 5.8

10.8 7.0

- . 5.2

- 5.5

7.0 5.9

9.5 8.0

4.5

9.5 - 7.5

8.0 - 5.5

7.5 6.5

5.5

16.5 12.5 -
)

8.7 7.5

9.0 8.0

4.5

6.8
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‘Appendix B

. STATISTICAL ANALYSIS AND MODELLING

The parameter precision estimates shown in table 4.1.2 were
obtained using the parameter covarience matrix given approx-

-

imately by,
~ ' T
. v(T} = ( X0 %0 )-* 0°¢ .

X0 is the partial
derivitive matrix
g ? was estimated

by S(iﬂ/n-p

Therefore an approximate 95% confidence interval for the

true value of the parameters is given by , \EK
Ti +/- tv,.05/V(Ti)
where v denotes the d.f. ;

T associated with the estimate

of gz '
4,
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To obtain some indication of the reliability of the esti-

mates of the pérameter confidence intervals in .this nonli-

near case, the sum of square contour for the 95% joint con-

., fidence region were plotted. These are presented for a run

- with a high sum of squares of residuals when the two parame-

ter model was fitted to the data ( Fig B.1) and for a run

with a small sum of squares of residuals for the fitted mod-

el.(Fig, B.,2)

The approximate 95% joint confidence region is given by,
S(T)\§ S(T)H[}'+ (p/n-p})-F p,n—p,.]

£ The shape of the joint confidence region is correct but the
95% confidence level is only approximate because of the non-

lihearity of the model.

The contour plots are ellipéoiJ@in shape and thus indi-
cate there is no reason to doubt Ehe'réliability of the cal-
culated 95% confidence intervals for the parameters. The
three centre point replicate runs do not offer a true inter-
nalcestimate of the pure error variance as each rﬁn has an

™~ individual H vs. & reiatioﬁshipl‘ (i.e. “each inéividual

point is not a true replicate).

-3

However, treating the data as such gives Sp?* = .54.as an
estimate of gp®* when the sets of points at the cross_sec-

tional areas were treated as replicate sets.
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This allowed a quantitative-lack of fit’ test to be per-

formed.
' n 1 .
. . > eu2 B sz > (my=1)
N ) R = -1 =1 ) / ( n-p—yp)
» . . . i N
| ! SP2 .7 | .
. a 5

4

is compared to - F n-p-vp, vp,&® .

o4
R can’ also be expressed as,
) - n 1
_a g
S (¥,~v)  / {n-p- Z (m;-1)}
=1 i=1
R = ’
2 L
. H ap "

I1f the va}ué of R is larger than the upper percent value of

F, then the fitted model is said to display "lack of fit".

The experimental results yielded an R value of 1.80. The

appropriate 95% F wvas F (93{16,.05) = 1.77. As this test is

only approximate for nonlinear models, "lack of fit". is not

apparant from this test.

The fSur paraméter model,
. e
H = ( Ti/rpm + T2-Q ) exp(({ T3-6d + T4-Q )/A)

. < | : \

L
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yeilded a sum of squa?bs of residuals of 89.88 when fitted

to the data. The quantitative lack of fit test

R = 89.88 - .54 16 = 1.64
112-4-16 .54
o |
1 F ( 112-4-16, 16 ,.05 } = 1,774,R < F . Therefore
{ii there is no ‘evidence of lack of fit from this test. o7
\‘f.
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Non Linear LeastSguares

H = Tl Exp( T2/K ) + e

is a non linear function, Linearization of this model

results in the transformation of the associated random error
term , ¢ .
in H=1ln Tl + T2/A + 1lne

Reeping the associated random error ‘term constant is neces- |
s;ry when using least sguares analysis"hhether it be of the
linear or non linear form. If the associdted random error
term is of the form where a trénsformatioﬁ,will result\in a
‘constaﬁt random error -over the entire data set then a least
squares analysis may be performed. If not, then least
'sguares analysis must be performed using the “form of the

function with which the associated random error is constant.

Minimizfng the Sum of Sguares of Residuals for a Nonlinear

Model ‘

There are several methods available. These include Stéepest
Descent, Grid Search, Gauss Method, Margquart's comp%imise ,
Box Modified Gauss, and direct search methods such as Pow-

ell's method.

For the model H = Tl exp( T2/Ay) ", the gauss method (

N

also known as Gauss-Newton or Linearization method ) was

chosen to fit the model to the experimental data.
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method is as follows,

the general non linear model,

yu = £(zu,8) + cu
the expected response value ( or the value predicted
by the model) for the uth run,

vector of values of the 6perating variables for the ut"

run % (U EUs, e eenns ruk)

Y

. -

(67,02,03,.... 0p) =-¥%c%gg %gdglparameﬁers

response function y

Expanding f£{Cfu,B) in a Taylors series expansion abouf 8

and neglecting second and higher order terms:
) D . .
f(zu,8) = £(gu,0u) + = (03-630) af(zu,p) N + @y
‘ =1 TR0 | 8 = 8,
this is a linear model with form,
B .
Zu = Z BjoXja + eu
3=1°
where.Zu = yu - £(gu,8,)
Bio = 63 - 63,
Xjo = 3£ (zu,0)
365 |o=0 a matrix
=t .

B's

are obtained by linear least squares which provides an

estimate of (68j-03,) 's
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' ¢
P

~Thus given data (Qu,yu), u=1,2,3....n

o, . ]

f

kon )

yA of_o'*__e_
where % = y1 - £(5,,04)
: n x 1 matrix
. yn - ¥(zn,0,)
Bo = [ & ~ B )
: p x 1 matrix
LBP - Opy
X, = £(1,0)) gL
301 0y T o6p 18,
n xp f(Cn,B) . f{zn,8)
matrlx 36, leo I 8p 6,
arid B =(XiXo) ' Xiz

and the new estimate of § is given by

A . -
81 = 080 + Bo 4

this is repeated until both S0 and 8 converge.

Rlso used was a modified Gauss routine available through
the University of Ottawa computing centre as SAS SIMNLIN

which uses a scaled advance in the Gauss direction,

/ .
~ . [ 4
B=1/142 ((X1Xe) "% Xtz) ~
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Quantitative. Lack Of Fit Test Applied to the Cylindrical
Data Models

An sp2 value of .0218 was determined from the xeplicate
runs performed. Four replicate runs were performed at
0=1500 ml/min, and one replicate run at each of Q=1000
and Q0=2000 was performed.

When models were fitted to the data at (=1000 and
Q=2000 ml/min, it was felt that the single replication
did not provide an adequate estimation of thelpure error
variance. Therefore, the estimate of the pure error var-

iance obtained from the whole data set was used.

Therefore a T-test as recommended by Draper and Smith
(24), was performed. The R-test as avplied to the models
fitted to the square mixer data was not applicalble in this
case as now the variance was estimated using replicates from
all three flowrates and not just the throughput to which a
model was being fitted.

n
> eu? /(n-p)
u=1l

Y

T = .
5 6E2 1S an ex-
oE ternal estimate
of the variance
and is compared to F n—p,vspz'

. 1 .
where v is the degree of freedom associated with the

" estimate of sp2

In this case the estimate of the variance from the
entire cylindrical mixer data set is not as reliable as
would be an estimate obtained from many replicates at each

of the throughputs investigated.



/ Appendix C

RESIDUAL PLOTS FOR H=(Tl/RPM+T2

QjEKP(T3¢D/A),SgggRE,MIXER

+
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Figure C.l: Residuals vs Impellefr RPM
H=(T1l/rpm+T2-Q) exp(T3-dd/A)
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Appendix- D

PLOTS OF LN H VS 1/A FOR_THE CYLINDR'ICAL DATA
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Appendix E

PLOTS OF LN H VS LN (1/A) FOR THE CYLINDRICAL

DATA
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Apiendix F
PLOTS OF V/Q VS H- THE CYLINDRICAL DATA

Vieler, Glasser, and Bryson proposed using V/Q = aH + b to
represent their continuous settFer results. This linear

equation cat/Pe rearranged,

using V = AH

AH/Q = aH + b
or H(A/Q - a) = b

H = b/ (A/0Q-a)

rid

or 1/ = {(A/Q - a)/b

Q is constant for an individual r hn\zgerefore,

1/H=mA + b .
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the equation of a straight line. Plotting 1/H vs A for the

cylindrical data did not result 1in straighgﬁlines. This can

——

" be seenjin the .first plot in’tﬁiiﬁfgéenQix.

!

N

E | | O _

N

'
N



N

1/H x10? cm?

—
oo

177
o)
0O
. 0
a
0
o A
O
e} A
- A
n
AN
0 e
0 JEA
, A RPM = 350
O ] : ' O FEﬁM = 250
- ! @] RPM = 150 ,
. 200 ) ' 500
A (cm?2)

L4

Firure F.l: 1/H vs A, Q=2000 ¢d=.6

N



128

A
‘ A )
]
L0 4 A
V/Q s
u‘F O
A
3.0 | )
L : 0
0
A RPM = 350
o)
O RPM = 250
o 4O .
O RPM= 150
20 alial o
10 20 30 40
Height (cm)

o
Figure F.2: V/Q vs H, 0=2000 ¢d=;6

{:\)



-

129

50 1
A.
‘\j-\
A
40 -
A
A FAN o]
V/iQ | sy Q
30 0
a.
A 0
: 0
o m
0
n A RPM = 300
no
20- o 0 RPM= 250
: O RPM= 150
NG
10 20 30 40,
Height (cm)

.
Fioure F.3: V/0Q V\S\H, Q=2000 (d=¢.5



™

.Height {cm)

-

L}

Figure F.4: ¥/Q vs H, 0=2000 ¢d=.4

TN

401
A .
&
.
30 , /
A ]
. /‘ - D
N/Q o)
' _ jn
A N0
20 s
b ]
A
00 O
A O A RPM = 250
Q. .
oo o O RPM= 200
' ORPM=150 ¢
10
10 20 . 30 40

130



£
.
40 )
A
e o
V/Q
/
A 0
e 301
A
N ,‘
S
o)
o
A RPM = 350
© 0
207 0 RPM= 250,
O
O RPM: 150
g Od
O
. 10 20 30 40
‘ Height (&m) '

Figure F.5 V/Q vs H, Q=1500 {d=.6

131



3

V/Q

132

0
01
_ 0
P
2.0
0
0o O
0
[}
0 o . \\\
000
N A
1.0 A -
AL A RPM = 250 \\
AT
0 RPM = 200
O RPM =150
10 20 30 40
Height (cm )

Figure F.6: V/Q vs H, Q=1500 $d=.4



e

401
N f
v/Q . 0
n
301 q ,'
o
n
A
RO
log |
A A RPM = 350
O
200 BB 0 RPM =250
A .
. ORPM = 150
10 20 30 40
Height (cm)

Figure F.7: V/Q vs H, 0=1000 pd=.6

133.



o
A
L0 '
A 0
o)
A
307
A m)
v/Q
. 009
A
|
201 .
0
0
. A RPM = 250
0o
' - 200
2 | 1 RPM
n - O RPM:= 150
EE o
1.0- - IZ]Od=4
RPM=200
ZN .
10 20 30 40

HEIGHT (cm)

Figure F.8: V/Q vs H, Q0=1000 $d=.5, .4

134



)
-~ Appendix G
EQUI PMENT
Pumps Masterflex peristaltic pumps
' with K 018 head
Rotameters TRI-FLAT Fischer & Borter Co,
: 3
Impeller drive Canlab RZR-50 variable speed mixer
Settler . Height 60 cm Full width

Width -20 cm movable baffle
Length 32 cm

132 cm?

182

237

287

341

396

455

497

547 ) i
0 641

Settling Areas

HOO~JAh U Wk

Mixer A ‘ volume 2500.ml® Sguare, open top
13.6.cm x 13.6 cm X 13.6.cm

Mixer B . volume 2500 ml® Cylindrical, closed top
Height 14 cm, Diameter 15 cm )

- 135 -



Impeller

Phase Prbperties

6 Bladed turbine 5.2 cm 0.D,
Blades 1.73 wide x 1.4 cm high

Organic density .80 g/cm?
viscosity 1.6 cp

Agueous density ~1.07 g/cm?
viscosity 1.0 cp

Interfacial tension 4050 dynes/cm
.
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